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Abstract

Primary cilia (PC) are antenna-like organelles that protrude from
most mammalian cells. They are essential for the regulation of
several signaling pathways such as Hedgehog and WNT. It is there-
fore not surprising that a dysfunction of PC is frequently associ-
ated with pathologies. Originally, PC were found to be involved in
a variety of diseases commonly referred to as ciliopathies including
cystic kidney diseases. Evidence is accumulating that PC play also
an important role in cancer formation and regulation, which is the
focus of this review.
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Introduction

Most of the differentiated cells in humans display a hair-like orga-

nelle protruding from their surface, which is referred to as the

cilium (from the Latin word for eyelashes). Two kinds of cilia

have been described: motile cilia and primary cilia. The principal

function of the former was easy to understand by mere observa-

tion: Motile cilia beat in a regular and coordinated fashion and,

by doing so, put fluids in motion around them, like the mucus

that is pushed upwards from the bronchi to the trachea [1,2].

The date of the first description of primary cilia is somewhat

controversial, but has been at least as early as 1898 [3]. Already

at that time, a sensory function for PC was suggested. Neverthe-

less, despite finer description by electron microscopy [4,5] they

were considered for a long time as anomalous, rudimentary struc-

tures without any function. This just changed in the 1990s [6],

when PC were associated with the onset of human diseases [7,8].

Nowadays, PC are commonly considered as crucial sensors,

antenna or rheostat of the cell by providing the ability to fine-

tune cell signaling and thus key cellular processes. Malfunctioning

cilia can therefore be the cause of a diverse set of diseases called

ciliopathies. These syndromes include rare inborn disorders like

Joubert syndrome, Bardet–Biedl syndrome, and Meckel syndrome,

but also more common pathologies like polycystic kidney diseases

(PKDs). Ciliopathies have been extensively reviewed elsewhere

[9,10]. In this review, focus will be set on the role of primary

cilia in tumorigenesis.

Two aspects of cilia biology are important when considering

their role in cancer: the coordination of cilia formation (ciliogenesis)

during cell cycle, and the regulation of cancer-linked signaling path-

ways. We will first discuss the former and subsequently the role of

PC in modulating signaling pathways.

The protruding part of the primary cilium is composed of an

axoneme made of nine doublets of post-translationally modified

microtubules ensheathed by a ciliary membrane, which is contin-

uous with the plasma membrane but of different composition in

lipids and proteins [11]. The axoneme is rooted by the basal

body, which is anchored at the membrane (Fig 1). Because the

basal body is derived from the mother centriole of the centro-

some, which has to assemble the mitotic spindle, the primary

cilium can only be formed in the G0 or G1 phase of the cell

cycle and is usually resorbed during the G1/S or G2/M phases

[12,13], although some cells retain primary cilia in S/G2/M

phases (reviewed in ref. [13]). Based on this concept, a model

emerged that primary cilia develop only in quiescent or differen-

tiated cells: The highest the mitotic index, the least ciliated are

the cells in an unsynchronized population. In support of this

idea, cell cycle-dependent actors tightly regulate assembly and

disassembly of the primary cilium. First, CP110 (centriolar coiled-

coil protein of 110 kDa), a protein that caps the distal end of the

mother centriole to prevent ciliary formation, is tightly regulated

at both the transcriptional and translational levels during the cell

cycle and is phosphorylated by CDK2 (cyclin-dependent kinase 2)

[14]. Moreover, the mitotic kinases, Aurora A [12,15], Plk1

(Polo-like kinase) [16] and Nek2 (NIMA-related Kinase) [17],

were shown to block the assembly of the primary cilium. As

cancer cells have an elevated proliferation compared to normal

cells and several types of cancer cells were reported to be uncili-

ated [18], the general consensus was that cancer cells are unli-

kely to display cilia. However, the improvement of reagents and

techniques for the detection of PC showed that PC can be also

present in cancer cells [19]. Today, a growing body of work
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demonstrates that transformed cells are capable of retaining the

ability to form cilia even in culture without serum starvation

[19,20].

Two landmark studies published in 2009 nicely demonstrate that

the presence of primary cilium can both promote and suppress

tumorigenesis in medulloblastoma and basal cell carcinoma (BCC)

[21,22]. Interestingly, these two cancers have a dysregulation of the

Hedgehog pathway in common, a major signaling pathway regu-

lated through the primary cilium.

Ciliary modulation of signaling pathways

Primary cilia are crucial regulators of cell signaling. The receptors

and downstream effectors of many signaling proteins are enriched

and sequestered in the cilium, and this compartmentalization allows

for fine temporal and spatial regulation of pathway activation as

well as downstream signal propagation [23]. This chapter will

provide a brief overview on the signaling pathways that are thought

to be regulated by the primary cilium and that have been linked to

cancer.

Hedgehog (Hh) signaling

In vertebrates, the best-studied cilia-linked pathway is the Hedgehog

(Hh) pathway, which plays fundamental roles during development

and in adult tissue homeostasis. Indeed, this pathway is aberrantly

activated in several cancers (reviewed in ref. [24]). The first descrip-

tion of a formal link between the primary cilium and Hedgehog

signaling was established during a screen aimed at analyzing embry-

onic mutations induced by ethylnitrosourea (ENU) in mice. The

authors [8] showed that mutations in IFT72 and IFT88, two proteins

of the intraflagellar transport machinery, perturb hedgehog signal-

ing. After this first description, numerous studies investigated how

PC and Hh signaling are connected. A striking result of this body of

work is that all the key components of the Hh pathway are enriched

in the cilium [25–28] and that their localization changes

Glossary

ADAM A disintegrin and metalloproteinase
ADAM A disintegrin and metalloproteinase
APC Adenomatosis polyposis coli
Arl13b ADP ribosylation factor-like 13b
BCC Basal cell carcinoma
BOC Brother of CDO
CBF-1 C-promoter-binding factor-1
ccRCC Clear cell renal cell carcinoma
CCRK Cell cycle-related kinase
CDK2 Cyclin-dependent kinase 2
Cdo Cell adhesion molecule down-regulated by oncogenes
CK1 Casein kinase 1
CP110 Centriolar coiled-coil protein of 110 kDa
CPC Choroid plexus carcinoma
CP Choroid plexus
CROCC Ciliary rootlet Coiled-coil
Dll Delta-like ligand
Dvl Disheveled
Dync2h1 Cytoplasmic dynein 2 heavy chain 1
EGF Epidermal growth factor
EMT Epithelial–mesenchymal transition
ENU Ethylnitrosourea
Erk Extracellular signal-regulated kinase
EVC-1 Ellis-van Creveld syndrome protein-1
FGF Fibroblast growth factor
Gas-1 Growth arrest-specific-1
GBMC Glioblastoma cells
GBM Glioblastoma
Gli Glioma-associated oncogene
GNP Granule neuron progenitors
GPR161 G-protein-coupled receptor 161
GSK3 Glycogen synthase kinase 3
GTP Guanosine triphosphate
HDAC2 Histone deacetylase 2
Hh Hedgehog
HIF Hypoxia-inducible factor
HMLE Human mammary epithelial cell line
IFT88 Intraflagellar transport protein of 88 kDa
IGF Insulin growth factor
INPP5E Inositol-polyphosphate-5-phosphatase
Intu Inturned
IPMN Intraductal papillary-mucinous neoplasia

Kif3a Kinesin family member 3a
Kif7 Kinesin family member 7
KO Knockout
LEF Lymphoid-enhancing factor
LPAR1 Lysophosphatidic acid receptor 1
LRP Lipoprotein receptor-related protein
MAPK Mitogen-activated protein kinase
MEF Murine embryonic fibroblast
Nek2 NIMA-related kinase 2
NEK8 Never in mitosis gene A-related kinase 8
NICD Notch intracellular domain
OFD1 Oral-facial-digital syndrome protein 1
OSE Ovarian surface epithelium cells
PCP Planar cell polarity
PC Primary cilia
PD-1 Programmed cell death protein 1
PDAC Pancreatic ductal adenocarcinoma
PDGFR Platelet-derived growth factor receptor
PI(4-5)P2 Phosphoinositol-4,5-diphosphate
PI3 kinase Phosphoinositide 3-kinase
PIN Prostatic intraepithelial neoplasia
PIP Phosphoinositol 4-phosphate
PKA Protein kinase A
PlK1 Polo-like kinase 1
Plk4 Polo-like kinase 4
Ptch Patched
PTM Post-translational modifications
Rbl1 Retinoblastoma-like 1
ROR2 Receptor tyrosine kinase-like orphan receptor
RTK Receptor tyrosine kinase
RYK Receptor-like tyrosine kinase
SCC Squamous cell carcinoma
SMAD small worm phenotype/mothers against decapentaplegic
Smo Smoothened
SPEN nuclear protein split ends
SuFu Suppressor of fused
TACE TNFalpha-converting enzyme
TCF T-cell factor
TGF-beta Transforming growth factor-beta
Trp53 Transformation-related protein 53
VHL von Hippel–Lindau
Wnt Wingless integration site
ZEB-1 Zinc finger E-box-binding homeobox
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dynamically in response to the activation of the pathway. The regu-

lation of this pathway is extremely sophisticated comprising the two

receptors Patched (which binds the hedgehog ligands) and Smooth-

ened (which is responsive to specific molecules including oxysterols

and purmorphamine), several co-receptors (such as Cdo, BOC, Gas-

1), kinases (including GSK3b, PKA, CK1), as well as activators and

repressors (including GPR161, SuFu, EVC1, and EVC2). For recent

reviews on Hedgehog signaling and its actors, see [29,30].

Briefly, in its “Off-state”, Patched, the receptor of Hh ligands

accumulates in the ciliary membrane (Fig 2). It is thought to repress

the entry of Smoothened (Smo) in the cilium and its subsequent

activation. The transcription factors of the pathway (Gli1, Gli2 and

Gli3) are transported to the tip of the cilium in a complex with SuFu

and Kif7 [26,31,32]. Unlike Gli1, which is a strict activator and func-

tions as part of a positive feedback loop ([33]), the Gli2 and Gli3

transcription factors both have the potency to be activator or repres-

sor of their target genes. They are potential activators (GliA) in their

full-length form [34], but binding of the Glis to SuFu in the Off-state

prevents their entry into the nucleus. Moreover, the full-length Glis

are phosphorylated by a kinase complex consisting of protein kinase

A (PKA), glycogen synthase kinase 3 (GSK3), and casein kinase 1

(CK1a), which leads to their partial proteolysis into a shorter repres-

sor form (GliR) with help of the G-protein-coupled receptor GPR161

[35]. Upon binding of Sonic Hedgehog to Patched, the receptor is

removed from the cilium as well as GPR161, de-repressing Smo,

which can in turn enter the cilium and get modified to activate

downstream signaling. The Gli transcription factors accumulate at

the tip of the cilium at higher levels than in the Off-state and, along

the way, detach from SuFu, which allows GliA to enter the nucleus

to activate their target genes.

The movements of some actors of this pathway within the cilium

are at least partly supported by the intraflagellar transport machin-

ery along the axoneme for their removal from the cilium [23,36,37],

which explains that mutations on proteins from the IFT lead to

impaired Hh signaling. It is worth noting that the regulation of the

composition of the ciliary membrane is also a major regulator of
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Figure 1. Basic architecture of primary cilia.
The scaffold of primary cilia is composed of nine doublets of microtubules arranged in a circle, the so-called axoneme. The microtubules consist of polymerized alpha- and
beta-tubulin dimers and are stabilized by post-translational modifications (PTM) such as acetylation, glycylation, and glutamylation [130]. The axoneme is anchored in
the cell via the basal body that consists of gamma-tubulin and originates from the mother centriole (the associated daughter centriole is shown in gray). In the absence of PC,
mother and daughter centrioles form the centrosome. Cargo proteins are transported along the axoneme by intraflagellar transport proteins, a process that is driven bymotor
proteins such as kinesin-2 toward the ciliary tip (anterograde) and dynein toward the base (retrograde).
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signaling. Indeed, two recent studies underlined the role of phos-

phoinositide metabolism in regulating Hh signaling in the cilium

[38,39]. They described that the ciliary membrane is enriched in

phosphoinositol 4-phosphate (PIP) and that this enrichment is main-

tained by the inositol phosphatase INPP5E. When INPP5E is

nonfunctional, the main phosphoinositol in the ciliary membrane

becomes the diphosphate PI(4-5)P2, which disrupts Hh signaling,

notably, because it leads to the accumulation of the repressor

GPR161.

Finally, Gli transcription factors can be also activated indepen-

dently of Hh ligands or Smo through the so-called non-canonical Hh

signaling. Nevertheless, this pathway appears to be rather cilia-inde-

pendent and thus is beyond the frame of this review. For reviews on

this topic see [40,41].

Wnt signaling

The Wnt signaling pathway is initiated by binding of Wnt ligands,

which are lipid-modified secreted ligands to the Frizzled family of

receptors that can have different co-receptors, such as low-density

lipoprotein receptor-related protein 5 (LRP5) and 6 (LRP6) (Fig 3).

Nineteen Wnt ligands and ten Frizzled receptors forming homo- and

heteromeric complexes create a rather complex signaling network
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Figure 2. Hedgehog signaling in PC.
In the absence of Hh ligands such as Sonic Hh (Shh), the negative regulators Ptch and GPR161 are present on the ciliary membrane. In this state (OFF), suppressor of fused
(SuFu) forms a complex with the Gli transcription factors at the tip of the cilium. Upon phosphorylation by the kinases PKA, glycogen synthase kinase 3 (GSK3) and
casein kinase 1a (CK1a) 1 at the basal body, Gli is processed in a repressor form (GliR) andmigrates into the nucleus, where it represses the transcription of target genes. Ligand
binding to Ptch (ON) induces its translocation away from the cilium and promotes the entry of the activating receptor Smo. This process allows the migration of active Gli
(GliA) into the nucleus where transcription of Hh target genes is activated. Whether SuFu dissociates from Gli or migrates associated with GliA into the nucleus remains
controversial.
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(Reviewed in ref. [42]). Moreover, Wnt ligands can also bind non-

Frizzled receptors, such as the receptor tyrosine kinases ROR2 and

RYK [43]. The key feature of the canonical Wnt signaling pathway

is the stabilization in the cytoplasm and subsequent translocation of

the protein beta-catenin into the nucleus, where it activates tran-

scription factors of the T-cell factor/lymphoid-enhancing factor

(TCF/LEF) family. In its Off-state, beta-catenin is degraded in the

cytoplasm by a protein complex that includes Axin, adenomatosis

polyposis coli (APC), glycogen synthase kinase 3 (GSK3), and casein

kinase 1a (CK1a) [44]. Upon binding of Wnt ligands to Frizzled,

LRP is phosphorylated and recruits the protein disheveled (Dvl),

which becomes activated. Activated Dvl interacts with the destruc-

tion complex, thus preventing beta-catenin degradation and favoring

its translocation into the nucleus. Wnt can also signal through the

non-canonical, PCP (planar cell polarity) pathway, which is modu-

lated through Dvl and independent of beta-catenin. This complex

pathway is a major player for the establishment of cell polarity in

the plane of the epithelium. Due to its capacity to regulate both the

canonical and non-canonical Wnt signaling, Dvl was suggested to

participate in the molecular switching between the two pathways

[45].

Because of the similarities of the Wnt pathways to Hedgehog, it

was tempting to imagine a role of the primary cilium in the regula-

tion of the Wnt pathways, especially since many actors of the

pathways are present at the cilium or basal bodies. These include

vangl-2, GSK3 beta, APC and inversin that have been described to

target Dvl for degradation [45–48]. However, the role of the primary

cilium in regulating Wnt pathways remains controversial. A striking

example of this controversy lies in the result of two studies that

used knockdown approaches for genes that are essential for cilio-

genesis. Corbit et al [49] observed an increased susceptibility to

Wnt ligand in mouse embryos as well as murine embryonic fibrob-

lasts (MEFs) deficient for the ciliary genes Kif3a, Ift88 or Ofd1,

whereas another study observed no altered response to Wnt ligands

in embryos or MEFs deficient for Kif3a, Ift88, or Dync2h1 [28].

These results, among others (reviewed in refs. [43,50,51]), are diffi-

cult to reconcile especially since zebrafish mutants of IFT88 and

ciliopathic mouse models fail to show phenotypes indicative of

disrupted canonical or PCP (e.g., convergent extension phenotypes)

Wnt signaling [28,52]. To conclude, the role of the primary cilium

in Wnt signaling is still rather unsettled.

Notch signaling

The Notch signaling system consists of three Delta-like (Dll1, Dll3,

and Dll4), two Jagged ligands (Jagged1, Jagged2), and four recep-

tors (Notch 1–4). Ligand–receptor binding induces two proteolytic

cleavages first by ADAM/TACE followed by gamma-secretase

releasing the Notch intracellular domain (NICD) into the cytoplasm.

NICD binds to the transcriptional repressor C-promoter-binding

factor-1 (CBF1) to form a complex called CSL that can then activate
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Figure 3. Wnt signaling in PC.
(A) In the absence of Wnt ligand binding to the Frizzled-LRP5/6 receptor complex, beta-catenin is part of protein complex, including Axin, adenomatosis polyposis coli (APC),
glycogen synthase kinase 3 (GSK3), and casein kinase 1a (CK1a) that leads to its destruction. (B) Ligand binding to Frizzled-LRP5/6 activates disheveled that destabilizes
the destruction complex thus releasing active beta-catenin that can then migrate to the nucleus. There it binds to the transcription factors T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) to switch on the transcription of Wnt target genes.
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the key transcription factors Hes and Hey. Components of the Notch

pathway were found in the PC/basal body, but the impact of PC on

Notch signaling appears to be tissue specific [53,54]. A recent article

describes that PC deficiency in corneal epithelial cells leads to an

increased proliferation, but decreased Notch signaling [55]. This is

in line with the observation that PC-deficient keratinocytes in vitro

and in the embryonic epidermis of mice have defects in Notch

signaling [53]. Other reports, however, described active Notch

signaling in the absence of PC in murine pancreas, a retinal pigment

epithelial cell line as well as zebrafish tissue [54,56,57]. The way

Notch signaling is regulated by PC appears therefore to be cell type

specific.

Receptor tyrosine kinases

Primary cilia were also reported to coordinate receptor tyrosine

kinases (RTKs), including several receptors for growth factors, such

as fibroblast growth factor (FGF), epidermal growth factor (EGF),

insulin-like growth factor (IGF), though probably the best-studied

RTKs are platelet-derived growth factor receptor (PDGFR) and trans-

forming growth factor-beta (TGF-beta) receptors [58]. Binding to

their cognate ligands induces phosphorylation of tyrosine in the

cytoplasmic tail of the receptor that allows recruitment of adaptor

molecules and the subsequent initiation of signaling cascades, such

as mitogen-activated protein kinases (MAPK) and PI-3/Akt kinase.

PDGFR consist of two isoforms, i.e., alpha and beta, which can form

homo- and heterodimers. PDGFRalpha, but not the beta isoform,

was shown to be localized to PC in quiescent cells [59]. Studies on

ciliary mutants revealed that PDGFRalpha localizes to the plasma

membrane in the absence of PC, where it is over-activated upon

ligand binding [60]. Notably, aberrant PDGFRalpha signaling has

been associated with pathologies such as gastrointestinal stromal

tumors [61].

TGF-beta is a classical pleiotropic cytokine that is well illustrated

by its dual role during tumorigenesis, as it can have a tumor

suppressive function in normal and early-stage tumor cells, but acts

rather as a tumor promoter in more advanced disease stages [62].

Different isoforms for TGF-beta ligand and receptors are known that

contribute to the complexity of this ligand/receptor system. Binding

of the ligand to TGF-beta type 2 receptor leads to the recruitment

and phosphorylation of TGF-beta type 1 receptor. Activated TGF-

beta type 1 receptor can trigger different signaling cascades by phos-

phorylating and activating signal transducers such as the MAPK

ERK1/2 or PI-3/Akt kinase as well as SMAD transcription factors,

the main component of the canonical TGF-beta/Smad pathway.

More specifically, TGF-beta-initiated signaling leads to the phospho-

rylation of a SMAD2/3 complex that can then associate with

SMAD4. This trimeric complex translocates to the nucleus to induce

gene expression.

TGF-beta receptors have been shown to localize to PC and that

their effector signaling components ERK1/2 and SMAD3 accumulate

at the ciliary base upon TGF-beta-induced activation [63,64]. PC-

mediated signaling of TGF-beta was shown to be regulated by endo-

cytosis [63] and ceramide [65].

To conclude, the PC is a hub that tunes a large panel of signaling

pathways. The main and best understood pathway in terms of its

relation with the PC is Hh signaling, and the way how the PC dele-

gates the other signaling pathways still requires further investigation

especially regarding tissue and cell specificity. In the following

section, we will discuss how the PC regulation of signaling

pathways can modulate carcinogenesis. Nevertheless, many

studies linking primary cilia and cancer are largely observational

and do not elaborate on the mechanisms of cancer regulation by

PC.

PC in brain cancers

Medulloblastoma

It is well established that Hh signaling and PC play an important

role in the development of the brain. Several reports investigated

their implication in medulloblastoma, the most common pediatric

brain cancer, and glioblastoma, an aggressive primary brain tumor

in adults. The work of Han et al [21] focused on the role of PC in

medulloblastoma. The authors were intrigued by reports that the

proliferation of cerebellar neuron precursors (GNPs) is PC and Hh

dependent [66,67] and that GNPs can be at the origin of medul-

loblastoma. For this, they generated mice with constitutive expres-

sion of an active form of Smo, i.e., SmoM2, in GNPs using a

specific cre-transgenic mouse strain. These mice have normal PC

and develop medulloblastoma. This strain was crossed with mice

carrying conditional knockout (KO) alleles (flx/flx) for genes

essential for cilia formation, i.e., the kinesin family member 3A

(Kif3a) [68] and intraflagellar transport protein 88 (Ift88) [69].

Depletion of Kif3a or Ift88 and the resulting removal of PC in

GNPs completely blocked medulloblastoma formation. This

concurs with a study using mutant mice that harbor only one Ptch

allele which develop spontaneous medulloblastoma [70]. GNP-

specific deletion of Kif3a abrogated tumor development in this

mouse strain as well [70]. To further explore the link between PC

expression and tumorigenesis, Han el al [21] generated a mouse

strain that allows expression of a constitutively active form of the

Hh effector Gli2 in GNPs. Surprisingly, ectopic expression of the

active form of Gli2 in GNPs did not result in tumor formation in

those mice. Tumors were only detectable after deletion of primary

cilia by crossing with Kif3aflx/flx mice. Thus, PC appear to have a

dual function in medulloblastoma formation in mice by either

promoting or blocking tumorigenesis, depending on the nature of

the oncogenic initiating event. The authors proposed a model in

which PC regulate the activity of both Smo and Gli3, the main

repressor of the pathway. In fact, PC-deficient GNP cells that

express ectopically active Gli2 display decreased Gli3 repressor

expression levels. Notably, similar conclusions have been made

by Wong et al [22], who studied the role of PC and Hh in basal

cell carcinoma (see below). To translate their observations made

in mice to human pathology, Han and colleagues correlated the

gene expression profile with PC presence in biopsies of 24 medul-

loblastoma patients and detected PC mainly in tumors with active

Hh or Wnt signaling, suggesting that PC also regulate Wnt signal-

ing in medulloblastoma. A more extensive analysis of biopsies is

required to confirm whether high Hh signaling is only present in

tumors displaying PC and whether PC could serve as a biomarker

for medulloblastoma. In fact, one analysis of 14 medulloblastoma

biopsies identified PC on 12 of the tested samples, but no correla-

tion with either tumor subtype or signaling pathway [71]. The

latter study also described that PC were not detectable on CD15+

cancer stem cells.
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Several mechanisms have been recently described to regulate

Sonic Hedgehog (Shh)-driven medulloblastoma. One study identifies

the inositol phosphatase INPP5E as an important regulator for

dampening cilia-associated phosphoinositide PI3-kinase/serine/

threonine kinase AKT signaling [72]. The authors show that INPP5E

localizes to PC in tumor cells and that its absence leads to an activa-

tion of the PI 3-kinase/Akt pathway and in turn to a destabilization

of PC. The findings obtained in mice and ex vivo cultures were

supported by the analysis of biopsies correlating low INPP5E tran-

script levels with an increased overall survival in neuroblastoma

patients.

Two other cilia based tumor regulators have been recently identi-

fied for Shh-dependent medulloblastoma [73,74]. First, the GTPase

ADP ribosylation factor-like 13b (ARL13b) is specifically expressed

in PC and a widely used marker for PC. Bay et al discovered that

deletion of ARL13b in Ptch-deficient mice controlled medulloblas-

toma formation. ARL13b knockdown in human and mouse medul-

loblastoma cell lines reduced Shh signaling and proliferation [73].

In addition, they reported that postnatal depletion of ARL13b has no

overt phenotype in mice, though they observed a few cysts in the

kidney. This led the authors to propose ARL13b as a suitable drug

target for medulloblastoma.

Second, the G-protein-coupled receptor Gpr161 has been

described as a negative regulator of the Hh pathway [35]. Shimada

and colleagues found that conditional depletion of Gpr161 in GNPs

or neural stem cells induces their hyperproliferation in a PC-depen-

dent manner leading to spontaneous formation of cerebellar tumors

in mice [74]. Gene expression profiling of those tumors revealed a

Shh medulloblastoma subtype signature. Moreover, they reported

that low Gpr161 expression correlates with poor prognosis in Shh

medulloblastoma patients supporting the concept that Gpr161 is a

tumor suppressor.

Glioblastoma

Two reports describe the presence of PC in glioblastoma specimens

using light and electron microscopy. Sarkisian and colleagues

detected PC in up to 25% of cells in 23 human glioblastoma biopsies

tested [75]. PC were also detected in different regions of the tumor

microenvironment. Moreover, the presence of PC correlated with

expression of the proliferation marker Ki-67 and the transcription

factor ZEB1 that is linked to tumor initiation and invasiveness. In

the same study, recently derived primary tumor cell lines were also

shown to display PC, which is in contradiction with the work from

Moser and colleagues. In fact, the latter report describes perturbated

ciliogenesis in cultured glioblastoma cell lines (GBMC) [76]. This

finding was confirmed in a later study by the same authors, where

they describe a disruption of ciliogenesis at early tumor stages in

the majority of seven patient samples tested [77]. It is tempting to

speculate that the rudimentary cilia still display some signaling

activity or even promote different signaling pathways than intact

PC. An analysis of a larger cohort of tissues should reconcile the

reports on PC expression in glioblastoma and clarify whether

subsets with distinct ciliogenesis ability exist.

Two other studies describe mechanisms, which dampen ciliogen-

esis and thus promote tumor cell growth in glioblastoma cells. First,

Yang et al [78] described the cell cycle-related kinase (CCRK) as an

inhibitor of ciliogenesis which in turn promotes proliferation of

glioblastoma cells. It should be interesting to study how the CCRK

expression status correlates with PC presence in tumor tissues.

Second, Loskutov et al [79], identified an accumulation of lysophos-

phatidic acid receptor 1 (LPAR1) in primary cilia of human astro-

cytes. Astrocytes are one of the cell types that can be on the origin

of GBM. Loskutov et al could show that loss of PC redistributes

LPAR1 to the plasma membrane, where it binds to effector mole-

cules and thus initiates proliferation. Importantly, a LPAR antago-

nist was found to block growth of GBM patient-derived xenografts

in vivo.

Choroid plexus tumor

Choroid plexus (CP) tumor is a rare type of pediatric brain

tumor. Li et al [80] generated a mouse model with constitutive

active Notch1 in CP epithelium that induced tumor development.

These tumors displayed elevated Hh signaling activity, and while

normal CP epithelial cells have been described to exhibit multiple

PC [81], CP tumor cells in this study were found to have only

one primary cilium. Importantly, an analysis of human specimens

showed that in normal CP epithelium, only multiciliated cells

were detectable, whereas malignant CP carcinomas (CPC) and

about half of the tested benign CP papillomas (CPP) displayed

only PC. Primary cell cultures revealed that epithelial cells from

Notch-induced CP tumors, expressing only one PC but not normal

multiciliated epithelial cells, were responsive to Shh agonists. In

addition, human CP tumors displayed a signature of activated

Notch and Hh signaling. As progenitors of normal CP epithelial

cells have also only one PC with active Hh signaling, the authors

propose a model that aberrant Notch activation in progenitor cells

blocks differentiation and promotes tumorigenesis. In support of

the model that Notch preserves PC-mediated Hh signaling is the

work of Stasiulewicz el al [82] showing that Notch regulates Hh

activity by controlling the localization of Hh components in the

cilium.

PC in skin cancer

Basal cell carcinoma

Basal cell carcinoma (BCC) is the most common skin cancer and

frequently caused by either mutational inactivation of Ptch or acti-

vation of Smo in epidermal keratinocytes [83]. Concurring with the

established link between PC and Hh signaling, expression of PC has

been found in biopsies of BCC patients and skin lesions in mice

constitutively expressing active Smo [22]. A more recent study

reported abundant ciliated keratinocytes in BCC specimens in

comparison with healthy skin and biopsies of squamous cell carci-

noma (SCC), another form of skin cancer [20]. To explore the role

of PC and Hh in BCC, Wong and colleagues used an approach simi-

lar to the one described by Han el al in their study on medulloblas-

toma (see above). They generated mouse strains expressing a

constitutively active form of either Smo or Gli2 in keratinocytes and

found that active Smo but not Gli2 induced tumor formation. Deple-

tion of PC in keratinocytes abolished tumor development in the

mouse model with constitutively active Smo, but induced tumori-

genesis in mice with constitutive expression of active Gli2. Thus, as

in medulloblastoma, PC appear to have a dual function in BCC

formation by either promoting or blocking tumorigenesis in mice

depending on the nature of the oncogenic initiating event.
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Primary cilia formation and Hh signaling in BCC were found to

be regulated by inturned (INTU), a cilia and planar polarity effector

protein [20]. INTU expression was found to be elevated in biopsies

of BCC, as compared to those of SCC patients and healthy donors

and correlated with the presence of PC. This together with the corre-

lation of INTU and Hh responsive genes suggests an association

between ciliogenesis, Hh signaling activity and INTU expression in

BCC. Next, Yang el al found that Intu depletion in keratinocytes

blocks PC formation and Hh signaling and importantly protects mice

from SmoM2-induced BCC. Constitutively, active Gli2, however,

was capable to trigger Hh activity in Intu-deficient MEFs, suggesting

that INTU acts upstream of Gli transcription factors.

Melanoma

One study by Kim et al [84] analyzed the expression during mela-

noma development in the biopsies of 62 patients. Interestingly, PC

expression was prominent in melanocytic nevi and nearly comple-

tely absent in the further advanced stages, i.e., melanoma in situ,

invasive melanoma, and metastatic melanoma. The authors

concluded that PC down-regulation is a promoter and potential

biomarker of melanoma development. Another report proposed that

polo-like kinase 4 (PLK4), a regulator of centrosome duplication,

regulates PC expression in the skin [85]. PLK4 over-expression in

mice induces tissue hyperplasia in skin, which was associated with

compromised melanocyte differentiation as well as centriole amplifi-

cation and PC down-regulation in the epidermis. Notably, transcript

levels of PLK4 were found to be elevated in half of the 48 tested

gastric cancers when compared to corresponding non-cancerous

tissues [86].

A recent study further explored the mechanism responsible for

the down-regulation of PC during melanoma development [87]. This

study identified the methyltransferase EZH2 as a silencer of ciliary

genes. In fact, EZH2 is part of the polycomb repressive complex 2

(PRC2) known for its ability to suppress gene expression via histone

methylation. Notably, transcriptome analysis showed a significant

upregulation of EZH2 levels in malignant melanoma compared to

benign nevi and, moreover, inverse correlation to PC expression

during melanoma development. Mouse models confirmed that

EZH2 drives melanoma formation but is not sufficient to induce

tumor formation. Finally, EZH2-driven suppression of ciliary genes

in human melanoma cells resulted in the disassembly of PC that in

turn promoted Wnt signaling.

Taken together, while PC are present in BCC they appear to be

down-regulated in SCC and melanoma supporting the concept that

the presence of PC is tumor-type specific.

PC in epithelial cancers

Breast cancers

Several studies investigated the role of PC in epithelial tumors, such

as breast cancer. Different classifications for breast cancer exist;

among them, one is related to the expression status of hormone

receptors such as estrogen, progesterone and epidermal growth

factor. Breast cancer cells not expressing those hormone receptors

are termed triple-negative. One report describes decreased presence

of PC in human breast cancer cell lines and tissues [88]. In this

study, PC were detected in fibroblasts of normal breast tissue and

nearly exclusively in stromal fibroblasts of breast cancer biopsies.

This corresponds with the report of Nobutani and colleagues that

PC are hardly detectable in epithelial cells of breast cancer [89].

Menzl el al [90] reported a down-regulation of PC during breast

cancer progression in both the epithelial and stromal compartments.

The same group investigated the polyoma middle T mouse breast

cancer model and detected that inhibition of cilia formation in

mammary epithelial cells increases Hh signaling and tumorigenesis

as well as tumor grade [91].

Mammary and mammary cancer stem cells (or tumor-initiating

cells) depend on Hh signaling as well as mechanisms related to

epithelial–mesenchymal transition (EMT). Guen and coworkers

discovered that PC can link both processes [92]. They identified PC

in murine mammary glands in the basal epithelial stem cell

compartment, but hardly in luminal epithelial cells. The presence of

PC correlated with the EMT associated transcription factor Slug. In

agreement with other reports, PC were also found in stromal cells of

mammary glands [89,93]. In addition, PC were detected in a stem

cell-like subset of a human mammary epithelial (HMLE) cell line.

EMT induction by either ectopic expression of EMT-related tran-

scription factors or deletion of E-cadherin significantly increased the

number of PC and activation of Hh signaling. Similar observations

were made for HMLE cells transformed by expression of a constitu-

tively active form of H-RAS. Finally, PC were found to be required

for the maintenance of mammary stem cells as well as tumor-initi-

ating cells. The authors emphasize that those findings were made

on basal mammary stem cells and the transformed HMLER cells that

form tumors of the basally derived claudin-low subtype and might

be different for other breast cancer subtypes that originate from

luminal breast epithelium. In fact, this model would reconcile the

results of Guen and colleagues with the reports on decreased PC

expression on breast cancer cells [88–90] and that PC act as tumor

suppressor in polyomavirus middle T-induced mammary tumors

that originate from the lumen [91].

One analysis of human breast cancer cell lines reported that the

nuclear protein split ends (SPEN) regulates cilia formation and

migration of PC expressing breast cancer cells [94]. Elevated tran-

script levels of SPEN were found to be indicative of a better progno-

sis in triple-negative breast cancer. The hormone-independent

function of SPEN complements to the original finding that SPEN acts

as a tumor suppressor in breast cancer by acting as a transcriptional

co-repressor of estrogen receptor alpha [95,96].

Pancreatic cancers

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal

cancers, since patients are often diagnosed when tumors are already

at advanced stages. Several reports describe PC expression in

pancreatic cancer. Bailey et al [97] studied mice, in which pancre-

atic tumor cell lines were orthotopically implanted and described

that over-expression of Shh promotes tumor formation. Primary

cilia were detected in normal pancreatic ductal epithelium, but in

the tumors, only stromal fibroblasts and not epithelial cells

displayed PC. The authors proposed a model, in which Shh secreted

by the pancreatic epithelium triggers PC formation in stromal fibro-

blasts. Seeley el al [98] investigated oncogenic Kras-driven mouse

models for pancreatic cancer displaying a down-regulation of PC

during the transition from normal pancreas tissue to precursor

lesions. Tissue-specific knockdown of PC in this mouse model was
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found in another study to promote tumor formation by activating

the mevalonate pathway [99]. The work of Seeley et al also

described the absence of PC in precursor lesions of patients and

concluded that the down-regulation of PC is an early event in

pancreatic carcinogenesis. Emoto and coworkers detected PC on

cancer cells in 25 of 100 analyzed biopsies of PDAC patients [100].

Patients with PC-positive cancer had an increased number of lymph

node metastasis and poorer overall survival, and the authors

proposed that PC expression could be an independent prognostic

indicator. The presence of PC was also reported on stromal cells,

though this was not quantified. A subsequent report described PC

presence in paraffin-embedded pancreas taken from healthy

subjects and patients at different disease stages including precursor

lesions in intraductal papillary-mucinous neoplasia (IPMN) and dif-

ferent adenocarcinoma stages [101]. This study displayed a gradual

down-regulation of PC numbers in epithelial cells during tumor

progression from healthy tissue to PDAC that was paralleled by an

increase in PC numbers in stromal cells. In line of the reported

restriction of active Hh signaling in the stromal compartment of

pancreatic cancer tissues, the authors promote a model that PC

regulate Hh signaling in the stromal tumor environment, which is in

agreement with observations made by Bailey et al [97]. In this

context, we would like to refer to an excellent review that was

published during preparation of this manuscript describing in detail

the role of PC in the crosstalk between cancer cells and their

microenvironment [102].

One study explored the mechanism inducing the down-regulation

of ciliogenesis during pancreatic carcinogenesis and identified

histone deacetylase 2 (HDAC2) as a regulator of PC formation [103].

Kobayashi el al analyzed PDAC cell lines and found that down-regu-

lation of HDAC2 decreases the expression of the mitotic kinase

Aurora A that has been shown to promote disassembly of PC.

Renal cancers

About 2–3% of all malignancies are kidney cancers among which

clear cell renal cell carcinomas (ccRCC) are the most frequent.

Nearly all ccRCC patients harbor inactivating mutations in the von

Hippel–Lindau (VHL) tumor suppressor gene that is involved in

controlling hypoxia-inducible factor-a (HIFa) and thus oxygen

levels, but was also shown to stabilize microtubules and thus PC

[103]. In fact, ccRCC tissues were reported to have significantly

lower numbers of PC though no correlation between PC and either

cell proliferation or VHL inactivation was found [105,106]. Dere and

colleagues analyzed RCC cell lines and described that VHL-knock-

down regulates beta-catenin activity that in turn increases levels of

the cell cycle regulator Aurora kinase A, thus leading to a down-

regulation of ciliogenesis [107]. Ding el al found that VHL-knock-

down upregulates another cell cycle regulator, i.e., NEK8 (never in

mitosis gene A-related kinase 8) via HIFa that also leads to PC disas-

sembly [107]. Nevertheless, specific deletion of VHL in renal epithe-

lial cell in mice does not cause ccRCC, suggesting that additional

mutations are required [109]. In fact, triple-knockout mice for VHL,

Trp53, and Rbl1 develop ccRCC resembling the human disease

[110]. These mice, however, developed tumors during aging,

suggesting that they acquired additional mutations. Strikingly,

exome sequencing showed that each of the tested mouse tumors

exhibited mutations in at least one ciliary gene. Moreover, 40% of

488 human ccRCC samples analyzed displayed mutations in primary

cilium related genes supporting the importance of PC inactivation in

at least part of ccRCC.

Ovarian cancer

A critical role of Aurora kinase A was also described for cancer

ovarian surface epithelium (OSE) cells by Egeberg el al [111]. The

authors found a decreased frequency of PC in cancer OSE compared

to normal OSE cells that correlated with decreased Hh signaling and

PDGRFalpha expression as well as centrosomal location of Aurora

kinase A.

Gastrointestinal cancer

Primary cilia were shown to dampen Wnt signaling (Lancaster

et al, see signaling section) that plays a crucial role in colon home-

ostasis and carcinogenesis [112]. In fact, Lancaster et al proposed

a model in which the decreased presence of PC promotes WNT

signaling during colon carcinogenesis. We found that decreased

numbers of PC in the colon do not modulate colon homeostasis,

but correlate with increased susceptibility to chemically induced

colon carcinogenesis in mice [113]. However, further analysis is

required to validate this correlation and to decipher the signaling

pathways involved in this model. One study on tissue samples

from small bowel and colorectal adenocarcinoma patients reported

low frequency of PC in the tumors, as well as a correlation

between overall survival and frequency of PC [114]. Using the

same cohort of samples a follow-up study revealed a correlation

between frequency of PC and the immune suppressor programmed

cell death protein 1 (PD-1) [115]. The relevance of these observa-

tions needs to be validated by the analysis of additional patient

cohorts.

Prostate cancer

Another cancer where PC have been associated with WNT signaling

is prostate cancer. One report described PC at different stages during

prostate cancer formation, i.e., normal prostate, prostatic intraep-

ithelial neoplasia (PIN) and invasive prostate cancer displaying a

decrease in the percentage of ciliated cells in prostatic neoplasia

compared to normal tissue [116]. Notably, unciliated cells had

higher levels of nuclear beta-catenin thus increased WNT signaling.

Primary cilia expression on stromal cells was found to be unaltered.

PC in other cancer types

The group of Dynlacht explored the role of PC and Hh signaling

during myoblast differentiation and progression of rhabdomyosar-

coma, an aggressive pediatric cancer that develops from undifferen-

tiated myoblasts [117]. They describe a gradual loss of PC

expression during myoblast differentiation that is paralleled by

decreased Hh signaling. In fact, PC-mediated Hh signaling is

required for expression of proteins that regulate myoblast differenti-

ation. Most of the analyzed tumor tissues had no detectable PC and

the authors promoted a model, in which PC absence or deregulation

promotes proliferation at the expanse of differentiation in myoblasts

and thus rhabdomyosarcoma formation.

A distinct relation between PC expression and Hh signaling was

described by Ho et al in neoplastic chondrocytes [118]. Primary cilia

were significantly decreased in neoplastic chondrocytes from human
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chondrosarcomas compared to normal chondrocytes, but the

remaining PC in human chondrosarcomas explants attenuated Hh

activity. This was supported by the finding that ablation of PC in

chondrocytes promoted Gli2-induced tumorigenesis in mice.

Surprisingly, reduced expression of the intraflagellar transport

protein Ift88 led to a reduction in PC on chondrocytes and increased

Hh signaling, which was sufficient to induce cartilage tumors.

General considerations and remarks

Nowadays, PC are recognized as important regulators in tumorigen-

esis, but their role in the context of each organ and also cell type is

variable (Fig 4). This is illustrated by several studies that report

either higher or lower numbers of cilia in tumor tissue compared to

controls. Moreover, PC can function as both tumor promoters and

suppressors. This has to be taken into account when investigating

the role of PC during tumorigenesis but underlines the potential of

PC to serve as a biomarker.

A crucial point is obviously the technique for the identification

of PC. Most studies use rather well-established antibodies for post-

translational modifications, such as glutamylation and acetylation

[119] or for ARL13b to identify PC on cells or tissue sections.

Ideally, these stainings are performed in combination with an anti-

body to identify basal bodies, such as anti-gamma-tubulin. The

proposed role for ARL13b to act as a tumor suppressor raises the

possibility that ARL13b expression in PC could be altered during

tumor progression, and in fact, most authors now use two dif-

ferent markers for PC to validate their findings. One study used an

antibody for ciliary rootlet coiled-coil (CROCC) for the identifi-

cation of PC displaying an increase in PC numbers in lung, colon,

and pancreatic adenocarcinoma compared to the respective normal

tissue and unaltered expression in stomach, prostate, and breast

cancer [120]. The findings obtained using CROCC for the identifi-

cation of PC are somewhat different from the PC expression

patterns in the respective tumor tissues described above. It

remains to be clarified whether CROCC is labeling the same PC

identified by anti-ARL13b and post-translational modifications of
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Figure 4. Overview on reported functions of PC in different cancer types.
Of note, this schema is a simplification for the sake of clearness; more details are found in the manuscript. ARL13b: ADP ribosylation factor like GTPase 13B; CCRK: cell
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tubulin. Nevertheless, the possibility that PC could have different

molecular composition during tumorigenesis is intriguing. One

such possibility is an altered pattern of post-translational modifi-

cations (PTM) of tubulin in the cilium [121]. For example, tubulin

glycylation was previously shown to control PC length in vitro

[122]. In addition, it has been reported that PC length can be

altered in some human tumor tissues [116,123]. Future studies will

reveal whether PTM patterns in PC could serve as a biomarker

and how altered length could modulate the function of PC during

tumorigenesis.

Primary cilia have been also associated with the development

of novel therapeutic approaches. One study proposes the restora-

tion of PC in tumor cells as a therapeutic strategy [96]. Indeed,

several compounds, including a panel of glucocorticoids, were

found to be able to re-establish PC expression in cancer cell lines

and attenuate their proliferation. A distinct approach is suggested

in a recent study describing that PC can mediate resistance of

cancer cell lines to kinase inhibitors [124]. The resistance to

kinase inhibitors in tumor cells was associated with increased

number and length of primary cilia and elevated Hh signaling.

This was linked to decreased levels of tubulin-glutamylation of

PC. Moreover, drug resistance could be overcome by pharmacolog-

ical or genetic targeting of PC. Future work will reveal whether

either of the described mechanisms can be recapitulated in tumor

models in vivo.

Looking at the extensive list of studies linking PC, Hh signaling,

and tumorigenesis, it is not surprising that this pathway became an

interesting cancer drug target. Smo inhibitors are FDA-approved for

treatment of advanced BCC and tested in clinical trials in medul-

loblastoma patients [125,126]. The success of those therapeutics

was, however, limited due to the development of drug resistance.

One study demonstrated that the presence of PC on epithelial cancer

cell lines does not predict their responsiveness to a SMO agonist or

antagonist [127]. A recent report described that drug resistance

against Smo inhibitors is associated with frequent mutations in the

ciliogenesis gene oral-facial-digital syndrome type I (OFD1) [128].

Zhao et al could demonstrate that loss of PC renders medulloblas-

toma cells resistant to Smo inhibitors allowing a basal level of Hh

activity and tumor cell growth. Notably, datasets of Smo inhibitor-

resistant BCC tumors displayed a significantly elevated incidence of

mutations of ciliary genes. Thus, while active Smo expressing PC

were shown to trigger maximal Hh signaling and thus tumorigenesis

in BCC, tumor cells can become resistant to Smo inhibitors by

down-regulating PC formation.

Emerging data suggest that the poor outcome of patients as well as

the recurrence of CRC is due to the resistance to current clinical thera-

pies of a small population of abnormal cells called cancer stem cells

(CSC) or tumor-initiating cells (TIA) [129]. It has been suggested that

these cells are entirely responsible for the development of the tumor

and represent the only cell population able to sustain tumor growth

and progression. Only few studies have addressed so far, whether PC

can regulate CSC [71,92], but this possibility is fascinating and will

certainly attract the attention in the next years.

Taken together, the way how PC regulate carcinogenesis differs

between tumor types and within tumor subtypes. Possibly, this

notion will also hold for tumor stages, e.g., tumor initiation and

metastasis. Though the importance of PC in cancer is clearly emerg-

ing, there is still a long way to go to decipher the mixed signals they

transmit (see also Box 1).
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