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Abstract. The primary cilium is a highly conserved cell organelle that is closely connected to processes involved in cell
patterning and replication. Amongst their many functions, cilia act as “signal towers” through which cell-cell signaling cascades
pass. Dysfunction of cilia or the myriad processes that are connected with cilium function can lead to disease. Due to the sheer
number of cellular processes that at some point involve the primary cilium, the effects of misregulation are highly heterogeneous
between different cell populations. However, because of the importance of primary cilia in the development, growth, patterning
and orientation of cells and tissues, a common thread has emerged in which defective cilia can lead to disorganization, which can
contribute to the growth of neoplasms, including cancer and pre-cancerous phenotypes. Because cilia are so vital for signaling
during cell replication and the cell fate decisions that are important in childhood growth, symptoms often arise early in life.
Here we review recent work connecting misregulation of the primary cilium with tumor formation in a variety of tissues in the
developing body, with a particular focus on the syndromes in which classic tumor genes are mutated, including von Hippel-Lindau
disease (OMIM 193300), adenomatous polyposis coli (OMIM 175100), tuberous sclerosis (OMIM 191100) and Birt-Hogg-Dubé
syndrome (OMIM 135150). Timely diagnosis of these syndromes is essential for entry into appropriate screening protocols,
which have been shown to effectively prolong life expectancy in these cohorts of patients.
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1. Introduction

The primary cilium, an antenna-like structure found
on almost all mammalian cells, was once considered to
be a mostly unimportant vestigial organelle but has now
emerged as a vital player in a number of cellular pro-
cesses. Cilia respond to physical and chemical signals
to regulate critical signal transduction pathways; for
example, cilia are both negative and positive regulators
of the hedgehog pathway [1]. Many of these signaling
pathways are crucial in proliferation and patterning
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of developing tissue. Because of their importance in
growth and development at all levels, from single
cells to tissue organization to the positioning of entire
organs, misregulation of primary cilia is now widely
acknowledged to be an important mechanism in the
biology of developmental and degenerative disorders.
Emerging data likewise indicates that cilia participate
in tumorigenesis as well. Here we will focus on tumor
types affecting children and the pathophysiology of
inherited tumor syndromes implicated with cilia dys-
function.

The primary cilium is central to pleiotropic effects
in growth and patterning of cells, tissues and organ-
isms both through its involvement in a wide variety
of cellular signaling and sensory pathways and by its
direct involvement in cell division. In order to have
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proper ciliary function, a cell must be able to assem-
ble, maintain, and then disassemble its primary cilium.
Cells with malfunctioning cilia display varied phe-
notypes including the disruption of many signaling
pathways, aberrations in the cell cycle and intracel-
lular trafficking defects. A mutation which affects the
structure or function of cilia can therefore lead to down-
stream changes in the phenotype of the cell population
and even the tissue, including anomalies in cell polar-
ization, cell fate determination, cell metabolism and
cell division as well as an inability to properly respond
to extracellular signals and changes in the internal envi-
ronment such as DNA damage [2—4]. Because of this
wide array of functions, many outcomes of ciliary dys-
function are possible including the development of
pathogenic phenotypes in humans as well as model
organisms [5—7]. Diseases arising from misregulation
of cilia formation, maintenance or disassembly, known
collectively as ciliopathies, can be pathologically mild
or so severe that they cause neonatal death. The cil-
iopathies include a number of inherited developmental
disorders that are directly caused by, or involve, mis-
regulation of cilia, as well as different tumor types,
cancerous diseases and syndromes. In this context,
some pediatric tumors, such as Wilms’ tumor of the
kidney, can be viewed as a developmental disorder as
it arises from mutations in survival and developmen-
tal pathways that cause these processes to be co-opted
to provide survival strategies for tumor cells [8, 9].
Currently, the role of primary cilia in tumorigenesis
and cancer-related processes is not well understood,
but recent data indicate that cell cycle misregulation
caused by defective cilia as well as associated signal-
ing irregularities contributes to tumor formation [10,
11].

2. The primary cilium and cell cycle regulation

The essential biology of the primary cilium (which
will not be covered by this review as it has already
been well-reviewed elsewhere [1, 12—14]) links it inex-
tricably to the cell cycle through the basal body. The
cilium is formed during the stationary GO-phase of the
cell cycle. Prior to cell division, the ciliary axoneme
must be disassembled. The basal body then decou-
ples from the plasma membrane to function as the
centrosome anchoring the mitotic spindle. The cen-
triole also forms the microtubule organizing center
which nucleates the microtubule skeleton. Thus, pro-

liferation and ciliation are mutually exclusive; a cell
cannot divide and remain ciliated. This makes the
disassembly of cilia a crucial checkpoint in the cell
cycle (Fig. 1). One might expect that in the absence
of cilia, this checkpoint is abolished and a cell would
divide at a higher rate. Indeed, loss of cilia increases
tumor incidence in murine models of basal cell car-
cinoma and medulloblastoma, both of which will be
discussed in greater detail below [15-18]. A number
of efforts have been made to catalogue cilia presence
in human cancers: pancreatic cancer, renal cell carci-
noma (RCC), cholangiocarcinoma, melanoma, ovarian
cancer, prostate cancer, and breast cancer. All of these
neoplasms feature significantly fewer cilia [19-27]. In
addition, a number of proteins that are closely related
to ciliogenesis and ciliary function are also known to
have direct roles in cell cycle control. For example,
reduction of cellular levels of Ift88, an intraflagellar
transport protein required for the formation of the pri-
mary cilium, induces cell cycle progression in vitro.
IFT88 mutations have been found in human postna-
tal lethal Meckel-Gruber syndrome (OMIM 249000)
patients. Hypomorphic mutations in have also been
shown to cause a ciliopathy in mice [28]; orpk/Ift88
mutant mice also display epithelial cell hyperpro-
liferation [21, 29, 30]. Interestingly, recent data
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Fig. 1. The presence of the primary cilium and cell replication are
mutually exclusive. In GO-phase of the cell cycle, a fully formed
cilium is present. As the cell progresses into G1-phase, the ciliary
axoneme must be disassembled. The centrosome can then decouple
from the plasma membrane allowing it to migrate into the cell where
it will be replicated during S-phase. This process is required for
normal mitotic spindle formation during mitosis. Mutations, which
inhibit the construction of the ciliary axoneme or the coupling of
the centrosome to the cell membrane may hypothetically promote
replication by removing the need for deconstruction of the cilium
before replication. Mutations affecting the centrosome itself may
also interfere with proper mitotic spindle organization.
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suggest that modulation of retinoblastoma signaling,
(responsible for entry into the S-phase of the cell
cycle), by the von Hippel-Lindau tumor suppressor
protein (pVHL) is related to overall survival in both
sporadic and hereditary RCC [31]. Collectively, these
data support the hypothesis that loss of cilia may
promote cancer development in certain tissues. In par-
ticular, the localization of classic tumor suppressor
proteins, typically mutated in familial tumor predis-
position syndromes, to the cilium raises interesting
questions concerning the relation between cilia and
tumor development. For example, canonical tumor
suppressor proteins such as pVHL, liver kinase B
(LKB) 1, tuberous sclerosis (TSC) 1, TSC2 and ade-
nomatous polyposis coli (APC) have been shown
to localize to ciliary axonemes and/or basal bodies
in ciliated cells [32]. Many of these proteins bind
microtubules and thus have overlapping roles dur-
ing interphase and mitosis. However, although many
ciliopathies involve cell cycle defects, not all cil-
iopathies involve hyperplasia. Therefore, while the
disassembly of cilia is required for cell proliferation,
it will not always suffice to cause an increased rate of
cell division on its own. While tumor formation fre-
quently results from multiple germline and somatic
mutations acquired over the course of many years,
many ciliopathies are diagnosed in childhood. This
may attribute to the absence of tumor prevalence in
ciliopathy patients when diagnosed. Thus, while not all
genetic mutations that cause a loss of ciliation will lead
to cancer, many of them have the potential to cause, or
at least contribute to, a proliferative phenotype, includ-
ing cyst formation.

3. Ciliopathy-related renal cysts

Data collected on ciliopathies support the hypothesis
that misregulation of cilia can be a cause of neoplasm
formation. A common feature of kidney diseases asso-
ciated with the loss of function of cilia-associated
proteins is the development of multiple fluid-filled
cysts along the renal nephron. These cysts develop in
part due to misaligned centrosomes that cause misori-
ented cell division (Fig. 2). Many ciliopathies share this
feature, including autosomal dominant (AD) (OMIM
# 173900) or recessive polycystic kidney disease
(OMIM # 263200), Bardet-Biedl syndrome (OMIM
# 209900) and Joubert syndrome (OMIM #213300).
These cysts progressively impair renal function lead-

Fig. 2. Cells dividing out of phase with the rest of the tissue can
produce cysts. In this example, most of the renal cells are dividing in
a similar direction (horizontal arrows). A mutation causes division
to proceed out of the plane of the tissue, leading to a bulge. This
bulge eventually becomes a renal cyst and widespread expression of
this phenotype leads to a polycystic kidney. Cysts in other tissues
can develop in a similar way.

ing to the development of end-stage renal disease [14,
33]. They stain positive for markers characteristic of
altered proliferation, wingless-related integration site
(Wnt) signaling or proliferation (e.g. nuclear 3-catenin
[34]) but only rarely progress into renal tumors.
Intriguingly, disorganization and improper regulation
of the centrosome is also considered a hallmark of mul-
tiple cancer types [35], many of which also display
neoplasm formation of this kind. Because the centro-
some also functions as the basal body, many proteins
that localize to the basal body and other parts of the cil-
ium while the cell is ciliated in the GO-phase of the cell
cycle contribute to the function and regulation of the
centrosome during mitosis. For example, before cell
division can occur, the mother centriole must dupli-
cate itself to form the daughter centriole. This pair of
centrioles is then used to form the spindle poles during
mitosis (see previous section). The process of centriole
duplication is controlled by the protein polo-like kinase
4 (PLK4) which localizes to the centrosome. Abnor-
mal expression of PLK4 in some cancer types has been
implicated in genomic instability that might contribute
to tumor formation. Overexpression of PLK4 can cause
extra centrioles to be produced, leading to malformed
mitotic spindles and aneuploidy of daughter cells after
division [36, 37]. The incidence of renal cysts in many
syndromic ciliopathies and the incrimination of certain
proteins which normally localize to the cilium and reg-
ulate or participate in cell division as assisting tumor
growth when malfunctioning has led to the hypothesis
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that renal cysts found in ciliopathy patients are a pre-
malignant stage and that renal cancers might develop
from such cysts [38]. In some cases, such as in the case
of the VHL gene, which is itself an oncogene due to
its vital role in regulating hypoxia signaling, a muta-
tion that causes cysts might also directly contribute to
the development of cancer. In other cases, a second (or
more) somatic mutations may be required in order to
fully transform cells.

4. Cilia misregulation and tumorigenesis

The natural course of any inherited tumor syndrome
varies from individual to individual, with symptoms
ranging from very mild to quite severe, occurring only
when an independent somatic mutation inactivates the
wild-type allele producing a cell with biallelic inac-
tivation of the tumor suppressor in question [39]. At
this point, the direct contribution of mutations which
cause cilia dysfunction to tumorigenesis is incom-
pletely understood and remains highly contentious.
The connection between the primary cilium and the
cell cycle, on the other hand, is both fundamental and
undebatable. As mentioned above, cystic growths are
a common symptom of ciliopathies and cyst devel-
opment often occurs in hereditary cancer syndromes.
In addition, some tumor types, a selection of which
will be covered below, have also been shown to
have reduced ciliary frequency, cilium function or
signaling. However, cilia loss does not always corre-

late with tumorigenesis. Importantly, several studies
on other tumor types, such as subsets of basal cell
carcinoma and medulloblastoma, have indicated that
in these tumors cilia are actually retained. As we dis-
cuss in greater detail below, the oncogenic mutations
in these tumors are driven by members of the hedge-
hog signaling network, which is dependent on normal
ciliary function to successfully generate downstream
transcriptional activators and repressors [15, 16]. How-
ever, as we have previously mentioned, in other subsets
of these same tumor types with different genetic back-
grounds, cilia act as tumor suppressors. The ability of
the cilium to act as both a tumor suppressor and an
oncogenic force in the same tissues and even among
the same tumor types shows the context-specificity of
the cellular response to the loss of proper ciliary func-
tions. Given the heterogeneity of the proteins involved
in ciliation, the true extent of the role of misregula-
tion of cilia in tumorigenesis remains to be completely
elucidated. Below we review some of the cancer syn-
dromes and tumor types in which there is any data with
regard to the role of the primary cilium and discuss the
emerging importance of ciliary malfunction in heredi-
tary cancer syndromes and precursor cell populations
(Table 1).

4.1. VHL

VHL disease is a rare (1:36,000 incidence) genetic
condition that predisposes patients to tumor formation

Clinical features of hereditary tumor predisposition syndromes associated with ciliary malfunction

Disease/syndrome Frequency Type of Earliest

Clinical features

inheritance  manifestations

von Hippel-Lindau 1:36,000 Autosomal  Retinal
hemangioblastomas

disease dominant

Adenomatous polyposis  1:7,000-1:22,000  Autosomal  Colonic polyps

Hemangioblastomas of the brain, spinal cord
and retina, renal cell carcinomas,
pheochromocytomas, neuroendocrine tumors,
endolymphatic sac tumors, pancreatic,
epididymal, broad ligament and renal cysts

Colonic polyps, polyps in stomach and

coli- related disease dominant intestines, osteomas and dental anomalies,
congenital hypertrophy of the retinal pigment
epithelium, soft tissue tumors, desmoid tumors
Tuberous sclerosis 1:6,000 Autosomal  Highly variable, skin Hypomelanotic macules, facial angiofibromas,
dominant lesions are the most shagreen patches, fibrous facial plaques, ungual
common symptom fibromas, angiomyolipomas, kidney cysts, renal
cell carcinomas, rhabdomyomas, heart
arrhythmias, lymphangioleiomyomatosis
Birt-Hogg-Dubé 1:200,000 Autosomal  Fibrofolliculomas Fibrofolliculomas,
syndrome dominant trichodiscomas/angiofibromas, perifollicular

fibromas and acrochordons, pulmonary cysts,
pneumothorax, renal tumors
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in a variety of tissues. Typically, the first tumors
observed in children or young adults are retinal
hemangioblastomas, although cerebellar heman-
gioblastomas and pheochrocytomas have also been
frequently reported in childhood and adolescence.
RCCs occur in 70% of patients and represent the
most common cause of mortality. Primary care
physicians should refer any pediatric patient with
a typical VHL tumor for genetic testing. RCCs
occurring in individuals under the age of 45 yr are
increasingly being referred for genetic testing as well
because about 10% of them will carry germline VHL
mutations and require additional screening for other
tumors. Clinical diagnosis can be made following
standardized guidelines and involves the presence of
two tumors in an affected individual or one tumor and
a family history of VHL. VHL disease is caused by
mutations in the VHL gene that encodes the pVHL
tumor suppressor protein. VHL disease is inherited
in an AD manner and the majority of patients (80%)
have an affected parent. Molecular diagnosis via
sequencing of the VHL gene is the preferred method
as this will detect the disease causing mutation in
>90% of patients [40].

Under physiological circumstances, pVHL is an
E3 ubiquitin ligase, responsible for the regulation
of HIF-alpha transcription factors that modulate the
cell’s response to low oxygen levels in the body
(hypoxia). In the absence of functional pVHL, pseudo-
hypoxia signaling stabilizes HIF-alpha and causes

aberrant induction of a wide variety of target genes,
including pro-survival and vasoproliferative genes that
contribute to tumor formation. In addition, the most
common form of renal cancer, clear cell RCC (ccRCC),
is always associated with mutations or loss of the
VHL gene in humans [41]. For an in depth review of
pVHL and HIF signaling in renal cancer, please see
[42]. Both pVHL and HIF1-alpha have been shown to
be required for the maintenance of ciliation in vitro
[43—48]. In addition, RCC tumors lacking functional
pVHL display reduced ciliary frequency compared
with neighboring tissues [20, 22]. pVHL localizes to
cilia and interacts with the ciliary motor kinesin-2 [49,
50]. Although the loss of pVHL function is not suf-
ficient to inhibit ciliogenesis, it does interfere with
normal cilia dynamics and (mechano)-sensory roles
[48, 51-53]. In vivo studies using inducible Cre-Lox
deletion of Vhi, Gsk38, Pten and Tp53 in renal tubules
in mice furthermore indicate that the combined loss
of Vhl and Gsk3B or Pten or Tp53 (second site modi-
fiers), but not any of these genetic lesions alone, results
in a reduction of renal tubule ciliogenesis and facil-
itates kidney cyst development in the same manner
as described above for ciliopathies [54-57] (Fig. 3).
However, mice with loss of Vil and/or Gsk38 in their
kidney epithelium do not develop renal tumors, indicat-
ing that, at least in mice, additional somatic mutations
are necessary for tumor formation. In humans how-
ever, deep sequencing of tumors has shown that VHL
mutations or deletions are ubiquitous events in all sur-

Fig. 3. Acetylated alpha-tubulin stained renal tissue sections. This staining highlights the cells in the walls of the renal tubules and their cilia.
(A) Normal parenchyma. Note the organized tubules, regular presence of cilia and the expected lack of staining in the supportive tissue cells
between tubules. A primary cilium is encircled. (B) Renal cell cancer parenchyma. Organized tubular structures are lost, staining is diffuse and
randomized and noticeable cilia are not present. Note the enlarged alveolar-like appearance of the cells.
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veyed incidences of ccRCC implying that, in contrast
to mouse models, the loss of pVHL function in humans
is a required event in the development of these renal
tumors [41]. Another function of the pVHL protein is
the regulation of microtubule stability, and the loss of
VHL has been linked to chromosome segregation errors
[53]. Thus, tumor formation could be induced by ane-
uploidy events independently of cyst formation. These
results present the question of whether cilia loss is crit-
ical for renal tumorigenesis or if it is just one part of
a larger process. Although there is a well-documented
proliferation burst in the kidney upon loss of renal cilia,
this localized proliferation is not necessarily associ-
ated with tumor formation. Polycystic kidney disease
has been shown to be caused by ciliary defects but is
not associated with tumor formation [58]. Additional
signaling pathways are therefore likely to play arole in
the transformation of a kidney cyst into a tumor. In the
case of RCC, the absence of functional pVHL, the over-
expression of survival and proliferative genes as well
as the destabilization of microtubules and cilia, com-
bine to contribute to tumor formation. Thus, ccRCC
is a good example of the heterogeneity inherent in the
function of many ciliary proteins and how the multiple
roles of these proteins have complex implications on
human diseases.

4.2. APC

APC is a gene mutated in disease spectrum that
share similar diagnoses and manifestations, including
familial adenomatous polyposis, attenuated famil-
ial adenomatous polyposis, Gardner syndrome, and
Turcot syndrome (OMIM 175100 for all). These
conditions are characterized by the development of
thousands of precancerous colonic polyps which can
develop in patients as young as seven with an aver-
age age of incidence at 16 yr. In addition, patients may
develop osteomas and soft-tissue tumors (Gardner syn-
drome) or tumors of the central nervous system (Turcot
syndrome). For all APC-associated conditions, colon
cancer is a certainty later in life without colectomy.
All of these syndromes are caused by mutations in the
APC gene and the differences in their symptoms are
believed to be modulated by the particular pathogenic
variant of mutation. Much like VHL syndrome, APC
mutations are inherited in an AD manner and 80% of
patients also have an affected parent. Molecular diag-
nosis can establish the basis of disease in upwards of
90% of cases by identifying the causal mutation. Clin-

ical diagnosis is based on the presence of many (100+)
colonic adenomatous polyps [59].

The APC protein is also the tumor suppressor protein
most frequently mutated in sporadic colorectal cancer
[57]. It acts upstream of pVHL [60] and, like pVHL,
binds kinesin-2 and regulates microtubule [61-63] and
chromosomal stability [64, 65]. Furthermore, inacti-
vation of Apc in mouse kidneys results in renal cysts
[66], suggesting a role for cilia regulation in neoplastic
lesions occurring upon loss of APC. While the mech-
anisms leading to colorectal cancer are unlikely to be
cilia-driven, particularly because under physiological
conditions enterocytes continuously progress through
the cell cycle and refrain from ciliogenesis, some of the
syndromic extra-intestinal manifestations of APC inac-
tivation can be attributed to ciliary malfunction, such
as skin cysts, and congenital hypertrophy of the retinal
pigmented epithelium observed in Gardner syndrome
patients, which are clinically similar to symptoms
occurring in classic ciliopathies [67].

4.3. TSC

TSC is a genetic disease associated with benign
tumors in the brain, kidneys, heart, eyes, lungs, and
skin with an incidence of 1:6,000. TSC usually affects
the central nervous system and results in a combination
of symptoms including seizures, developmental delay,
behavioral problems, skin abnormalities, and kidney
disease. Most tumors in TSC patients are not malig-
nant; however, those that are malignant primarily affect
the kidneys. Renal cysts and angiomyolipomas occur
in >70% of TSC patients between the age of 15 and
30 yr. Prenatal fetus ultrasounds can identify cardiac
rhabdomyoma in the hearts of infants but these can also
develop in young children with TSC as well. Beyond
tumors, TSC patients can manifest seizures, mental
retardation, behavior problems, and skin abnormali-
ties. Many TSC patients are diagnosed in the first year
of life, and infants with TSC may manifest cardiac
rhabdomyomas or seizures at birth. However, clini-
cal features can be subtle initially, or take years to
develop. Consequently, TSC can be unrecognized or
misdiagnosed for years. Further complicating diag-
nosis, patients are typically the first in their family
and bear de novo heterozygous germline mutations in
either TSCI or TSC2 genes, encoding harmarin and
tuberin, respectively [68].

In contrast to VHL, loss of TSCI or TSC2 in TSC
patients increases cilia length in fibroblasts and the
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renal tubule [69-71]. Low nutrient levels are thought to
increase cilia length to potentiate a delay in cell cycle
progression and protect the cell from stress. Because
TSC1 and TSC2 are major regulators of energy sensing
through the mammalian target of rapamycin/ribosomal
protein S6 kinase (mTOR/S6) pathway, failure to acti-
vate this pathway in TSC could explain the increased
cilialength [72]. Recent data also from leptin-deficient
mice show that nutrient-sensing also regulates cilia
length through Pten and Gsk3[3 [73]. In addition to cilia
length, changes in mTOR signaling might contribute
to tumorigenesis. The mTOR pathway is normally
responsible for modulating the cellular response to
stress. Activation of mTOR signaling leads to down-
stream activation of genes that lead to cell survival,
growth and a change in cellular metabolism so that
the cell can survive in a low oxygen and low nutrient
environment. Consequently, aberrant mTOR signal-
ing has been implicated in tumorigenesis and research
into mTOR inhibitors as therapeutic agents for the
treatment of cancer is a crowded field [74]. Germline
mutations in PTEN also contribute to increased pre-
disposition of RCC in Cowden syndrome (OMIM #
158350) [75], although the cilia have not been exam-
ined in these patients. TSC patients are predisposed
to develop benign renal angiomyolipoma but only
demonstrate a slightly elevated lifetime risk for RCC;
however, in cases where RCC does develop in TSC
patients, the age of onset is 25 yr earlier in TSC patients
as compared to the general population, at an average
age of 28 yr [76, 77].

4.4. Birt-Hogg-Dubé syndrome (BHD)

BHD syndrome is an AD disease caused by muta-
tions in the FLCN gene on chromosome 17. BHD
(incidence 1:200,000) predisposes individuals to RCC
(characteristically chromophobe-oncocytoma hybrid
tumors, although other subtypes can also occur), cys-
tic disease of the kidney and lung, as well as benign
tumors of the hair follicles in the skin, called fibro-
folliculomas [78, 79]. Any combination of these three
symptoms can occur, although fibrofolliculomas are
the most common manifestation, found on the face
and upper trunk in over 80% of people with BHD over
the age of 40 yr, and can be very similar in appear-
ance to skin tags. Most patients with BHD are not
diagnosed until the second or third decade of life. Pul-
monary cysts are also common and can contribute to
collapsed lung/ pneumothorax. Molecular diagnosis by

sequencing the FLCN gene detects mutation in 88% of
the patients.

The FLCN protein localizes to the centrosome dur-
ing interphase and the mitotic spindle during mitosis
and FLCN knockdown in healthy cells has been shown
to delay ciliogenesis [80]. BHD patients as well as Flcn
heterozygous mice develop renal cysts and neoplasms
as well as aberrant activation of mTOR signaling asso-
ciated with loss-of-heterozygosity [81]. As mentioned
above, mTOR activation is believed to contribute to
tumor growth, suggesting a classic tumor suppres-
sor function for FLCN. In addition, FLCN mutations
have been shown to lead to activation of the canonical
Whnt signaling pathway [80]. The Wnt family of pro-
teins comprise another fundamental signaling pathway
which directs cell polarity and cell fate decisions [82].
Aberrant Wnt signaling has also been linked to cancer
[83]. Collectively, these data suggest that FLCN has a
role in the nutrient/energy-sensing pathway, similar to
tumor suppressors TSC1, TSC2, PTEN and LKB1, and
that mutations in FLCN probably cause tumorigenesis
through the activation of pro-survival pathways.

4.5. Hedgehog signaling and medulloblastoma

The hedgehog signaling pathway is a particularly
good example of the importance of the primary cil-
ium in cell communication. The hedgehog gene was
originally found in genetic experiments in Drosophila
melanogaster where it was shown to have an effect
on body patterning. The gene was eventually shown
to code for a secreted protein that, once released
by a cell, can control the patterning of neighboring
cells. Over time, homologs in many other species
were discovered, including the mammalian homologs
Indian hedgehog, Desert hedgehog and Sonic hedge-
hog (Shh). It is now known that the members of the
hedgehog family of proteins are responsible for cell-
cell communication in a diverse, but evolutionarily
conserved, family of signaling cascades that control
many types of tissue patterning, e.g. limb formation
and midline structures in the brain, spinal cord and the
thalamus. As an adjunct to their morphogenic func-
tion in development, hedgehog family proteins are also
responsible for the maintenance of progenitor and stem
cell populations in many adult tissues. For example,
during brain development, Shh secreted by Purkinje
cells in the cerebellum promotes the proliferation of
granule cell precursors through the activation of prolif-
erative genes like v-myc avian myelocytomatosis viral
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oncogene homolog (MYC). In the adult organ, hedge-
hog signaling is required to maintain homeostasis of
the local neural stem cell population. Its function as a
regulator of proliferation has led to hedgehog signal-
ing being implicated in a number of cancers including
basal cell carcinomas as previously mentioned as well
as rhabdomyosarcomas [84].

Both the developmental function and the homeosta-
sis function of hedgehog signaling require the primary
cilium. Hedgehog receptors are enriched in the cil-
iary membrane and proteins involved in the signaling
cascade are found in or around the primary cilium.
Secreted proteins must travel to the cilium in order to
be modified before being released [85]. This means
that mutations, which affect cilia function can affect
hedgehog signaling without directly interacting with
the pathway. This fact has implications in both the
mechanisms of diseases involving hedgehog, and pos-
sible treatments for these diseases.

One of the cell types whose homeostasis is con-
trolled through the cilia and hedgehog signaling are the
granule neuron precursor (GNP) cells, a cell popula-
tion which can give rise to medulloblastoma. Although
rare in adults, medulloblastoma is the most common
type of malignant pediatric brain tumor, accounting
for 12-25% of all childhood central nervous sys-
tem tumors [86]. As mentioned above, Shh signaling
controls the expansion of the GNP population. Shh
signaling elements concentrate in the primary cilium
and the cilium is required for proper Shh signaling.
Mice that have had the cilia removed from their GNP
population via conditional inactivation of the Kif3a
gene, which encodes for a kinesin-2 subunit neces-
sary for ciliation, show a drastic decrease in Shh
signaling and a corresponding decrease in the pro-
liferation of their GNPs, leading to improper brain
development. Removing Smoothened (Smo), a gene
encoding for an essential transducer of Shh, lead to
the same mouse phenotypes [87]. Conversely, con-
stitutive activation of the Shh pathway in these cells
can lead to excessive proliferation and the formation
of medulloblastoma. Mice with constitutively active
Smo developed medulloblastoma by postnatal day 10
and Smo was found enriched in the primary cilium
in these tumors. Intriguingly, by removing Kif3a or
Ift88 and therefore blocking ciliogenesis, tumor for-
mation due to excessive Smo signaling was completely
blocked. On the other hand, overexpression of Gli2, a
transcriptional activator downstream of Smo, did not
predispose to medulloblastoma. In fact, tumors were

not formed in this experiment until cilia were ablated
[15]. Thus, cilia act as both promoters and repressors of
tumorigenesis in the same signaling cascade. Although
human medulloblastoma caused by activating muta-
tions in SMO are rare and no tumors caused by
activating GLI2 mutations along with another muta-
tion leading to a loss of ciliation have ever been found,
mutations in many genes that encode for proteins in
the Shh signaling cascade and the related Wnt signaling
pathways have been seen in tumors taken from patients
with primary medulloblastomas [88]. Medulloblas-
tomas taken from sporadic patients have also been
observed to have patterns in their ciliation depending
on their genetic background [15]. An examination of
tumor cilia might therefore be a useful diagnostic tool
used to determine the molecular basis of tumorigenesis
in patients.

4.6. Tumors from undifferentiated embryonic
tissue

An interesting pattern that has emerged in the study
of hereditary cancer syndromes involving the primary
cilia is the recurrence in many of these syndromes
of tumors developing from undifferentiated embry-
onic tissue as well as precursor cell populations in
early life. In addition to RCC, VHL patients develop
characteristic tumors in two tissue types derived from
embryonic mesonephric tissue: the broad ligament and
epididymis [89]. The angiomyolipomas that develop
in the kidneys of TSC patients are partially derived
from immature smooth muscle cells and the tumors
in medulloblastoma are derived from a precursor cell
population as mentioned above. In addition to syn-
dromes already discussed, patients with mutations in
the dynein arm assembly factor DNAAFI develop
tumors in the seminiferous vesicle early in life culmi-
nating in the accumulation of the testicular germ cell
tumor subtype seminoma. DNAAFI is found in the
primary cilium of early germ cells and tumor sections
taken from these patients show reduced ciliary fre-
quency, implying a hypothetical role for DNAAF1 and
the primary cilium in the normal growth and mainte-
nance of the germ cell population [90]. In a study of 23
Wilms’ tumors, another type of pediatric kidney tumor
that is partially derived from immature cells, only eight
were found to be ciliated when examined with electron
microscopy [91]. The fact that many tumors that are
characterized by low cilia counts arise from undiffer-
entiated or immature cell populations might imply that
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these cells are somehow more sensitive to tumorige-
nesis caused by misregulation of the primary cilium.
Perhaps the tendency towards tumors in these cell types
can be accounted for by their reliance on growth and
tissue patterning pathways that require the presence of
the cilium such as the Shh and Wnt signaling pathways.

5. Conclusions and future perspectives

Although the role of ciliary dysfunction in tumorige-
nesis is far from clear at the moment, certain patterns
in the data imply a common set of mechanisms by
which tumors arise. It is still unclear if misregula-
tion of cilia causes cell cycle progression or if cell
cycle progression and the loss of cilia are related
processes controlled by a common upstream factor.
However, from the currently available data, we propose
a hypothetical model of cilia-related tumorigenesis
as follows: a mutation arises or is inherited which
affects cilia directly or affects a pathway associated
with cilium function. The loss of proper ciliary func-
tion contributes to increased proliferation based on
both the direct relationship of the cilium with cell divi-
sion and the absence of proper signaling that requires
functional cilia. In some cases, this increase in pro-
liferation may lead immediately to tumor formation
depending on the sensitivity of the cell type to ciliary
signaling, whether it is embryonic tissue, and the exact
function of the mutated gene. In other cases, increased
proliferation may lead only to benign growths, which
may constitute an unstable pre-cancerous environment
that predisposes the cells to further mutations that will
result in tumor formation.

A significant amount of further research is needed
before this hypothetical model can be validated. The
study of cilia is still relatively young, and much more
data remains to be gathered. In particular, examina-
tion of the primary cilium (% cells that are ciliated,
ciliary length, structure) in many well-studied tumor
types is still needed. Integrating our understanding of
the primary cilium into our understanding of these
diseases and vice versa will provide a much deeper
understanding of the biology of both cancer and the cil-
ium. Nevertheless, these results show the complexity
and importance of the primary cilium as an organelle.
To what extent cancer can be considered a ciliopa-
thy remains to be seen but therapeutics which target
the cilium have the potential to treat many different
types of patients. Because of the intersection between

cancer and ciliopathies, treatment modifications from
both fields have the potential to effectively treat both
types of patients. In addition, rare inherited tumor syn-
dromes have a relatively large window for therapeutic
intervention, although such treatment might have to be
lifelong. Treatments which involve the cilium or cil-
iary signaling pathways are already being researched,
including PTC124 (ataluren) which can allow tran-
scription of proteins despite premature stop codon
mutations for the treatment of multiple diseases includ-
ing Duchenne muscular dystrophy [92, 93]. There are
also new possibilities for immunotherapy such as anti-
PD-L1 therapy, which activates the immune system to
more aggressively seek out cancer cells [94]. How-
ever, immunotherapy may not be the best choice for
the treatment of hereditary genetic syndromes such as
the ones outlined above, given that this may cause a
widespread immune response due to the potentially
thousands of PD-L1-positive lesions in a single indi-
vidual. Nevertheless, treatments like these show the
exciting potential of the primary cilium as an avenue
of future study into the treatment and mechanisms of
cancer and other diseases.
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