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Abstract

Primary cilia are microtubule-based sensory organelles that coordinate signalling pathways in cell-

cycle control, migration, differentiation and other cellular processes critical during development 

and for tissue homeostasis. Accordingly, defects in assembly or function of primary cilia lead to a 

plethora of developmental disorders and pathological conditions now known as ciliopathies. In 

this review, we summarize the current status of the role of primary cilia in coordinating receptor 

tyrosine kinase (RTK) signalling pathways. Further, we present potential mechanisms of 

signalling crosstalk and networking in the primary cilium and discuss how defects in ciliary RTK 

signalling are linked to human diseases and disorders.
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Introduction

Primary cilia are slender microtubule (MT)-based organelles that exist in a single copy on 

the surface of almost every quiescent cell of the human body. Research within the last 

decade has shown that primary cilia are sensory organelles that coordinate a number of 

important signal transduction pathways that impinge on cell-cycle control, differentiation, 

migration and other cellular processes during embryonic development and in tissue 

homeostasis in the adult [1]. Therefore, mutations causing defective cilia assembly or 

function can lead to a variety of diseases and developmental disorders, referred to as 

ciliopathies [2-4]. Primary cilia contain a MT cytoskeleton, the axoneme, which is 
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surrounded by a lipid bilayer membrane with a unique composition of signal transduction 

elements, such as specific receptor tyrosine kinases (RTKs), G-protein-coupled receptors 

(GPCRs), Notch receptors, receptors for extracellular matrix (ECM) proteins, transient 

receptor potential (TRP) ion channels and various transporter proteins [5-8]. Multiple lines 

of evidence have indicated that the appropriate targeting of these proteins into and out of the 

ciliary compartment is critical for their function, but much still remains to be learned about 

how primary cilia coordinate various signalling pathways in time and space. In this review, 

we first summarize the basic structure and mechanism of assembly of primary cilia. Next, 

we present an overview of the current status of RTK signalling in primary cilia and highlight 

some of the pathological conditions associated with dysfunctional cilia and RTK signalling.

Structure and assembly of primary cilia

The core of primary cilia consists of a MT-based cytoskeleton, the axoneme, which is a 

direct extension of a modified centriole called a basal body. Similar to axonemes of most 

motile cilia, the primary cilium axoneme contains nine outer doublet MTs but lacks motility-

related components, such as inner and outer dynein arms, radial spokes and central pair 

MTs. Primary cilia are hence referred to as 9 + 0 cilia [5,9-11]. The axoneme is surrounded 

by a bilayer lipid membrane that is continuous with the plasma membrane of the cell body 

(Figure 1A, B) but is enriched for specific membrane proteins and lipids (Figure 1C). 

Primary cilia are formed in quiescent cells and their assembly and disassembly occurs in 

tight coordination with the cell cycle (Figure 2) [12]. Ciliogenesis involves docking of post-

Golgi vesicles to the distal end of the mother centriole, emergence of a ciliary bud within the 

lumen of the vesicle, and extension of the axoneme by intraflagellar transport (IFT) [13,14] 

(Figure 1B), a process that is also involved in cilia maintenance, disassembly and signalling 

[15]. In many cell types a large fraction of the mature cilium is localized deep in the 

cytoplasm, within an invagination of the plasma membrane known as the ciliary pocket, 

which is an endocytic domain for endocytosis by clathrin-coated vesicle formation (Figures 

1B, C) [16,17].

The region separating the basal body and cilium proper is called the transition zone. At the 

proximal end of this region transition fibres link the distal end of the basal body to the 

plasma membrane. A region known as the ‘ciliary necklace’ is located distal to the transition 

fibres and consists of champagne glass-like structures that link the base of the axoneme to 

the ciliary membrane (Figure 1B) [18]. The transition fibres and ciliary necklace appear to 

act as a selective filter or pore for cargo destined for the cilium [7,9-11]. For example, the 

ciliopathy protein CEP290 was shown to localize to the champagne glass-like structures of 

the ciliary necklace region in Chlamydomonas, and a mutant in Cep290 led to defective cilia 

assembly and altered protein composition of the cilia that did form [19]. Several other 

ciliopathy-related proteins were recently shown to be components of the ciliary necklace 

region in Caenorhabditis elegans [20], and there is also evidence that Septin 2 might be part 

of a diffusion barrier at the cilium base [21]. Selective transport through the ciliary necklace 

might resemble nuclear import and export through the nuclear pore complex [10,11]. For 

example, Dishinger and colleagues (2010) demonstrated that the nuclear import protein 

importin-β2 plays a role in the transport of KIF17 motor protein to the cilium in a Ran–GTP-

dependent manner, and that KIF17 harbours a ciliary localization sequence (CLS) 
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resembling a nuclear localization sequence [22]. CLSs have also been identified in a number 

of receptors and ion channels, but a clear consensus CLS has not been identified [23]. A 

noteworthy feature of CLSs is that they may sometimes act as nuclear localization signals, 

such that a ciliary protein (or a derivative thereof) can sometimes localize to the nucleus 

[22,24]. This dynamic localization pattern may be important in coupling ciliary signal 

transduction to specific changes in gene expression. Interestingly, defects in ciliary 

localization of somatostatin receptor 3 (Sstr3), melanin-concentrating hormone receptor 1 

(Mchr1), leptin receptor (LepR) and rhodopsin (Rho) have been detected in different 

Bardet–Biedl syndrome (BBS) mouse models [25-27], highlighting the physiological 

importance of appropriate ciliary localization of these receptors, as well as the role of BBS 

proteins in this process. Indeed, BBS proteins were shown to form a complex, the BBSome, 

which cooperates with the IFT machinery to regulate trafficking of specific membrane 

proteins to and from the ciliary compartment [28-30].

Ciliary signalling and ciliopathies

A number of specific receptors, ion channels, transporters and downstream signalling 

proteins have been localized to primary cilia, thus allowing the cilium to detect and 

transduce extracellular signals to the inside of the cell. In this way the primary cilium 

functions as a unique cellular site for mechano-, chemo- and osmosensation to regulate 

cellular processes during development and in tissue homeostasis [5,31,32]. An important 

feature of ciliary signalling is the continuous interaction with regulatory signalling 

molecules at the ciliary base, ie the centrosomal region, which may coordinate the crosstalk 

between separate ciliary signalling pathways to activate specific cellular targets and gene 

arrays for specified cellular or tissue responses. The role of the primary cilium as a cellular 

command centre for signalling is evidently important, because defects in ciliary assembly 

(eg via mutations in IFT genes) or function (eg via mutations in genes coding for ciliary 

receptor proteins) have been linked to numerous developmental disorders and diseases, 

including early embryonic death, heterotaxy and situs inversus, craniofacial and skeletal 

patterning defects, heart defects, hypoplasia, renal and liver diseases, such as polycystic 

kidney disease, mental retardation, anosmia, obesity and tumourigenesis [3,31,33]. Light 

reception and transduction also occur through modified primary cilia, ie the outer segment 

of rod and cone photoreceptors in the vertebrate retina, where light-sensitive opsins are 

transported from the inner to the outer segment by IFT to detect light photons [34-36]. 

Hence, mutations in genes coding for IFT components or other proteins involved in cilia 

trafficking and photoreceptor formation lead to retinitis pigmentosa and blindness [37-39]. 

For a list of proposed ciliopathy syndromes and diseases, please see Figure 1D.

In addition to RTK signalling (see below), a number of other signalling pathways were 

reported to be specifically associated with primary cilia, including neurotransmission, 

Hedgehog (Hh), Wingless (Wnt), Notch, ECM and polycystin signalling. For example, in 

non-pathological vertebrate cells the primary cilium functions as a cellular switch, turning 

Hh signalling on and off through the coordinated trafficking and activation of Hh signalling 

components, Patched, Smoothened and Gli transcription factors in the cilium [32,40]. Hh 

signalling was originally connected to the cilium, when mouse IFT mutants were shown to 

display phenotypes typical of defective Hh signalling [41]. The primary cilium was also 
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suggested to function as a switch in balancing Wnt signalling from the canonical Wnt/β-

catenin to the non-canonical/planar cell polarity (PCP) signalling pathway, partly through 

activation of glycogen synthase kinase 3β (GSK3β) at the ciliary base for degradation of β-

catenin. However, in contrast to Hh signalling, the link between Wnt signalling and cilia is 

somewhat controversial [32,42]. Other signalling pathways reported to be linked to primary 

cilia include vasopressin signalling in renal epithelial cells [43], as well as neuronal 

signalling systems such as somatostatin, serotonin and melanin-concentrating hormone 

signalling, which regulate human behavioural processes [44,45]. It is of note that loss of 

primary cilia in hypothalamic POMC neurons leads to obesity, hyperphagia and elevated 

levels of serum insulin, glucose and leptin in mice [46].

In this review, we mainly focus on the role of the primary cilium in coordinating different 

classes of RTK signalling, and we highlight illustrative examples on the potential crosstalk 

between ciliary RTK signalling and other signalling systems, which may regulate cell cycle 

entrance, differentiation, directional cell migration and further cellular processes critical 

during embryonic development and in tissue homeostasis in the adult. A summary of RTK 

signalling and potential signalling crosstalk in the primary cilium is presented in Figure 4.

Receptor tyrosine kinases—an overview

Receptor tyrosine kinases (RTK) belong to a superfamily of about 20 different classes of 

single transmembrane high-affinity cell surface receptors for growth factors, cytokines and 

hormones during embryonic development and in tissue homeostasis [47]. When aberrantly 

regulated, these receptors play a critical role in tumourigenesis and progression of numerous 

cancer types. In most cases, the binding of ligand to the N-terminal, extracellular domain 

induces the formation of receptor dimers from a single subunit receptor, followed by the 

activation of the receptor complex through auto- or transphosphorylation of the intracellular 

catalytic domain and tyrosine phosphorylation of specific docking sites for adaptor and 

effector proteins in signal transduction. In a few cases, RTKs exist as multimeric complexes, 

such as the insulin receptor (IR) and insulin-like receptors 1 and 2 (IGFR1/2), which form 

disulphide-linked dimers in the absence of ligand. Activation of RTK and instigation of 

signal transduction proceeds through a series of signalling cascades, such as the PI3K–Akt 

(phosphatidylinositol 3-kinase–protein kinase B) pathway, phospholipase C (PLC) pathways 

and several members of the mitogen-activated protein kinase (MAPK) pathways, including 

the Mek1/2–Erk1/2 pathway, to control cell cycle entry, cell migration and differentiation 

processes [47].

Platelet-derived growth factor-α (PDGFRα) is one of the first RTKs that was linked to 

primary cilia [48]. In quiescent fibroblasts this receptor localizes to primary cilia for ligand-

dependent activation of cell cycle entry and directional cell migration [48,49] (Figure 3B). 

Additional classes of RTKs have now been linked to primary cilia and coordination of 

signalling events in cell cycle control, migration and differentiation. These include 

epidermal growth factor receptor (EGFR) [50-52], insulin-like growth factor 1 receptor 

(IGF1R) [53] and angiopoetin receptor (Tie-2) [54]. Additionally, fibroblast growth factor 

(FGF) signalling has been linked to motile cilia in various tissues in zebrafish, Xenopus and 

mammals [55-57]. Recepteur d’origine nantais (RON) localizes to motile cilia in the airway 

Christensen et al. Page 4

J Pathol. Author manuscript; available in PMC 2015 January 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tract [58], EGFR and PDGFRα to motile cilia in the ependyma [51] and Tie1/2 to motile 

cilia in the oviduct [54]. The function of RTK signalling in motile cilia remains largely 

unknown, but could be linked to regulation of ciliary motility [5] or to tissue maintenance 

and differentiation. For a list of ciliary RTKs, please see Figure 3A.

Many cells have multiple different classes of RTKs with special representatives localized to 

their primary cilia, while the remainder populates the non-ciliary cell membrane. For 

example, in fibroblasts PDGFRβ is localized in the plasma membrane, but not the cilium, 

while PDGFRα becomes almost exclusively localized to the primary cilium in quiescent 

cells [48]. Further, RTK signalling is well known to interact and extensively crosstalk with 

non-RTK signalling pathways. As examples, RTK signalling is tightly coupled to integrin 

receptors in ECM signalling in cancer cell growth, survival and invasion, GPCRs use RTKs 

as signalling intermediates and RTKs modulate G protein pathways. Since specific RTKs, 

GPCRs, ECM receptors and other membrane proteins in signal transduction are highly 

enriched in primary cilia, it is likely that the cilia/centrosome axis provides a unique site for 

the coordinated crosstalk between various signalling systems in human health and disease.

PDGFRα signalling

PDGFR is found as two isoforms, PDGFRα and PDGFRβ, which form homo- or 

heterodimers upon binding of dimers of PDGF-A, PDGF-B, PDGF-C and PDGF-D ligands 

with different affinities, such that PDGF-AA exclusively activates the homodimer of the α-

receptor, PDGFRα while PDGF-BB, for example, activates all dimer combinations. 

PDGFRα is preferentially expressed in mesenchymal lung, skin, intestine and 

oligodentrocyte progenitors, and aberrant PDGFRα signalling contributes to the 

development of different types of cancers and has been associated with fibrotic diseases 

[59]. PDGFRβ is also widely distributed in tissues, often being present in the same cell as 

PDGFRα, but abundance of the two receptor isoforms may vary depending on the cell type. 

At least in fibroblasts, PDGFRα is a growth arrest-specific (GAS) gene and is up-regulated 

upon starvation upon formation of the primary cilium [48,60]. The newly synthesized 

PDGFRα is translocated, probably in Golgi-derived small vesicles, to the base of the cilium 

where exocytosis occurs and the molecule passes the transition zone barrier to populate the 

ciliary membrane. A basal level of PDGFRα is found in wild-type cells before ciliary 

induction and in Tg737orpk mouse embryonic fibroblasts (MEFs) that cannot grow primary 

cilia [48]. In addition to fibroblasts [48,61,62], PDGFRα localizes to primary cilia in a 

number of other cell types, including rat astrocytes and neuroblasts [51] (Figure 3B), human 

embryonic stem cells (hESCs) [63] and ovarian surface epithelial (OSE) cells [Egeberg et 

al., unpubl.]. In fibroblasts, the localization of the receptor to the cilium is necessary for 

dimerization and subsequent signalling upon ligand addition, and this is probably the case 

everywhere. In fibroblasts activation of the PDGFRαα receptor in the primary cilium leads 

to the onset of a number of downstream signalling pathways within the cilium, including 

Akt and Mek1/2-Erk1/2 pathways to regulate cell cycle control and directional cell 

migration [48,49].
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PDGFRα signalling in cell cycle control

Multiple lines of evidence have indicated a role for primary cilia and ciliary PDGF 

signalling in regulating cell cycle entry and progression. Tucker and co-workers originally 

showed that PDGF induces the resorption of the cilium and the competence of cells to 

replicate their DNA in cultures of growth-arrested fibroblasts [64], and activation of 

PDGFRαα in the fibroblast primary cilium leads to cyclin-dependent kinase 4 (Cdk4)-

mediated phosphorylation of retinoblastoma protein (Rb) [48], which marks the cell cycle 

G1–S phase transition. This implies the presence of a highly balanced signalling network 

that organizes multiple signalling events through activation and/or deactivation of key 

regulatory proteins in the cilia/centrosome axis. A key regulator in these joint processes may 

include Akt, which controls multiple events in the cell cycle, such as activation of the cyclin 

D–cdk4 and cyclinE–cdk2 complexes by inhibition of cdk inhibitors (CKIs), p21Waf1, 

p27Kip1 and p57Kip2 [65,66] and through activation of the Wnt–β-catenin pathway by 

inhibition of GSK3β (Figure 4). Aberrant GSK3β and CKI signalling is critically associated 

with tumourigenesis and cancer cell proliferation [67-69], thus linking defects in ciliary 

assembly and resorption to malignant neoplasm. Further and upstream in relation to Akt in 

the primary cilium, inactivated or mislocalized PtdIns(3,4,5)P3 5-phosphatase (INPP5E) 

leads to increased ciliary PDGFRαα signalling and premature disassembly of the cilium, 

followed by accelerated cell cycle entry [61]. Dysfunctional INPP5E causes a series of 

different ciliopathies, including cystic kidneys [61,70]. Additional pathways may be 

implicated in regulation of cell-cycle events and cell migration through RTK-mediated Akt 

and Mek1/2–Erk1/2 activation, including Hh signalling and the mammalian target of 

rapamycin (mTOR) pathway, as discussed below. Previously, human enhancer of 

filamentation 1 (HEF1)–Aurora A kinase (AurA) pathway, Pitchfork (Pifo) and the dynein 

light chain, Tctex-1, were shown to promote ciliary disassembly [71-77]. It is therefore 

tempting to speculate that ciliary RTK signalling acts upstream in relation to one or more of 

these key molecules during ciliary resorption, where the centrosomal region at the ciliary 

base functions as a plinth for the continued crosstalk between the different signalling 

systems in cell-cycle checkpoint regulation.

PDGFRα signalling in directional cell migration

Defective cell migration leads to developmental defects, defective tissue regeneration, 

tumourigenesis and metastasis [78]. A number of observations have shown that primary cilia 

and ciliary RTK signalling control cell migration and regenerative processes [75], such that 

mutant mice with defects in ciliary assembly have significant defects in in vivo wound 

closure compared to wild-type animals [49]. Further, in many cell types, the primary cilium 

specifically orients parallel to the path of migration and towards the leading and mobile edge 

of the cell, ie the lamellipodium, which is formed by extensive reorganization of the actin 

cytoskeleton [49,52,79-81]. This implies a tight connection between the direction of cell 

migration and the orientation of the cilium, which may function as a cellular GPS that 

coordinates the right positioning of the cell in connective and polarized tissues [75,82].

In adult skin, fibroblasts are embedded in ECM, are usually in growth arrest and display 

primary cilia, presumably with PDGFRαα localized in the ciliary membrane. Little or no 

PDGF is normally present unless the tissue is wounded, when PDGF is released, mainly 
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from platelets. PDGF was initially characterized as a potent mitogenic stimulant and 

chemoattractant for fibroblasts to promote wound healing [83]. All forms of PDGF bind to 

PDGFRαα and could operate by binding to the ciliary membrane not only to induce 

mitogenesis, as above, but also in directional cell migration (chemotaxis). Micropipette 

analyses revealed that in Tg737 orpk MEFs, where ciliary assembly is defective, normal 

chemosensory response to PDGF-AA is absent compared to wild-type MEFs, and in vitro 

wound-healing assays revealed that mutant fibroblasts have unregulated speed and 

uncontrolled directional cell displacement during wound closure. In wild-type cells, PDGF-

AA induces tyrosine phosphorylation of the receptor at several motifs, followed by 

phosphorylation of Mek1/2 and Akt, as discussed above [48,49]. Mek1/2 is localized along 

the cilium, presumably moving basally to activate Erk1/2 and its downstream target, p90 

ribosomal s6 kinase (Rsk), whereas Akt is localized at the ciliary base. As they are in 

mitogenesis, both pathways are probably involved in chemotaxis. Inhibition of either the 

Mek1/2–Erk1/2–Rsk or PI3K–Akt signalling blocks the initiation of directional migration 

by PDGF-AA, but this does not mean that their actions are identical [Clement et al., 

unpubl.].

Since, in the presence of a PDGF-AA gradient, the primary cilium specifies where the 

lamellipodium is to form, information must be conveyed from the cilium to the leading 

edge. Two prominent molecules in conveying this information is p27Kip1 and the Na+–H+ 

exchange protein 1, NHE1 (Figure 4). Besides cell cycle regulation, p27Kip1 is 

phosphorylated by Rsk to inhibit the Rho GTPase (RhoA) that controls actin stabilization 

[84,85]. NHE1 is up-regulated during quiescence [86] and localized primarily in numerous 

vesicles that normally move through the cytoplasm in both wild-type and mutant MEFs. 

Upon addition of PDGF-AA in wild-type MEFs, NHE1 translocates to the leading edge of 

the cell, then incorporates into the cell membrane with Ezrin/Moesin/Radizin (ERM) 

proteins and the actin cytoskeleton becomes organized in the lamellipodium for motility 

[Clement et al., unpubl., 86]; this translocation is abrogated by inhibitors of Akt. Although 

details of how the directionality of movement is linked to the direction in which the cilia 

point are unknown, the RTK cascade proteins, when phosphorylated, must have effects on 

NHE1 vesicle translocation, so that the vesicles move in the direction in which the cilium 

points to form the leading edge of the migrating fibroblast. Likely substrates include the 

motor or scaffold proteins of the NHE1-containing vesicles necessary for translocation along 

specific stable microtubules that extend from the centrosome region around the ciliary basal 

body. Rsk is an activator of NHE1 [87,88], suggesting that PDGF-AA-induced Mek1/2–

Erk1/2–Rsk signalling may phosphorylate and activate incorporated NHE1 in the leading 

edge membrane [Clement et al., unpubl.].

IGF-1R signalling

In vertebrates, there are three receptors of the larger RTK superfamily that can bind with 

high affinity to insulin and insulin-like growth factors (IGFs) to regulate cell proliferation, 

growth, migration, differentiation, metabolism, reproduction and longevity [89-92]. The 

three receptors include insulin receptor (IR) and insulin-like growth factor receptors 1 and 2 

(IGFR1/2) [93]. The three receptors can form a dimeric structure, which can be either a 

homodimer, composed of two identical α/β monomers, or a heterodimer formed by two 
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different α/β monomers, eg IRαβ/IGF1Rαβ [94]. IGF1R signalling through primary cilia has 

been shown to play an essential role in preadipocyte differentiation. An important step in 

adipocyte differentiation in 3T3-L1 preadipocytes is the achievement of confluence by 

contact inhibition, which allows the formation of primary cilia. Disruption of primary cilia 

assembly by using IFT88 siRNA blocks adipocyte differentiation and the expression of two 

key adipogenic transcription factors, C/EBPα and PPARγ. The IGF1R is localized in the 

primary cilium, but not exclusively; it is also located in the plasma membrane. However, the 

receptors in the cilium are more sensitive to insulin stimulation and are activated prior to the 

receptors in the plasma membrane [53]. As a response to insulin stimulation, several 

signalling molecules, including Akt and insulin receptor substrate 1 (IRS-1; a direct target of 

IGF1R and IR tyrosine kinases [95]), which initiate differentiation and are tyrosine-

phosphorylated at the basal body. IFT88 siRNA and loss of primary cilia significantly 

reduces the phosphorylation of Akt at the base of the cilium [53]. We surmise that other 

signalling pathways, such as Mek1/2–Erk1/2, are activated by IGF-R1 signalling in the 

primary cilium to control processes other than cell differentiation, including cell-cycle 

control and directional cell migration, such as in ciliary PDGFRα signalling, although this 

has not yet been investigated.

EGFR signalling

Epidermal growth factor receptors extensively regulate cellular processes during 

development and in tissue homeostasis, and they are critically associated with 

tumourigenesis and cancer cell invasion [96]. EGFR signalling in primary cilia was first 

reported in studies on mechanosensation in cultures of kidney epithelial cells. In these cells, 

EGF may sensitize polycystin-2 (PKD2) to mechanical stimuli, such that EGFR signalling in 

the primary cilium activates PKD2 by releasing this TRP ion channel from its inhibition by 

PIP2, partly through PI3K-induced phosphorylation of PI(4,5)P2 into PI(3,4,5)P3 and partly 

through the hydrolysis of PIP2 by PLCγ2 [50] (Figure 4). Mutations in the genes coding for 

either EGFR or PKD2 lead to cystic kidneys in the mouse [97,98]. Since then, EGFR has 

been localized to the primary cilium/centrosome axis in other cell types, including astrocytes 

and neuroblasts in the rat ventricular zone [51] and in human airway smooth muscle cells 

(ASMs) [52]. While little is known on the function of EGFR signalling in neural cells, 

EGFR was suggested to play a major role in mechanosensation and directed cell migration 

in ASMs through the interaction with integrins and polycystins 1 and 2 in the primary cilium 

[52]. In this scenario, the cilium could directly interact with the ECM to detect mechanical 

load, as was originally shown for chondrocytes in the cartilage [99,100]. Further, by using a 

method for deciliation of growth-arrested cells with chloral hydrate [101], ASMs showed a 

reduced rate of migration in in vitro wound-healing assays in response to EGF, supporting 

the conclusion that ciliary EGFR signalling could function in ASM injury repair [52].

FGFR signalling

Fibroblast growth factors (FGFs) comprise a family of structurally related polypeptides that 

play important roles during embryonic development and in tissue homeostasis in the adult. 

In vertebrates, 22 different FGF family members have been identified, most of which signal 

through a family of RTKs, known as FGFRs, that are encoded by four different genes 

(FGFR1–4) [102,103]. The first link between FGF signalling and cilia came from two 
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independent studies in zebrafish [55,56]. In the first study, morpholino knock-down of Fgfr1 

or the redundant ligands Fgf8 and Fgf24 was shown to cause shortening of cilia in the 

laterality organ Kupffer’s vesicle, as well as in the otic vesicle and pronephric ducts [55]. In 

the same study, expression of dominant negative Fgfr1 in Xenopus led to shortening of 

monocilia in the gastrocoel roof plate [55], which is reminiscent of the zebrafish Kupffer’s 

vesicle and the embryonic node of mammals [104]. These organs play a critical role in 

establishing the left–right asymmetry axis in the developing embryo via a mechanism that 

involves dynein-dependent movement of monocilia to create a directional flow across the 

ventral surface of the node [105,106]. Indeed, knockdown of Fgfr1 (or Fgf8 /Fgf24) was 

associated with left–right patterning defects in zebrafish [55]. Similarly, knockdown of two 

FGF target genes in zebrafish, Ier1 and Fibp2, were shown to cause cilia shortening and 

laterality defects [56], and recent studies have confirmed similar roles for Fgfr2 [107] and 

Fgf4 [108]. Importantly, the effect of Fgf8 knockdown on ciliogenesis could be rescued by 

injection of ier1 and fib1 mRNA, indicating that ier1 and fib1 act downstream of Fgf8 in 

ciliogenesis [56]. Both Ier1 and Fib1 localize to the nucleus [56], and abrogation of Fgfr1 

led to down-regulation of two ciliogenic transcription factors, foxj1 and rfx2, as well as the 

gene coding for IFT protein 88 [55]. These findings suggest that FGF signalling positively 

regulates ciliogenesis by promoting transcription of ciliogenic genes. Additional players in 

FGF-mediated regulation of ciliogenesis include the SET domain containing protein Setdb2 

[109] and the regulatory protein Capony 1 [110]. In addition, FGF signalling may also be 

coupled to cilia in a more direct way, as FGFRs were shown to localize to motile cilia in the 

airway of rhesus monkey during postnatal development of the tracheal basement membrane 

zone [57], and extensive crosstalk between FGF signalling and other signalling pathways 

connected to cilia has been reported to occur, eg during skeletogenesis [111] (see also 

below).

RTK crosstalking and signalling networking

It is becoming increasingly clear that crosstalking between separate signalling pathways and 

the continuous networking between individual signalling components are critical in the 

coordinated regulation of cellular processes [112-115]. Integrins and GPCRs use RTKs as 

signalling intermediates and vice versa to regulate, for example, cell cycle control, 

differentiation and migration, and when this crosstalk is aberrantly coordinated it leads to 

tumourigenesis as well as cancer cell proliferation and invasion [113-115]. In neurogenesis, 

IGF1R is an essential component of the signalling network that includes Hh, Wnt and Notch 

signalling. Since Integrins, Notch receptors and several members of GPCRs in Hh and Wnt 

signalling, as well as neurotransmission, are localized to primary cilia, it is tempting to 

speculate that ample signalling crosstalk and networking takes place in the cilium–

centrosome axis. In connective, muscle and skeletal tissues, the cilium may directly interact 

with multiple components of ECM to regulate the length and orientation of primary cilia to 

control cellular positional information [52,81,100,116-119] and, when defective in 

chondrocytes, may lead to osteoarthritis [120] and osteochondroma [121]. In this regard, the 

further crosstalk with TRP ion channels, such as polycystins, adds an additional layer of 

complexity in signalling networking in ciliary mechanosensation [122].
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Recently, the primary cilium was proposed to function as a regulator of mTor signalling 

[123,124], which controls cell growth, cell volume, cell proliferation, cell migration, 

metabolism and cell survival via the mTOR complex 1 and 2 (mTORC1, mTORC2) 

[125,126]. TORC1 activation stimulates increase in glucose uptake, glycolysis and de novo 

lipid biosynthesis [127], which are often seen in human cancers [128]. Essential upstream 

regulators of this pathway, including tumour suppressor protein (Lkb1) and AMP-activated 

protein kinase (AMPK), which inhibit mTor signalling through activation of the tuberous 

sclerosis complex (TSC) and inhibiton of the small G-protein (Rheb), have been localized to 

the primary cilium–centrosome axis in kidney epithelial cells [123]. Loss of cilia in kidney-

specific Kif3a-mutant mice thus results in enlarged cells when compared with control 

animals [123]. In Tg737 orpk mutant mice, metabolic control after glucose challenge is 

severely impaired, therefore creating a possible functional link between glucose metabolism 

and cilia [129]. Most importantly, there are multiple RTK signalling cascades that contribute 

to mTor signalling, including the Mek1/2–Erk1/2–Rsk and PI3K–Akt pathways that either 

directly activate the mTor pathway, eg through inhibiton of TSC, or indirectly via inhibition 

of GSK3β, which is an activator of TSC [130,131]. Further, different chemotactic inputs 

from both RTKs and GPCRs regulate together mTORC1 and mTORC2 signalling to 

coordinate the organization of F-actin and focal adhesions, eg through the expression and 

activation of multiple cell polarity proteins in directional cell migration [126]. Here, 

PDGFRα, EGFR, FGFR and Tie-2 all contribute to regulation of mTor signalling, and 

defects in this contribution set off a multitude of different cancer types [132-135]. A number 

of RTKs, including PDGFRα, are also negatively regulated by a feedback loop from mTor 

signalling [136], adding a further level to the crosstalk between RTK and mTOR signalling. 

It is therefore not unlikely that mTOR signalling is directly linked to the ciliary action of 

RTK and other receptor systems to control cellular processes in cell cycle control, cell 

migration and differentiation, as outlined in the above.

As a final case in point on the latent complexity of signalling crosstalk in the primary cilium, 

networking between individual RTK classes comes into play, not only in the primary cilium, 

but potentially also between ciliary and non-ciliary RTKs. For example, FGF signalling 

extensively crosstalks with EGFR and PDGFRα signalling during skeletogenesis, and 

disorganized crosstalking between these signalling systems leads to craniosynostosis [111], 

which is associated with cranioectodermal dysplasia. Interestingly, this developmental 

disorder is also caused by defects in the IFT machinery [137,138], supporting the idea that 

primary cilia take part in the coordinated networking between separate RTK systems.

Conclusions

Recent research has indicated an important role of primary cilia in coordinating a variety of 

different receptor systems and signalling pathways, including RTK signalling, through the 

activation of PDGFRα, EGFR and IGF1R to control cell cycle entry, migration and 

differentiation. Activation of these receptors leads to the onset of a diversity of signalling 

pathways, which are linked to the cilium–centrosome axis that may function as a major site 

for the coordinated crosstalking between separate receptor systems to activate specific 

cellular targets and gene arrays for specified cellular or tissue responses. In this way, the 

primary cilium offers a unique cellular site for extensive signalling networking critical 
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during development and in tissue homeostasis. Future research should therefore focus on 

how RTK signalling is integrated with GPCR signalling, TRP ion channel activity, ECM 

receptors and other signalling systems at the cilium–centrosome axis, and how aberrant 

organization of the different sets of signalling connections is associated with pathological 

conditions, including developmental disorders and cancer.
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Figure 1. 
Overview on ciliary structures, signalling systems, diseases and disorders. (A) The primary 

cilium emerges from the ciliary pocket from the centrosomal mother centriole (basal body) 

that lies in close proximity to the Golgi apparatus at the plasma membrane in growth-

arrested cells. Golgi-derived vesicles (GDVs) deliver ciliary axonemal and membrane 

proteins from the Golgi complex to the cilium, and clathrin-coated vesicles (CCVs) are 

formed from the ciliary pocket. Inserts to the right show primary cilia (arrows) visualized 

with differential interference contrast (DIC) microscopy, Immunofluorescence microscopy 

(IFM) and scanning electron microscopy (SEM; courtesy of Johan Kolstrup). In IFM, the 

cilium is localized with anti-acetylated α-tubulin (blue), the centrioles are marked with anti-

centrin (green) and the nucleus is stained with DAPI (magenta). (B) The primary cilium is 

assembled by intraflagellar transport (IFT) from the basal body (see text for details). The 

upper inserts to the right show transmission electron microscopy (TEM) images of a 

longitudinal section of a mouse embryonic fibroblast primary cilium emerging from the 

ciliary basal body (BB) at the surface of the cell in close proximity to the Golgi and the 
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nucleus (courtesy of Johan Kolstrup), and a cross-section of the cilium in a human 

embryonic stem cell that shows the axonemal arrangement of nine outer doublets of 

microtubules (9 + 0; from [139]), with permission from the Journal of Cell Biology). The 

lower insert shows a TEM image of a longitudinal section of a human foreskin fibroblast 

primary cilium emerging from the basal body (BB) in the ciliary pocket (CP; reproduced 

from [140] with permission from the Journal of Cell Science); AX: axoneme. (C) Schematic 

view on types of signal transduction systems that are coordinated by primary cilia and 

relayed through the cilium/centrosome axis to control cellular responses. (D) Examples on 

ciliopathy syndromes and primary cilia diseases and disorders associated with defects in 

ciliary assembly and function.
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Figure 2. 
Schematic view on the formation and resorption of the primary cilium during the cell cycle. 

After mitosis and cytokinesis the two daughter cells enter the G1/G0 phase and begin their 

assembly of a primary cilium by IFT from the centrosomal mother centriole at the plasma 

membrane and into the extracellular environment for registration and relaying of 

extracellular cues. Upon stimulation with growth factors that triggers cell cycle entry at the 

G1/S phase transition the cilium is resorbed and the centrosome is duplicated to form the 

two spindle poles for mitotic spindle formation and mitosis (M). At the end of mitosis the 

midbody is created from the spindle microtubules to coordinate cytokinesis followed by cell 

cycle arrest and formation of a new primary cilium in each daughter cell. Images show 

immunofluorescence microscopy analysis of the different phases of the cell cycle, using 

anti-acetylated α-tubulin (blue) to mark primary cilia (bold arrow) and cytoplasmic 

microtubules. Centrosomes are marked with anti-Pericentrin (red) and DNA with DAPI 

(green). Open arrows indicate time points for formation and resorption of the primary 

cilium.
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Figure 3. 
Overview on ciliary RTKs. (A) list of RTKs localizing to primary and motile cilia. Motile 

cilia are indicated by ‘9 + 2’. (B-E) immunofluorescence microscopy (IFM) and 

immunogold electron microscopy (IEM) analysis of RTK localization to primary+cilia (bold 

arrows) and to the ciliary base (open arrows). Cilia were localized with either anti-acetylated 

γ-tubulin (ac.tb) of detyrosinated α-tubulin (glu.tb). (B) Localization of PDGFRα to the 

primary cilium (upper images) and PDGF-AA-induced phosphorylaton of Mek1/2 

(pMek1/2) and Akt (pAkt) in the cilium and at the ciliary base NIH3T3 cells (middle 

images) (reproduced from [48] with permission from Elsevier, and from [49] with 

permission from S. Karger AG Basel). Localization of PDGFRα to the primary ciliary 

membrane (lower images) in rat astrocytes (reproduced from [51] with permission from 

John Wiley and Sons). (C) insulin-induced phosphorylation of IGF1R in preadipocytes 

(upper images) and ciliary localization of IRS-1 and insulin-induced phosphorylation of Akt 

(pAkt) at the ciliary base (middle images). Lower images show insulin-induced 

phoshorylation of IRS-1 (pIRS-1) in the primary cilium and at the ciliary base (reproduced 

from [53] with permission from Journal of Cell Science). (D) Co-localization of EGFR and 

polycystin 2, PKD2, to primary cilia in kidney epithelial (LLC-PK1) cells (upper images; 

reproduced from [50] with permission from the American Society for Microbiology), and 

localization of EGFR to the primary ciliary membrane in rat astrocytes (lower image; 

reproduced from [51] with permission from John Wiley and Sons). (E) Localization of Tie-2 

to epithelial cells in mouse extra-ovarian rete ducts (upper images with differential 

interference contrast, DIC) and to human ovary surface epithelium (lower image; 

reproduced from [54] with permission from Elsevier).
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Figure 4. 
Summary of ciliary RTK signalling pathways and examples on potential crosstalk between 

signalling pathways at the cilium-centrosome axis to regulate cell cycle control, cell 

migration, cell differentiation, cell growth and metabolism.
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