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Abstract: Primary cilia are non-motile, microtubule-based appendages extending from the surfaces of most vertebrate 

cells. The function of primary cilia is cell-type dependent. However, they are known to serve as sensors of the 

extracellular environment by sensing mechanical forces and chemical constituents in several different cell types. They 

also function as critical platforms for several signaling pathways, including hedgehog and platelet derived growth factor 

(PDGF) signaling, and function in maintaining cell polarity. While present on many types of normal cells, including 

epithelial cells of the breast, they have been shown to be decreased or absent in many cancers. This review discusses the 

relative decrease in primary cilia in a variety of cancers and the known consequences of the presence or absence of 

primary cilia during tumorigenesis. This review also addresses possible etiologies for the loss of primary cilia in cancer, 

potential functions for primary cilia in human breast epithelium and subsequent consequences of the loss of primary cilia 

during breast carcinogenesis. 
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INTRODUCTION 

 Primary cilia are non-motile, microtubule-based 
appendages extending from the surfaces of most vertebrate 
cells. Primary cilia arise from a basal body, derived from the 
mother centriole, and the ciliary axoneme which is covered 
by a specialized plasma membrane. The process of 
intraflagellar transport (IFT) is responsible for building and 
maintaining the structure and function of primary cilia by 
transporting structural components up and down the 
microtubular structure [1, 2]. Disruption of a component of 
the Kinesin-II motor complex, Kif3a, disables anterograde 
IFT and leads to the failure of ciliogenesis [3]. Likewise, the 
absence of a core component of the IFT particle, 
IFT88/Tg737/Polaris, results in the loss of primary cilia [4-
6]. Defects in the structure, assembly or function of primary 
cilia are known to play a role in the development of several 
congenital diseases, including polycystic kidney disease [7]. 
The function of primary cilia is believed to be cell-type 
dependent; however, they have been shown to regulate cell 
polarity, serve as mechanosensors responsible for cell-
microenvironment interactions, and they serve as key 
participants in several signaling pathways, including those 
for hedgehog and platelet derived growth factor (PDGF) [7, 
8]. The presence of primary cilia is also closely linked to the 
cell cycle, with primary cilia typically present in quiescent 
cells in the G0 phase of the cell cycle [9]. Consequently, 
primary cilia may participate in regulating the cell cycle. 
Although primary cilia have been described on myoepithelial 
and luminal epithelial cells in the human breast by electron 
microscopy [10, 11], the functional significance of IFT and 
primary cilia in the breast is unknown. Many of the  
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processes known to be regulated by primary cilia, such as 
cell-microenvironmental interactions, hedgehog and PDGF 
signaling, and cell polarity, are also important in cancer 
development and progression, raising the possibility that 
primary cilia may participate in the development and 
progression of cancer, including breast cancer. 

PRIMARY CILIA ARE DECREASED OR ABSENT IN 
CANCER 

 Studies to assess the presence of primary cilia in cancer 
are limited, but most have reported a relative decrease in the 
incidence of primary cilia in multiple types of cancer in 
comparison to their normal cellular counterparts. While 
primary cilia were present on most (87%) epithelial cells of 
the normal renal nephron, their incidence in the epithelial 
cells comprising renal cell carcinomas varied from 0 to 83% 
with most carcinomas having an incidence of primary cilia 
of less than 10% [12]. In this analysis, two different 
histologic types of renal cell carcinomas were analyzed, clear 
cell carcinoma and papillary carcinoma. The rate of ciliation 
was significantly higher in the papillary carcinomas than the 
clear cell carcinomas. This difference was associated with 
inactivation of the von Hippel-Lindau tumor suppressor 
gene, which functions in the maintenance of primary cilia 
[12]. In basal cell carcinomas of the skin, some were 
extensively ciliated (5/8), similar to normal keratinocytes, 
whereas the remainder of basal cell carcinomas exhibited no 
primary cilia (3/8) [13], indicating a loss of primary cilia in a 
subset of these cancers. In medulloblastomas, 39% (15/38) 
were ciliated, whereas the remainder was not. The presence 
of primary cilia was more frequent in the desmoplastic 
histologic subtype of medulloblastoma (present in 5 of 6), 
whereas, the absence of primary cilia was associated with the 
anaplastic histologic subtype (present only in 1 of 9) [14]. 
Individuals with anaplastic medulloblastomas have a 
particularly poor prognosis [15]. Whether the absence of 
primary cilia contributes to this poor prognosis remains to be 
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determined. Primary cilia were reported to be absent in the 
malignant epithelial cells of human pancreatic carcinomas, 
as well as the putative in situ precursor lesions, pancreatic 
intraepithelial neoplasia [16]. However, primary cilia were 
identified in two pancreatic cancer cell lines, CFPAC-1 and 
PANC-1, when grown in culture [17]. Although primary 
cilia were shown to be frequently expressed in a normal 
human astrocyte cell line, in 5 astrocytoma/glioblastoma cell 
lines, primary cilia were either greatly reduced in number, 
entirely absent or had an aberrant structure [18]. Similarly in 
human breast cancer tissues, we have found that primary 
cilia are extremely rare or entirely absent in cancer 
epithelium compared to histologically normal breast 
epithelium, and are absent or markedly decreased in breast 
cancer cell lines in comparison to epithelial cell lines derived 
from histologically normal breast [65]. 

POTENTIAL MECHANISMS UNDERLYING THE 
LOSS OF PRIMARY CILIA IN BREAST CANCER 

 Cancers are characterized by multiple chromosomal 
mutations, including chromosomal loss or gain, and resulting 
aberrant protein expression. Therefore, it is possible that the 
decrease or loss of primary cilia is a result of mutations in 
genes known to be important for the assembly or 
maintenance of primary cilia. The work of multiple 
investigators has resulted in a collection of known cilia-
associated genes or gene products [19], which provides a 
pool of gene candidates that may be altered in cancer and 
contribute to the decreased occurrence of primary cilia. 
Furthermore, attempts to define the genomic landscape in 
breast cancer have included sequencing the genomes of 
several breast cancers [20, 21]. It was shown that several 
cilia-associated genes, including Gli1, RPGRIP1, and 
DNAH9, are commonly mutated in breast cancer. RPGRIP1 
is located in the basal body and is a GTPase regulator [22]. 
DNAH9 is a component of the dynein motor, which is 
important for IFT [23]. Gli1 is a component of the hedgehog 
signaling pathway, which is discussed in detail below. The 
direct effects of mutations in RPGRIP1, DNAH9 or Gli1 on 
breast cancer progression are not known. 

 It has also been shown that some of the proteins that 
regulate the assembly or disassembly of primary cilia also 
regulate the cell cycle so alterations in the expression or 
function of proteins that regulate the cell cycle could 
underlie the loss of primary cilia in some cancers. Primary 
cilia arise from the mother centriole in cells that are not 
actively dividing [24]. Centrosomes are composed of a pair 
of centrioles which are surrounded by pericentriolar material 
[25]. Centrosomes are essential for cell division as they are 
responsible for organization of the mitotic spindle and are 
important for cytokinesis. Therefore, the centrioles of cells 
that are engaged in mitosis are not available for ciliogenesis. 
This is why primary cilia are commonly found in quiescent, 
non-proliferating cells. Many of the proteins that regulate 
centrosomal function and cell cycle progression also regulate 
primary cilia formation. For example, the centrosomal 
protein CP110 is phosphorylated by cyclin dependent kinase 
2 (CDK2) during cell cycle progression and is recruited to 
the centrosome by Cep97, another centrosomal protein. 
Depletion of either CP110 or Cep97 increases the proportion 
of cells that display primary cilia, indicating that these 
proteins normally function to inhibit primary cilia formation 

during cell proliferation [26]. The ability of CP110 to inhibit 
the formation of primary cilia requires its interaction with 
Cep290, another centrosomal protein that functions to 
promote ciliogenesis through cooperation with Rab8a [27]. 
Therefore, loss of Cep290 or enhanced expression of CP110 
in cancer cells may decrease their ability to assemble 
primary cilia. 

 Because of the close association between ciliogenesis and 
proliferation, it has been theorized that the decrease in 
primary cilia in cancer is a result of a high rate of 
proliferation in cancer. This theory has been addressed in 
several studies, which have concluded that the lower 
incidence of primary cilia in cancer is not simply a result of a 
higher rate of proliferation [12, 17, 28]. In renal cell 
carcinomas, there was no association between the rate of 
proliferation, as determined by immunohistochemical 
staining for Ki-67, and the incidence of primary cilia [12]. 
Similarly, the majority of epithelial cells in pancreatic 
carcinomas were not proliferating, as determined by Ki-67 
and PCNA labeling, and yet all were devoid of primary cilia. 
Therefore, it was concluded that ongoing proliferation was 
not responsible for the absence of primary cilia [16]. No 
primary cilia were identified in three human prostate cancer 
cell lines, PC-3, LNCaP, and 22RV1 cells, even in 
proliferation-inhibiting culture conditions (i.e., confluent 
growth and low serum), leading to the conclusion that the 
absence of primary cilia was not a result of proliferative 
activity [28]. 

 A decrease or dysfunction of proteins responsible for the 
assembly of primary cilia may occur in cancer. Alternatively, 
the disassembly of primary cilia may be accelerated in 
cancer. For example, the prometastatic scaffolding protein 
HEF1 and the oncogenic Aurora A kinase (AuroraA) 
localize to the basal body of primary cilia. HEF1 stabilizes 
and activates AuroraA. Activated AuroraA phosphorylates 
HDAC6, an -tubulin deacetylase that promotes microtubule 
destabilization, and consequently induces ciliary disassembly 
[29]. Therefore, increased expression or activation of 
AuroraA or HDAC6 in cancer may lead to a decrease in 
primary cilia. 

POSSIBLE CONSEQUENCES OF DECREASED 
PRIMARY CILIA IN BREAST CANCER 

 Primary cilia have been documented to perform multiple 
functions in a cell type dependent fashion, including 
mediating hedgehog and PDGF signaling, mechanosensation 
and cell polarity. The loss of primary cilia in breast cancer 
may result in alterations in these diverse biological processes 
and contribute to cancer development and progression. The 
functional consequences of the loss of primary cilia in cancer 
are just beginning to be investigated. To date, only two 
studies address this issue directly and only in the context of 
hedgehog signaling. 

Primary Cilia in Hedgehog Signaling 

 Primary cilia are required for normal hedgehog signaling. 
Upon initiation of signaling by Hedgehog ligand, the 
pathway receptor Patched 1 (Ptch1) releases its suppression 
of another transmembrane protein, Smoothened (Smo), 
thereby activating hedgehog signaling [30, 31]. With 
pathway activation, Ptch1 exits the primary cilium, whereas 
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Smo enters the primary cilium [32, 33]. Localization of Smo 
to primary cilia appears to be essential for its activation. 
Hedgehog dependent transcription is mediated by three 
transcription factors, Gli1, Gli2 and Gli3. Data generated 
primarily in murine model systems indicates that Gli1 is 
exclusively a transcriptional activator, whereas Gli2 is 
predominantly a transcriptional activator and Gli3 is 
primarily a transcriptional repressor [34, 35]. Hedgehog 
stimulated activation of Gli2 and the processing of Gli3 to its 
repressor form is dependent upon their localization to 
primary cilia [36]. 

 A context-dependant dual role for primary cilia, as either 
a tumor suppressor or as a promoter for cancer development, 
has been demonstrated in two types of cancers known to be 
driven by hedgehog signaling, basal cell carcinomas of the 
skin and medulloblastomas [13, 14]. In two mouse models of 
basal cell carcinoma of the skin, one driven by a 
constitutively active Smo and a second driven by activated 
Gli2, the presence of primary cilia in the skin was ablated by 
conditional deletion of Kif3a. In those basal cell carcinomas 
driven by Smo, ciliary ablation inhibited tumor development; 
whereas, in basal cell carcinomas driven by activated Gli2, 
the absence of primary cilia accelerated tumor development 
[13]. These findings suggest that the presence of primary 
cilia is essential for the ability of Smo to mediate hedgehog 
signaling and induce carcinogenesis, whereas, stimulation of 
hedgehog signaling by activated Gli2 does not require 
primary cilia, and the presence of primary cilia may inhibit 
carcinogenesis induced by activated Gli2, perhaps by 
sequestration of Gli2 in cilia. Similarly, in two mouse 
models of medulloblastoma, one driven by a constitutively 
active Smo and one driven by activated Gli2, primary cilia 
were ablated in the cerebellar granule neuron precursors by 
removal of Kif3a or IFT88 [14]. In the Smo-driven model, 
depletion of primary cilia resulted in inhibition of 
proliferation of granule neuronal precursors and subsequent 
tumorigenesis. It was already known that proliferation of 
these cells was dependent on Hedgehog ligand and, as 
expected, loss of cilia blocked normal hedgehog signaling in 
these cells. Activated Gli2 alone was not sufficient to induce 
medulloblastoma in mice, whereas mice with depletion of 
primary cilia demonstrated tumors in the presence of 
activated Gli2 [14]. It was also shown that primary cilia were 
frequent in a subset of human medulloblastomas with 
activation of hedgehog or wnt signaling, whereas primary 
cilia were absent in those without activation of these 
pathways [14]. These data in basal cell carcinoma and 
medulloblastoma support a dual role for primary cilia as 
activators and suppressors of tumorigenesis, depending on 
the molecular mechanisms responsible for the initial 
formation of the tumor. In cancers driven by activation of 
Smo, primary cilia facilitate tumor formation, whereas, in 
cancers driven by hedgehog pathway members that function 
downstream of Smo and do not require primary cilia for their 
activation, such as an activated Gli2, loss of primary cilia 
promotes tumor formation. Data suggest that in breast 
cancer, at least a subset of tumors have activated hedgehog 
signaling, either by methylation and reduced expression of 
Ptch1 or increased expression of Smo or Hedgehog ligand 
[37-40]. If this is indeed the case, those breast cancers in 
which activated hedgehog signaling promotes breast cancer 
development or progression should contain some ciliated 

cancer epithelial cells. However, expression and activity of 
Gli1 in breast cancer may be increased independently of 
canonical Hedgehog signaling, via Transforming growth 
factor  or possibly Ras/Erk signaling [41, 42]. Furthermore, 
Gli1 does not require primary cilia for activation [36]; 
therefore, Gli1 may contribute to the development or 
progression of those breast cancers that lack primary cilia. 

Primary Cilia in PDGF Signaling 

 Primary cilia also serve as a critical platform for PDGF 
signaling [43]. Platelet derived growth factor receptor  
(PDGFR ) localizes to primary cilia in murine embryonic 
fibroblasts. Furthermore, activation of Akt and ERK1/2 
pathways by PDGF ligand required the presence of primary 
cilia [43]. PDGF signaling has been shown to promote 
epithelial to mesenchymal transition and metastasis in 
animal models of breast cancer and expression of PDGFR  
is a poor prognostic indicator in breast cancer [44, 45]. 
Therefore, similar to hedgehog signaling, the presence of 
primary cilia in cancer may be required for any promotional 
effect of PDGFR  signaling. 

Primary Cilia in Mechanosensation and Regulation of 
Cell Polarity 

 The functions of primary cilia in normal breast 
epithelium are unknown; however, primary cilia are known 
to transmit both chemical (as described above) and 
mechanical signals. Mechanosensation and mechanotrans-
duction are linked to cell polarity and Wnt signaling. The 
discovery that primary cilia function as mechanosensors 
coincided with the finding that mutations in IFT88 caused 
cyst formation in the kidney [46]. In the renal tubule, 
primary cilia extend from lining epithelial cells into the 
tubular lumen. Fluid flow through the tubule bends primary 
cilia, which initiates intracellular calcium signaling [47, 48]. 
In autosomal dominant and recessive polycystic kidney 
disease, mutations in several genes involved in ciliary 
function, specifically polycystin-1, polycystin 2 and PKHD1 
polyductin/fibrocystin, result in cyst formation. In the 
absence of these proteins, the bending of primary cilia does 
not initiate intracellular calcium signaling [8, 49-51]. The 
studies in polycystic kidney disease indicate that mechanical 
signals transmitted through primary cilia are required for 
normal renal cell polarity, growth and differentiation. 

 Cell polarity and mechanotransduction are linked in the 
kidney though Wnt signaling. The Wnt family of proteins 
consists of at least 19 members whose functions contribute 
to the regulation of a wide range of cellular processes [52, 
53]. Wnt proteins activate many signaling cascades that can 
be broadly divided into two general categories 1) the 
canonical, ß-catenin pathway and (2) the non-canonical 
pathways that do not involve ß-catenin. The canonical 
pathway occurs after ligand binding when the cytoplasmic 
protein, dishelleved (Dsh), acts to inhibit the activity of 
GSK-3ß, which is in a complex with the Adenomatous 
Polyposis Coli protein (APC) and Axin resulting in 
stabilization of the ß-catenin protein and its subsequent 
translocation to the nucleus. Nuclear ß-catenin associates 
with the Lymphoid Enhancer Factor/T-Cell-Specific 
Transcription Factor (LEF/TCF) family of transcription 
factors and activates transcription of Wnt target genes. There 
are several non-canonical pathways and primary cilia are 
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implicated in the regulation of the planar cell polarity 
pathway (PCP) [54-56]. PCP regulates cell polarity, 
migration, and orientation of cells during embryonic 
development. Recent evidence suggests that primary cilia 
function as a molecular switch between canonical and PCP 
Wnt signaling. A key ciliary protein in this switch is Inversin 
(Invs) [57]. Overexpression of Invs inhibits canonical Wnt 
signaling and knock-down of Invs results in loss of PCP 
signaling. Invs forms a complex with Dsh that targets Dsh 
for degradation thus inhibiting canonical signaling. In 
response to mechanical signals from fluid flow in the kidney, 
Invs and Dsh localize to the membrane where they can 
interact with other PCP signaling molecules, thus, promoting 
PCP signaling and proper cell polarity [57]. In the absence of 
cilia, PCP signaling is disrupted, canonical Wnt signaling 
increases, and cell polarity is disrupted while proliferation is 
increased. The end result is cyst formation. Therefore, 
primary cilia are also important for the regulation of normal 
cell polarity. 

 Additional evidence of a role for primary cilia in cell 
polarity or orientation comes from data suggesting that 
primary cilia direct the migration of smooth muscle cells. It 
was found that in the scratch wound assay, the location of 
primary cilia within the cells was aligned between the 
nucleus and the wound edge. In addition, smooth muscle 
cells with primary cilia were more migratory than those 
without primary cilia [58]. 

 Primary cilia in some cell types, such as chondrocytes, 
have been theorized to also act as mechanosensors by 
extending into the extracellular matrix surrounding the cells 
and thus receive various mechanical singals by direct 
interaction with the matrix [59]. By electron microscopy, the 
primary cilia of chondrocytes project into the collagen fibers 
and condensed proteoglycans of the cartilaginous 
extracellular matrix. In addition, the primary cilia of 
chondrocytes, surrounded by extracellular matrix, exhibit a 
variety of bending patterns when examined by electron 
microscopy, as well as confocal and tomographic 
microscopy, suggesting deflection by the matrix [60, 61]. 
The primary cilia are also closely associated with the Golgi 
apparatus and microtubule cytoskeleton, supporting the 
potential for outside-in signaling from the extracellular 
matrix through the primary cilium and into the cell [59]. 

 Primary cilia also project from epithelial cells lining the 
biliary track, and the loss or dysfunction of primary cilia is 
implicated in cystic diseases of the liver [62]. In addition, 
primary cilia were found to function as sensors of osmolarity 
of luminal contents in the biliary tree. This function is 
mediated by TRPV4, a Ca(2+)-permeable ion channel, 
which localizes to primary cilia. Biliary epithelial cells 
respond to hypotonicity of luminal contents with an increase 
in intracellular Ca(2+), a response that requires the 
participation of TRPV4, primary cilia, and extracellular 
calcium. This response induces bicarbonate secretion [63]. 

 In histologically normal human breast, we and others 
have found primary cilia in occasional luminal epithelial 
cells lining ducts and acini and extending into the lumina 
(Fig. 1A) [10, 65]. Whether the primary cilia on these lining 
epithelial cells also function as mechanosensors or sensors of 
osmolality of breast secretions remains to be determined. If 
the primary cilia serve as mechanosensors, their loss in these 

cells could interfere in mechanosensation and contribute to 
the cyst formation of fibrocystic disease. The loss of primary 
cilia in luminal cells could also interfere in normal cell 
polarity, and thereby contribute to cancer formation. Their  
 

 

Fig. (1). Primary cilia are present in epithelial cells of the 

histologically normal breast. In these photomicrographs, the 

primary cilium is identified by co-immunofluorescence for 

acetylated -tubulin (red, axoneme), which forms the microtubule 

core of the primary cilium, and -tubulin (green), which labels the 

centrosome from which the primary cilium arises. The nuclei are 

stained with DAPI (blue). The photomicrographs are merged 

images with an original magnification of 1000x. The scale bar 

equals 10 μM. A) A primary cilium (arrow) is localized to a luminal 

epithelial cell of a small duct and extends into the lumen. B) A 

primary cilium (arrow) is located on a non-luminal cell, which is 

consistent with a myoepithelial cell, of an acinus. Co-

immunofluorescence for acetylated -tubulin and keratin 14 (a 

myoepithelial cell marker) was also performed to confirm 

localization of primary cilia in myoepithelial cells (not shown) [65]. 
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presence or absence in cancer epithelial cells may also 
impact cancer cell migration. We have also found that 
primary cilia are more frequent on myoepithelial cells than 
luminal epithelial cells of ducts and lobules (Fig. 1B) [65]. 
The primary cilia on myoepithelial cells may function as 
mechanosensors and sense stress in the basement membrane 
and extracellular matrix. Such a sensory function for primary 
cilia on myoepithelial cells may be important for regulation 
of duct or acinar structure. If so, loss of primary cilia on 
these cells during carcinogenesis may interfere in the cross-
talk between myoepithelial cells and extracellular matrix or 
luminal epithelial cells, which in turn may contribute to 
abnormalities in epithelial structure or the sizes of ducts or 
acini (Fig. 2). 

Primary Cilia and the Cell Cycle 

 While the close relationship between the cell cycle and 
the presence of primary cilia is well known, a role for 
primary cilia in regulating the cell cycle is not established. 
However, it has been shown that IFT88, which is required 
for primary cilia formation, associates with the centrosome 
[64]. Depletion of IFT88 in non-ciliated Hela cells promotes 
cell cycle progression and cell proliferation, while over-
expression of IFT88 prevents G1-S transition and induces 
apoptosis. The cell-cycle regulating function of IFT88 may  
 

arise from its association with Che-1 protein, which in turn 
interacts with Rb to modulate G1-S transition [64]. Whether 
the absence of primary cilia directly promotes cell cycle 
progression is a matter of ongoing study. If this proves to be 
true, then the loss of primary cilia during carcinogenesis 
would have obvious promotional effects on cancer growth. 

SUMMARY AND FUTURE DIRECTIONS 

 Much remains to be learned about the function of 
primary cilia in the normal breast and how the loss of 
primary cilia in the breast may impact cancer development or 
progression. However, studies to date in basal cell 
carcinomas and medulloblastomas document that primary 
cilia are important determinants of carcinogenesis. It is 
possible to modulate the presence of primary cilia by 
silencing or expressing proteins known to regulate or 
contribute to the assembly or disassembly of primary cilia. 
Therefore, it may be possible to develop pharmacologic 
agents that can inhibit or promote the presence of primary 
cilia. Determining the feasibility of targeting primary cilia in 
a clinical setting will require elucidating the physiological 
functions of primary cilia in the normal breast and the 
pathologic phenotypes that result from altering the presence 
of the primary cilia through in vivo and in vitro experimental 
approaches. 

 

Fig. (2). A schematic representing possible functions of primary cilia located on luminal or myoepithelial cells of the breast. Primary cilia in 

luminal epithelial cells may function as mechano- or chemosensors of their microenvironment, in particular the luminal contents. The 

primary cilia located on myoepithelial cells may extend into basement membrane and sense tensional forces in basement membrane and/or 

extracellular matrix. Additionally, the primary cilia in either cell type may serve as platforms for hedgehog, PDGF or other signaling 

pathways with ligands located extracellularly and “sensed” by the primary cilia. These potential functions of primary cilium in breast 

epithelium may serve to mediate communication between the extracellular matrix and epithelial cells or between luminal epithelial cells and 

myoepithelial cells. Loss of primary cilia would interfere in any of these processes and could contribute to cancer development. 
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