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Abstract: Primary cilia are post-mitotic cellular organelles that are present in the vast majority of cell types in the human 

body. An extensive body of data gathered in recent years is demonstrating a crucial role for this organelle in a number of 

cellular processes that include mechano and chemo-sensation as well as the transduction of signaling cascades critical for 

the development and maintenance of different tissues and organs. Consequently, cilia are currently viewed as cellular 

antennae playing a critical role at the interphase between cells and their environment, integrating a range of stimuli to 

modulate cell fate decisions including cell proliferation, migration and differentiation. Importantly, this regulatory role is 

not just a consequence of their participation in signal transduction but is also the outcome of both the tight 

synchronization/regulation of ciliogenesis with the cell cycle and the role of individual ciliary proteins in cilia-dependent 

and independent processes. Here we review the role of primary cilia in the regulation of cell proliferation and 

differentiation and illustrate how this knowledge has provided insight to understand the phenotypic consequences of 

ciliary dysfunction.  
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1. INTRODUCTION 

 The regulation of cell fate decisions such as whether to 

divide or differentiate is a key aspect of development as well 

as to maintain the homeostasis of tissues and organs in the 

adult organism. A complex array of pathways and signaling 

cascades has been implicated in these processes and more 

recently, a large body of data has highlighted the central role 

of a particular organelle, the primary cilium. Primary cilia 

are antennae-like cellular protrusions that are present in 

almost every cell type in the human body (http://www. 

bowserlab.org/primarycilia/ciliumpage2.htm). These org-

anelles consist of a microtubule based backbone, the 

axoneme, composed of nine microtubule doublets that are 

organized from a basal body, a structure derived from the 

mother centriole of the centrosome that is composed of nine 

microtubule triplets [1]. Unlike motile cilia and flagella 

where the nine axonemal microtubule doublets surround a 

central pair (9+2 configuration), primary cilia typically 

present a 9+0 axonemal configuration and are generally non 

motile structures, albeit exceptions can be found (Fig. 1) [1, 

2]. For the formation, maintenance and function of cilia, a 

specialized transport mechanism termed intraflagellar 

transport (IFT) uses the molecular motor activity of kinesin-

II and cytoplasmic dynein 2 to transport IFT cargo in and out 

of the cilium respectively (Fig. 1) [3, 4]. 

 Primary cilia have been shown to represent key structures 

in the integration and transduction of a range of stimuli to 

coordinate and regulate cell fate. Consequently, it is not 

 

 

*Address correspondence to this author at the Institut Pasteur de 

Montevideo, Mataojo 2020, Montevideo CP 11400, Uruguay; Tel: (598) 2 

5220910 Ext. 145; Fax: (598) 2 5224185; E-mail: jbadano@pasteur.edu.uy 

surprising that ciliary dysfunction plays a major role in the 

etiology of several human conditions that have been grouped 

under the name of ciliopathies to denote their common or 

shared cellular basis (for some extensive reviews on the 

topic see Refs. [2, 5-8]). Importantly, the ciliopathies share, 

to a variable extent, a set of what have been recognized as 

cilia associated phenotypes that include cystic kidney 

disease, obesity, malformations of the central nervous 

system, retinal degeneration and asthma among other clinical 

manifestations (Table 1).  

 The broad phenotypic consequences of ciliary 

dysfunction are due to a number of factors including the 

nearly ubiquitous presence of cilia in the human body and 

the fact that these organelles participate in a number of 

important biological processes. To date we know that 

primary cilia can act both as mechano and chemo-sensors 

that for example modulate intracellular calcium levels or 

help establish the left-right body axis [2, 5, 6, 9]. In addition, 

these organelles actively participate in the transduction of 

different signaling cascades including Wnt, Hedgehog (Hh) 

and platelet derived growth factor (PDGF) [10-14]. 

Moreover, several ciliary proteins have been shown to have 

important extra-ciliary functions thus complicating the 

dissection of truly cilia-associated phenomena. Here we 

review the function of primary cilia in cell fate decisions 

focusing on the role of this organelle in keeping the balance 

between proliferation and differentiation, an aspect clearly 

affected upon ciliary malfunction and a hallmark of different 

cilia-associated phenotypes. We therefore provide examples 

of the multiple ways by which this complex organelle can 

influence cellular and tissue homeostasis to finally briefly 

mention how this knowledge has provided insight to 

understand the cellular basis of the ciliopathies.  
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Fig. (1). The basic structure of cilia.  

Schematic representation of the cilium showing the organization of the microtubule backbone (axoneme and basal body) and the process of 

IFT. The two main types of axoneme, 9+2 and 9+0 are shown and some examples of IFT particles are highlighted.  

 

Table 1. Different Cilia Associated Phenotypes and Examples of Ciliopathies 

 PKD NPHP SLSN EVC JATD OFD ALMS JS BBS MKS 

Cystic kidney           

CNS malformations           

Retinal degeneration           

Situs defects           

Polydactyly           

Gonadal malformations           

Heart disease           

Mental retardation           

Obesity           

Diabetes           

Skeletal defects           

PKD: Polycystic kidney disease; NPHP: nephronophthisis (OMIM 256100); SLSN: Senior-Løken Syndrome (OMIM 266900); EVC: Ellis van Creveld (OMIM 225500); JATD: 

Jeune asphyxiating thoracic dystrophy (OMIM 208500); OFD: Orofaciodigital syndrome; ALMS: Alström syndrome (OMIM 203800); JS: Joubert Syndrome/Cerebello-oculo-renal 

syndrome (OMIM 213300); BBS: Bardet-Biedl syndrome; MKS: Meckel-Gruber syndrome; CNS: Central nervous system.  

2. CILIA BIOGENESIS AND THE CELL CYCLE: THE 

CILIARY CYCLE 

 Cilia are organized from a basal body that derives from 

the mother centriole of the centrosome which migrates and 

docks in close proximity to the apical plasma membrane of 

the cell. Upon cytokinesis, each daughter cell inherits one 

centrosome that will become the microtubule organizing 

center [15]. As cells engage in the cell cycle, centrosomes 

are duplicated during the G1/S transition [16] and separate 

during G2 to become the poles of the mitotic spindle. Thus, 

the organization of cilia from a basal body and the life cycle 

of centrosomes and cell division are tightly regulated and 

linked to each other (Fig. 2) (for in depth reviews on the 

topic see Refs. [17, 18]).  

 Primary cilia are post-mitotic cellular structures that are 

present in cells during G0/G1 and the beginning of S phase 

and disassemble at late S phase or beginning of G2 when 

centrioles, including the one functioning as a basal body, are 

9+2

9+0

Basal Body

IFT particles

Kinesin-II (Kif3a)

Cytoplasmic dynein

Axoneme

Anterograde IFT:

Retrograde IFT:

IFT particle B examples:
IFT20, 27, 52, 74, 80, 88, 172

IFT particle A examples:
IFT122, 139
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needed to organize the mitotic spindle (Fig. 2) [19]. 

However, the link between the ciliary and the cell cycles not 

only relies in the availability of centrioles. This is supported 

by the fact that in some cell types the cell cycle can proceed 

even in the absence of centrioles, albeit with a reduced 

efficiency and suffering of disorganized mitotic spindles (for 

some references see [20-23]; reviewed in detail in Ref. [15]). 

In contrast, several proteins involved in cell division actively 

participate in the control of ciliogenesis and vice versa, some 

ciliary proteins have been claimed to directly regulate the 

cell cycle (discussed in the next section).  

 One example of proteins associated with cell division, in 

particular centrosome duplication and cytokinesis, that 

appears to participate in the ciliary cycle is CP110 [24]. It 

has been shown that CP110 interacts with Cep97 and 

CEP290, a protein that has been causally associated with 

several ciliopathies, to inhibit ciliogenesis [2, 25, 26]. 

Spektor and colleagues showed that Cep97 targets CP110 to 

the centrosome. Both proteins appear to be necessary for 

inhibiting ciliogenesis as depletion of either of them 

promotes ciliary assembly in proliferating cells. Conversely, 

overexpression of CP110 in non dividing cells inhibits cilia 

formation [25]. Subsequently, it was shown that the 

inhibitory effect of CP110 over ciliogenesis is mediated by 

its interaction with CEP290 in discrete protein complexes 

where CP110 antagonizes the ciliogenic effect of CEP290 

[26]. Importantly, the expression pattern of CP110 along the 

cell cycle is opposite to the ciliation status, consistent with 

its inhibitory effect on ciliogenesis: it is highly expressed 

during the G1/S transition and is almost undetectable during 

G0 [24]. Interestingly, in quiescent cells CP110 has been 

shown to be specifically depleted only from the mother 

centriole, which will become the basal body, while it 

continues to be present in the daughter centriole [25]. Thus, 

regulating proteins with opposite roles in the context of the 

centrosome and the cilium might represent an efficient 

mechanism to coordinate ciliogenesis with cell proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). The cell and ciliary cycle. 

Simplified representation of the control of the cell cycle where we have incorporated ciliary proteins that have been described as directly 

implicated in cell cycle control. Immunocytochemistry images correspond to NIH3T3 fibroblasts in different stages of the cell cycle, stained 

with anti-acetylated tubulin (green) to visualize the primary cilium, anti-  tubulin (green) for staining the centrosome and DAPI for the 

nucleus. Cyc: cyclin; CDK: cyclin dependent kinase.  
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This effect could be achieved not only by modulating the 

amounts of individual proteins but also by controlling their 

participation in defined, separable protein complexes.  

 As previously mentioned, primary cilia are inherently 

post-mitotic structures and thus ciliary disassembly also 

needs to be coordinated with the entry into mitosis. Aurora A 

(AurA) is a centrosomal protein involved in the regulation of 

mitotic entry and that have been shown to participate in the 

disassembly of primary cilia. Upon mitotic stimulation via 
growth factors, the focal adhesion protein HEF1 

phosphorylates and activates AurA at the basal body of cilia. 

In turn, activated AurA phosphorylates and activates the 

histone deacetylase HDAC6 thus promoting ciliary 

reabsorption through deacetylation of axonemal tubulin [27].  

 Another family of proteins that appears to participate in 

the coordination of the ciliary and cell cycles is the NIMA-

related protein kinases (Nrks or Neks). In the green algae 

Chlamydomonas reinhardtii, at least two different Neks have 

been shown to localize to flagella, regulate flagellar length 

and disassembly and participate in the G2/M transition and 

cell growth [28-30]. In mammals, there are 11 Neks and 

those that have been characterized have been shown to play a 

role in cell cycle regulation, and in some cases localize to the 

centrosome [31-33]. Further support for the link between the 

Neks and ciliary biology comes from studies demonstrating 

that mutations in Nek1 and Nek8 are the causal defect in two 

mouse models of polycystic kidney disease (PKD), a 

hallmark of the ciliopathies (Table 1) and a phenotype 

characterized by a an altered balance between cell 

proliferation and differentiation [34, 35]. Nek1 localizes to 

centrosomes throughout the cell cycle and has been 

implicated in maintenance of the centrosome, formation of 

primary cilia and DNA damage checkpoint control and 

repair [36, 37]. In addition, Nek1 cycles through the nucleus 

and localize at discrete nuclear points after ionizing 

radiation-mediated DNA damage [38]. Thus, it could be 

possible that Nek1 interacts with members of the cell cycle 

machinery independently of its ciliary role. Nek8 localizes to 

the primary cilium during interphase and was undetectable 

during mitosis [39]. Interestingly, mutations in NEK8 that 

affect its ciliary and centrosomal localization cause the cystic 

kidney disease Nephronophtisis type 9 [40]. Similarly, loss 

of Nek8 ciliary localization has been reported in primary 

kidney epithelial cells derived from mice models of PKD 

[41]. Despite its ciliary localization, Nek8 does not appear to 

be involved in cilium formation [39] but probably takes part 

in cilium signaling therefore likely affecting downstream 

events such as cell cycle progression.  

 An indirect line of evidence supporting a cilia-related 

role for the Neks comes from phylogenetic analyses showing 

that this family of proteins is expanded in organisms that 

present cilia. Interestingly, the Neks seem to have co-

evolved with those centrioles that function both in the 

context of centrosomes and basal bodies, leading the authors 

to suggest that Neks might play an important role in 

coordinating the function of centrioles, centrosomes and cilia 

[42, 43].  

 Several other proteins with well defined roles during cell 

division have been reported to localize to the primary cilium 

and/or participate in ciliogenesis (for some references see 

[44, 45]). However, the molecular mechanisms that underlie 

their relationship with the cilium are not well understood.  

3. CILIA-DEPENDENT CONTROL OF CELL 
PROLIFERATION AND DIFFERENTIATION 

 A question that remains open when thinking about the 

relationship between cilia and the cell cycle is what comes 

first, or in other words, who controls who? Is it signaling 

from the cell cycle machinery that triggers the assembly or 

disassembly of primary cilia, or signals from the cilium 

directly regulate cell cycle entry and/or progression? 

Although for the purpose of this review we have attempted 

to artificially separate these two scenarios, it is clear that at 

the cellular level the answer is both, and the final 

coordination of ciliogenesis and cell division is the result of 

a complex network of pathways and the activity of proteins 

both inside and outside of the cilium. In the previous section 

we have described that cell cycle associated proteins can 

influence the ability of a cell to ciliate. In the following 

sections we will describe how cilia and ciliary proteins can 

directly influence cell cycle progression and differentiation.  

A. Cell Proliferation Regulated by Ciliary Proteins 

Intraflagellar Transport Proteins 

 IFT is a motility process first described in 

Chlamydomonas by which large protein complexes are 

transported in and out of the cilium propelled by the activity 

of microtubule associated molecular motors [3]. This process 

is required during ciliogenesis and for the maintenance, 

function and re-absorption of primary cilia (for in depth 

reviews see Refs. [1, 4]). One IFT component that has been 

well characterized is Ift88/Polaris, a protein with 

documented roles in ciliary assembly, both in vitro and in 

vivo [46]. Most of the attention on this protein came from the 

realization that the Chlamydomonas Ift88 gene is the 

ortholog of the mouse Tg737, the gene mutated in the Oak 

Ridge polycystic kidney (orpk) mouse [47, 48]. IFT88 is 

involved in IFT and localizes to the basal body and axoneme 

of primary cilia in quiescent mammalian ciliated cells [46, 

49]. In proliferating cells, IFT88 is found in the centrosome 

in all stages of the cell cycle, both in ciliated and non-ciliated 

cell lines [50]. Interestingly, in HeLa cells under non-ciliated 

conditions, Robert and colleagues showed that IFT88/Polaris 

participate in restricting the G1/S transition, suggesting an 

extraciliary role of IFT88, independent of its participation in 

the IFT process [50]. This property of IFT88 appears to rely 

on its ability to interact with Che-1, a factor that promotes 

entrance into S phase through relieving the effect of the 

growth inhibitor factor retinoblastoma (Rb; Fig. 2) [50, 51]. 

Overexpression of IFT88 destabilizes Che-1-Rb interaction 

promoting G1 arrest and conversely, knockdown of the 

protein favors cell proliferation. Since Che-1 and Rb are 

nuclear proteins, it is possible that IFT88 could be present in 

that subcellular compartment as well, increasing the 

complexity associated with ciliary proteins. Importantly, the 

capacity of centrosomal/ciliary proteins to enter the nucleus 

has been described for other proteins such as for example 

OFD1, a centrosomal protein mutated in the ciliopathy 

orofaciodigital syndrome type I (OMIM 311200) [52]. 
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 Several other examples support a direct role for IFT 

proteins in cell cycle regulation although the mechanisms 

have not been elucidated yet. For example, depleting IFT27 

in Chlamydomonas, a small G-protein of the Rab family 

shown to be involved in IFT, results in cell growth 

inhibition, increased length of the cell cycle and defects in 

cytokinesis [53]. In mice, deletion of IFT20 specifically in 

kidney collecting duct cells produced abnormal orientation 

of the mitotic spindle, enhanced cell proliferation and cyst 

development [54]. However at this point it is not clear 

whether this effect on cell cycle is independent of the role of 

these IFT proteins in ciliary function. In both cases, 

decreased levels of the IFT protein resulted in ciliary defects 

and thus disturbed cilia-mediated signaling could be 

responsible, at least in part, for the observed effects on the 

cell cycle.  

Polycystins: Cilia Dependent and Independent Control of 

Cell Proliferation  

 The Polycystins (PC) are well studied ciliary proteins 

first discovered by their association with autosomal-

dominant polycystic kidney disease (ADPKD), the most 

common form of hereditary kidney disease [55]. Mutations 

in PKD1 and PKD2, which encode for PC1 and PC2 

respectively, account for almost all ADPKD cases [56, 57]. 

PC1 is an integral membrane protein [58], an orphan G 

protein-coupled receptor involved in cell-cell and cell-matrix 

interactions while PC2 is a Ca
+2 

permeable cation channel 

[59-61]. Both proteins interact through their C-terminal 

cytoplasmic tails and co-localize in the primary cilium where 

they are thought to work on a common pathway as mutations 

in either gene, whether in mice or humans, produce highly 

similar phenotypes [62-65]. Importantly, neither PC1 nor 

PC2 appear to be involved in cilia assembly or stability, as 

suggested by the observation that in human ADPKD kidneys 

or mouse kidneys with a Pkd1 mutation, the primary cilia of 

cyst lining epithelial cells are neither absent nor shortened 

[55]. However, these proteins have a well documented role 

in regulating Ca
2+

 flux through ciliary-mediated 

mechanosensation (for some reviews see Refs. [55, 66, 67]). 

 PC1 and PC2 seem to be directly involved in the 

regulation of the cell cycle; the overall picture pointing to a 

role of these proteins in inhibiting cell proliferation in favor 

of cell differentiation. Overexpression of PC1 in kidney 

epithelial cells slows proliferation rates, protects from 

apoptosis and induces the spontaneous formation of 

branching tubules [68]. Some of these effects can be 

explained by the ability of PC1 to interact and activate JAK2 

kinase and therefore the STAT pathway resulting in the 

upregulation of p21 and cell cycle arrest in G0/G1 (Fig. 2) 

[69]. Moreover, this process requires PC2 and mutations that 

affect the interaction between PC1 and PC2 prevent the 

activation of the pathway. Also, PC2, together with PC1, 

was shown to regulate cell proliferation by directly 

interacting with the transcription factor Id2 and preventing 

its translocation into the nucleus (Fig. 2) [70]. Id2 blocks the 

transcription of target genes such as p21, thus promoting 

cellular growth while inhibiting cell differentiation [71, 72]. 

Therefore, PC1/PC2 promote p21 expression and in that way 

inhibit cell proliferation.  

 In the context of the cilium, PC1 and PC2 have been 

shown to mediate important sensory functions. Primary cilia 

act as mechanosensory organelles relaying mechanical cues 

into the cell that influence cellular processes such as 

proliferation and differentiation. It has been shown that 

movement of extracellular fluid can result in ciliary bending, 

for example in renal epithelial cells, which in turn triggers 

the opening of cilia located channels with the consequent 

increase in the intracellular Ca
2+

 concentration, a signal that 

is amplified by the additional release of Ca
2+

 from 

intracellular stores [73]. Importantly, PC1 and PC2 have 

been shown to be required in this process. The extracellular 

domain of PC1 is thought to act as a sensor of mechanical 

cues driving conformational changes in the protein that result 

in the activation of the PC2 channel, allowing Ca
2+

 entrance 

into the cell, thus regulating a number of calcium dependent 

downstream signaling events that control for example cell 

cycle entry and progression [64, 74, 75]. Therefore, ciliary 

proteins such as PC1 and PC2 can influence the balance 

between cell proliferation and differentiation possibly by 

both cilia dependent and independent mechanisms. 

-Arrestins 

 G protein-coupled receptors such as the somatostain type 

3 receptor and smoothened, the receptor for Shh, accumulate 

at the primary cilium (see next section) [76, 77]. In turn, 

most of these types of receptors are regulated by the non-

visual arrestins, -arrestin1 and 2 [78, 79]. -arrestin2 

localizes to the cytoplasm and centrosomes of proliferating 

cells throughout the cell cycle whereas it is found in the 

axoneme of primary cilia in ciliated cells. -arrestin2 has 

been shown to drive cells into G0 under the appropriate 

culture conditions and in that way it has been suggested to 

promote ciliation [80]. However, -arrestin2 interacts with 

the IFT anterograde molecular motor Kif3a and thus a more 

direct role during ciliation cannot be ruled out.  

 In summary, several proteins that localize to primary cilia 

or that are involved in ciliogenesis have been shown to 

restrict cell proliferation, either arresting cells at G1-S and/or 

at G2-M. In some cases, a partner known to be involved in 

cell cycle control has been shown to interact with these 

proteins raising the possibility that these moieties might play 

cilia-independent roles in cell cycle regulation. In other 

cases, the effect on the cell cycle could be a consequence of 

altering signaling pathways that operate trough the cilium 

and that control cell proliferation and differentiation.  

B. Balancing Cell Proliferation and Differentiation 

Through Cilia-Mediated Paracrine Signaling 

 A number of studies have shown that primary cilia 

represent cellular organelles specialized in signal 

transduction that although continuous with the plasma 

membrane, present a distinct and specific composition. This 

separation is achieved by the formation of a diffusion barrier 

at the base of the cilium which has been shown to rely on the 

activity of Septin 2 (SEPT2). Depletion of SEPT2 has been 

shown to result in aberrant localization of ciliary proteins, 

defective cilia-dependent signaling and ciliogenesis [81]. 

This physical separation is critical to achieve the significant 

enrichment in receptors, ion-channels, adaptor proteins and 

transcription factors, among other moieties, that characterize 



290    Current Genomics, 2011, Vol. 12, No. 4 Irigoín and Badano 

primary cilia. In addition to this enrichment in signaling 

moieties, the primary cilium offers a smaller surface and 

volume than the cell body likely facilitating the interaction 

between the different molecules that are needed to integrate 

and transduce a given signaling cascade. Data gathered in 

recent years have promoted and supported this concept by 

showing that primary cilia play a key role in the coordination 

of diverse signaling pathways that control cell survival, 

proliferation and differentiation, and are therefore pivotal 

during development and for adult tissue homeostasis. In the 

following sections we will briefly review the role of primary 

cilia in paracrine signaling.  

Hedgehog (Hh) Signaling through the Cilium 

 The Hh pathway regulates several important processes 

such as morphogenesis, patterning and growth, involving 

different tissue types and organs. In vertebrates there are 

three members of the Hh family of paracrine factors: Sonic 

(Shh), which is involved in central processes during 

embryonic and fetal development such as patterning of the 

neural tube and defining the anterior-posterior axis in the 

limb buds, Indian (Ihh) that is important in postnatal bone 

growth, and Desert (Dhh), which participates in 

spermatogenesis. Hh mediated signal transduction is 

complex and depends on several membrane-associated 

proteins, such as Patched-1 (Ptch) and Smoothened (Smo), 

and soluble transcription factors (Gli1, 2 and 3). In the 

absence of Hh signal, Gli1 is not expressed, Gli2 is degraded 

through the proteasome and Gli3 is proteolitically processed 

to a repressor form (Gli3R). Binding of the Hh factor to its 

receptor Ptch stimulates its endocytosis allowing Smo to 

reach the plasma membrane and cilium thus promoting the 

activation of the pathway by inhibiting both Gli-2 

degradation and the production of Gli3R and favoring the 

formation of the activator form of Gli3 (Gli3A) (Fig. 3). The 

net result is therefore the expression of Hh-target genes 

(reviewed in Ref. [82]).  

 The first evidence that cilia were involved in Shh 

signaling in vertebrates was the observation that mutations in 

several genes coding for IFT related proteins (Ift172, Ift88 

and Kif3a) produced phenotypes similar to those observed in 

bona fide shh or smo mutant embryos, including open neural 

tube and limb and neural tube patterning defects [14]. More 

recent studies have shown that the dynamic localization of 

several components of the pathway to the ciliary 

compartment is required for proper signaling. It has been 

shown that Ptch, when localized to the cilium, is able to 

inhibit the entry of Smo into the organelle (Fig. 3). Shh 

binding to Ptch1 results in the translocation of the receptor 

out of the cilium thus leading to an accumulation of Smo in 

the organelle in a process that requires the IFT motor Kif3a 

and the previously mentioned -arrestins [83, 84]. Similarly, 

the Gli transcription factors Gli1, Gli2 and Gli3 have been 

shown to localize to primary cilia and their correct 

processing and function depends on intact IFT [12, 85].  

 Importantly, the correct separation between the ciliary 

compartment and the plasma membrane as well as the ciliary 

localization of Smo and other components of the pathway is 

required for proper Hh signaling [76, 81, 86]. Trafficking 

into the ciliary compartment appears to be required for Shh 

activation as evidenced in mice with congenital loss of Kif3a 

or Ift88, proteins required for anterograde IFT, which present 

phenotypes due to inactive Shh signaling [12, 13, 85]. 

Exogenously expressed Gli2 is unable to activate signaling 

in cells lacking anterograde IFT and Gli1 activity is 

indirectly affected because its expression is dependent on Hh 

signaling [12]. In contrast, impaired retrograde IFT appears 

to result in exacerbated Shh signaling [87, 88]. In the alien 

(aln) mouse, alterations in the ciliary protein THM1, the 

mouse ortholog of C. reinhardtii complex A protein Ift139, 

result in bulb-like structures in the tip of primary cilia due to 

impaired retrograde IFT. Smo and Gli proteins are 

sequestered in the cilium therefore resulting in the aberrant 

hyperactivation of the pathway [88]. Likewise, the retrograde 

IFT protein Ift122 has been shown to negatively regulate 

Shh signaling by differentially controlling the ciliary 

localization of both positive and negative regulators of the 

pathway. While the effectors Gli2 and Gli3 accumulate at the 

ciliary tips in Ift122 mutants, the inhibitor TULP3 is not 

found in the ciliary compartment [89]. However, 

generalizing that anterograde and retrograde transport will 

have opposite roles during Shh signaling is a simplification. 

For example, disruption of the dynein heavy chain Dync2h1, 

a protein with a role in retrograde IFT, results in the 

downregulation of the pathway [90]. Further support for the 

involvement of IFT in Hh signaling comes from a recent 

report showing that a hypomorphic allele of Ift80, an IFT 

component required for cilia formation and maintenance, 

resulted in a significant reduction in Hh pathway activation 

without loss or malformation of cilia [91], showing that it is 

not just the presence or absence of the organelle but rather an 

intact IFT machinery what is needed to accomplish the 

dynamic changes in cellular localization that modulate 

pathway activity.  

 Although the majority of studies have been focused on 

Shh-mediated signaling, it is now known that primary cilia 

also participate in Ihh signaling. Ihh is required for the 

normal development of the long bones of the limbs through 

its activity regulating proliferation and differentiation of the 

chondrocyte lineage [92]. Conditional deletion of Ift88 in 

limb mesenchyme produced shortening of the proximo-distal 

axis of the limbs, similarly to what is observed in Ihh 

mutants [92-94].  

Signaling through Platelet-Derived Growth Factor 

Receptor Alpha (PDGFR ) 

 The PDGF signaling pathway controls cell survival, 

proliferation and migration during development and in adult 

tissues and has also been shown to operate through the 

primary cilium (for an in depth review see Ref. [10]). 

Briefly, the PDGF family is composed by five homo- and 

heterodimers, synthesized and secreted by several different 

cell types. All isoforms operate through receptor tyrosine 

kinases, PDGFR  and PDGFR , which dimerize in three 

different homo- and heterodimer complexes: ,  and . 

The three dimeric PDGF receptor combinations transduce 

overlapping, but not identical, cellular signals. In particular, 

both - and -receptor, distributed among different cell 

types, transduce potent mitogenic signals [95].  

 Initially, it was observed that PDGFR  is upregulated 

during serum starvation in cultured fibroblasts, a condition 

that also promotes ciliogenesis [95]. Indeed, PDGFR  
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Fig. (3). The primary cilium in signal transduction. 

Schematic and simplified representation of the primary cilium and its role in the transduction of paracrine and Ca
2+

 signaling to ultimately 

control cellular homeostasis. Localization of PDGFR  to the primary cilium is required for proper signaling upon activation by PDGF-AA 

(green). In Hh signaling, binding of Shh to PTC1 drives the translocation of the receptor outside of the primary cilium thus allowing the entry 

and accumulation of Smo in the ciliary compartment. This re-localization is required for the proper processing of the Gli transcription factors 

and is needed for correct Shh signaling (purple). The cilium and basal body proteins such as inversin/NPHP2 (Inv) and the BBSs are required 

for the modulation of Wnt signaling influencing the balance between canonical Wnt and PCP signaling (light blue). The ciliary localization of 

PC1 and PC2 is required to couple ciliary bending with Ca
2+

 signaling (yellow).  

localizes to the primary cilium in fibroblasts, in contrast to 

PGDRF  that is present on the plasma membrane in both 

interphase and growth-arrested cells [96]. Importantly, it was 

shown that fibroblasts are able to respond to PDGF-AA, the 

specific ligand of PDGFR , only when cells are not 

proliferating, while activation of PDGFR  occurred under 

both, proliferating and growth-arrested conditions. Ligand 

binding activates the PDGFR by promoting its dimerization 

and autophosphorylation on intracellular tyrosine residues 

thus serving as a docking site for SH2/PTB domain-
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containing adaptor and effector proteins. Two of these 

adaptor proteins are the Src homology Phosphotyrosyl 

Phosphatase (SHP2) and Phsophatidyl Inositol 3-OH Kinase 

(PI3K). The former promotes cell proliferation through the 

Ras-Raf-Mek1/2-Erk1/2 pathway while docking of PI3K to 

the activated receptor leads to the activation/generation of 

several downstream factors, including the multifunctional 

Akt protein kinase, able to activate mTORC1, a signaling 

complex involved in cellular growth and proliferation [97]. 

Stimulation of PDGFR  in quiescent fibroblasts produced 

activation of Mek1/2, Erk1/2 and Akt, together with Rb and 

Cdc2 phosphorylation, which indicates cell cycle entry [96]. 

Consistent results were obtained with mouse embryonic 

fibroblasts (MEF) obtained from wild type and 

Ift88/Tg737
orpk 

mutant mice. In MEFs from Tg737
orpk

 mice 

the levels of PDGFR  were not upregulated in response to 

serum starvation and PDGF-AA was unable to induce cells 

to re-enter the cell cycle. In contrast, PDGF-BB-mediated 

activation of PDGFR  was unaffected and cells re-entered 

the cell cycle after PDGF-BB or serum stimulation [96]. 

 In summary, the ciliary localization of PDGFR  

implies that the cell will be able to respond to signals that 

operate through this receptor, only in the presence of the 

organelle, i.e. under growth arrested-conditions. Moreover, 

as receptor stimulation pushes the cell to resume the cell 

cycle, the cell response will also trigger disassembly of the 

cilium, and in that way, it will become unresponsive to 

PDGFR  signaling. However, the molecular actors that 

connect PDGFR  stimulation and cilia disassembly have 

not been established. Christensen and colleagues have 

proposed that PDGFR  activation could lead to the 

sequential activation of Crk, HEF-1 and AurA, the latter 

leading to ciliary disassembly [10].  

Ciliary Modulation of Wnt Outcome: Keeping the Balance 

Between Canonical Wnt and PCP 

 The Wnt signaling cascade is another central pathway 

involved in the regulation of cell proliferation, differentiation 

and thus central during development. Depending on a 

number of factors, the pathway can activate a series of 

distinct effectors that result in different biological outcomes 

(for a review on the pathway see Ref. [98]). The canonical 

Wnt signaling cascade relies on the -catenin mediated 

transcriptional activation of a number of TCF-LEF1 

responsive genes that function during development 

controlling proliferation, cell cycle progression and 

differentiation [99]. Another important output of Wnt 

signaling is the PCP pathway (Planar Cell Polarity) 

responsible for providing positional clues that are required to 

coordinate multicellular processes such as concerted 

movements during early developmental stages and to 

correctly organize and orient cells in the plane of a given 

tissue [100, 101]. In recent years, several studies have 

indicated an active role of the cilium and ciliary proteins in 

the transduction and modulation of this signaling cascade 

thus providing another way through which this organelle can 

influence cellular homeostasis. 

 Briefly, the Wnts are secreted factors that activate the 

pathway by binding Frizzled receptors. It is a combination of 

the specific Wnt molecule, the receptor and the activity of 

proteins such as Disheveled (Dvl) what determines the 

specific Wnt cascade that is activated in each case. Dvl 

represses the -catenin destruction complex composed of 

GSK3 , APC and axin. Nuclear localization of Dvl results in 

accumulation of -catenin and thus the activation of the 

canonical Wnt signaling cascade. In contrast, when Dvl is 

localized to the plasma membrane, the PCP pathway is 

activated (for reviews see Refs. [11, 101]).  

 Important insight into the link between cilia/basal bodies 

and Wnt regulation came from studies by Simons and 

colleagues demonstrating that inversin (Inv), the protein 

mutated in Nephronophthisis type 2 (NPHP2), interacts with 

Dvl targeting it for degradation [102]. The authors showed 

that mutations in NPHP2/inversin result in upregulation of 

canonical Wnt and importantly the concomitant 

downregulation of PCP [102]. Further support for the link 

between cilia and Wnt came from studies in the ciliopathy 

Bardet-Biedl syndrome (BBS; OMIM 209900). The BBS 

proteins characterized so far (16 identified to date) localize 

to centrosomes and basal bodies of cilia [103-107]. In 

addition, several BBS proteins have been found in a 

complex, termed BBSome that plays a role during 

ciliogenesis, recognizing sorting signals in different ciliary 

proteins and thus actively participating in translocating these 

moieties into the ciliary compartment [108-110]. Similarly, 

BBS3, which has not been found associated with the 

BBSome, localizes to the distal end of the basal body likely 

playing a role during ciliogenesis controlling traffic into and 

out of the cilium [111]. 

 In cultured cells, depletion of different BBS proteins and 

the IFT molecular motor Kif3a resulted in the upregulation 

of canonical Wnt signaling [112]. Similarly, upregulation of 

canonical Wnt is also observed in the orpk mouse model as 

well as in Kif3a
-/-

 and Ofd1
-/-

 animals [113]. Interestingly, 

depletion of different BBS proteins in both zebrafish and 

mouse models result in typical PCP phenotypes such as 

convergence and extension defects during gastrulation, 

misoriented stereociliary bundles in the cochlea and open 

neural tubes. In addition, different BBS genes have been 

shown to genetically interact with core PCP genes [104, 114, 

115]. More recently, it has been shown that mutations in the 

PCP gene Fritz are found both in BBS and the related 

ciliopathy Meckel Gruber syndrome (MKS; OMIM 249000), 

further linking the BBS proteins with PCP regulation [116]. 

Fritz controls the localization of septins, cytoskeletal 

proteins involved in cell proliferation and migration, and was 

shown to play a role both during concerted cell movements 

and ciliogenesis in Xenopus embryos [116]. Therefore, cilia 

appear to constrain canonical Wnt signaling and molecules 

such as inversin and the BBS proteins participate in 

balancing the two main outcomes of the Wnt pathway (Fig. 

3). More recently, Wiens and colleagues have shown that in 

contrast to other BBS proteins, overexpression of BBS3 

results in upregulated canonical Wnt signaling. However, 

they also showed that increased levels of BBS3 result in a 

reduction in the number of ciliated cells in culture, thus 

further suggesting that cilia are indeed able to keep canonical 

Wnt in check [111]. 

 Some recent reports however are posing the question of 

whether Wnt regulation is dependent on the primary cilium 

as an organelle or whether is the result of the activity of 
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particular ciliary proteins such as the BBS, either in the 

cilium or potentially outside of it. Zebrafish mutants that 

lack cilia due to mutations in ift88 have been shown to 

preserve normal Wnt signaling responses, both canonical and 

PCP, while hedgehog signaling is misregulated [117]. 

Similarly, mouse embryos and cells where primary cilia are 

affected by the loss of Kif3a, Ift88 or Ift172 have been 

shown to normally express the canonical Wnt target Axin2, 

activate a canonical Wnt reporter gene to levels that are 

comparable with controls and respond to the ligand Wnt3a 

similarly to controls [118]. Therefore, although several 

studies have linked the Wnt pathway with the primary 

cilium, there are conflictive data and a lack of consensus as 

to what extent cilia participate in Wnt signal transduction. 

While we have summarized different lines of evidence both 

in favor and against the cilia-Wnt link, we recommend a 

review by Wallingford and Mitchell for a thoughtful in depth 

discussion on the topic [119].  

4. PHENOTYPIC OUTCOME OF THE CILIA-CELL 

CYCLE LINK: THE CILIOPATHIES AND CANCER 

 As exemplified along the review, primary cilia are key 

organelles at the interface between cells and their 

environment, sensing, integrating and relaying a host of 

mechanical and chemical cues to finally modulate cell fate. 

In particular we have discussed the participation of this 

organelle and its associated proteins in the regulation of cell 

proliferation and differentiation. Therefore, questions that 

arise are whether the link between cilia and the cell cycle is 

reflected in the ciliopathies, and on the other hand, whether a 

proliferative disorder, such as cancer, is characterized by 

ciliary dysfunction.  

 To date, we recognize a series of specific phenotypes 

such as the formation of cysts in the kidney and liver, retinal 

degeneration, obesity, polydactyly, situs abnormalities, 

central nervous system malformations as typical outcomes of 

ciliary dysfunction and thus shared, to a variable extent, 

among the different ciliopathies (Table 1). Several of these 

phenotypes can be clearly seen as a misregulation of the 

balance between cell proliferation and differentiation. One of 

the best examples is the development of cysts in the kidney, 

the pathological hallmark of PKD and a highly prevalent 

phenotype among all the ciliopathies. In fact, different 

therapeutic interventions currently being tested target 

primarily the increased cell proliferation aspect of the 

disorder. For example, Bukanov and colleagues have shown 

that treatment of two animal models of PKD, the jck and the 

cpk mouse, with the cyclin-dependent kinase inhibitor 

roscovitine results in the amelioration of the cystic 

phenotype [120]. In a simplified view, primary cilia could be 

integrating mechanical cues, such as fluid flow in the renal 

tubules, and the activity of different signaling cascades, to 

therefore coordinate cell cycle entry/exit, favoring 

differentiation in detriment of cell proliferation [67]. 

 Although it is clear that ciliary dysfunction can result in 

dysplastic processes, typical proliferative disorders such as 

cancer have not been extensively associated with the 

ciliopathies. However, recent reports are indeed linking 

primary cilia with cancer. For example, Seeley and 

colleagues have shown that ciliogenesis is lost specifically in 

pancreatic ductal adenocarcinoma cancer cells, even under 

non-proliferating conditions. Importantly, inhibiting Kras 

signaling resulted in the restoration of ciliation leading the 

authors to suggest that Kras might be directly inhibiting the 

formation of primary cilia [121]. Similarly, sporadic clear 

renal cell carcinoma, characterized by mutations in the tumor 

suppressor VHL, a protein thought to play a role in cilia 

maintenance, also presents a significantly reduced 

percentage of ciliated cells [122].  

 These cases might therefore illustrate the perhaps 

intuitive view that cilia restrain and are incompatible with 

cell proliferation. However, cilia have been shown to be 

required to maintain and expand certain cell populations and 

for the progression of certain cancer types such as those 

dependent on Shh signaling. Shh has been shown to be 

needed to maintain and expand granule cell precursors in the 

cerebellum and depletion of Ift88, Kif3a or Smo in these cells 

results in cerebellar hypoplasia [123, 124]. Interestingly, 

aberrant Shh signaling has been shown to play a pivotal role 

in the development of medulloblastoma. Importantly, Han 

and colleagues have shown that ablation of primary cilia 

block the formation of this type of tumor when it is driven by 

constitutively active Smo further supporting that Shh 

signaling relies on an intact cilium. However, tumor 

progression was promoted in the absence of cilia when it was 

driven by active Gli2 [125]. Similarly, basal cell carcinoma 

progression is promoted or inhibited by ciliary function 

depending on whether is caused by activated Smo or Gli2 

respectively [9]. These data shows that the presence or 

absence of an intact cilium can have radically different 

consequences depending on a number of other factors such 

as whether the initiating oncogenic alteration is upstream or 

downstream of the organelle [125, 126]. Therefore, a “tumor 

suppressor” view of the primary cilium is likely a 

simplification of the complex biological role of the 

organelle, and explains, at least in part, the overall lack of 

cancer phenotypes as bona fide ciliopathy associated clinical 

manifestations.  

5. CONCLUDING REMARKS 

 The last decade has seen an impressive amount of work 

on primary cilia, likely fueled by the realization that this 

organelle plays a key role in the pathogenesis of a number of 

human conditions. We have shown examples of multiple 

ways by which cilia can participate or modulate cell fate 

decisions thus providing important insight to understand the 

cellular basis of the different phenotypes and conditions that 

characterize the ciliopathies (for an in depth review see for 

example Ref. [2]). However, our knowledge on the biology 

of cilia is likely far from complete. For example, a 

combination of bioinformatic, expression profiling, 

proteomic and genomic studies performed by multiple 

groups has led to the construction of a ciliary proteome (Ref. 

[127] and references within). While this dataset contains a 

list of proteins enriched for moieties known to be involved in 

the formation, maintenance and function of cilia, it also 

includes a significant number of proteins of unknown 

biological function. Thus, cilia might be playing additional 

biological roles that are not well understood to this date. 

Furthermore, in addition to their role on Wnt, Hh and PDGF 

signaling, cilia are being shown to be involved in other 
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signaling cascades. It has recently been shown that cilia 

actively participate in the regulation of mTOR (mammalian 

Target Of Rapamicyn), a signaling network with a central 

role in the maintenance of cellular homeostasis by 

integrating stimuli such as the availability of nutrients with 

cell responses that determine growth and proliferation [97]. 

Boehlke and colleagues have recently shown that bending of 

the primary cilium is required to downregulate the activity of 

mTOR and therefore affects the control of cell size, one of 

the outcomes of the pathway. Interestingly, their data show 

that the role of the cilium in this process appears to rely on 

the activity of the tumor suppressor LKB1, which localizes 

to primary cilia and appears to mediate AMPK 

phosphorylation at the basal body in response to fluid flow 

thus providing another example of how cilia can help 

integrate mechanical stimuli with cellular responses [128]. 

Therefore, as we try to assess the impact of ciliary 

dysfunction at the cellular and organism level, it will be 

critical to fully realize and dissect the complexity of this 

organelle, obtaining a complete list of the multiple biological 

processes that directly or indirectly depend on its integrity. 

In addition, we will need to start dissecting the role of the 

cilium both at different time-points during development and 

on different cell types in order to address the question of 

why are different tissues and organs affected differently by 

ciliary dysfunction. Lastly we will need to understand the 

role of ciliary proteins both in the context of the organelle as 

well as outside of it, a problem that perhaps has been 

overshadowed by the impressive recent advances in the field 

of ciliary biology.  
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