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Abstract

Cholangiocytes, like most cells, express primary cilia extending from their membranes. These 

organelles function as antennae which detect stimuli from bile and transmit the information into 

cells regulating several signaling pathways involved in secretion, proliferation and apoptosis. The 

ability of primary cilia to detect different signals is provided by ciliary associated proteins which 

are expressed in its membrane. Defects in the structure and/or function of these organelles lead to 

cholangiociliopathies that result in cholangiocyte hyperproliferation, altered fluid secretion and 

absorption. Since primary cilia dysfunction has been observed in several epithelial tumors, 

including cholangiocarcinoma (CCA), primary cilia have been proposed as tumor suppressor 

organelles. In addition, the loss of cilia is associated with dysregulation of several molecular 

pathways resulting in CCA development and progression. Thus, restoration of the primary cilia 

may be a potential therapeutic approach for several ciliopathies and CCA.

CHOLANGIOCYTES

Cholangiocytes are the epithelial cells that line the biliary tree. Their major physiological 

function lies in modifying the hepatic canalicular bile secreted by hepatocytes via absorptive 

and secretory processes, while being transported along the biliary tree through 

transmembrane molecules expressed on the apical or basolateral membranes [1]. The most 

important and well-studied function of cholangiocytes is the release of bicarbonate into bile 

as induced by secretin, in a mechanism dependent on the increment of the levels of 

intracellular cyclic AMP (cAMP) and activation of protein kinase A (PKA) [2].
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CHOLANGIOCYTE PRIMARY CILIA

Cholangiocytes, like many other cells, present primary cilia. In cholangiocytes, primary cilia 

extend from their apical plasma membranes into the ductal lumen, being ideally positioned 

to detect changes in bile flow, composition and osmolality [3]. The primary cilium or 

monocilium as each cell has only one, is composed by a non-motile microtubule-based core 

structure covered by the ciliary membrane called axoneme, which elongates from the basal 

body and extends from the cell surface (Fig. 1).

Unlike most motile cilia or flagella that consist of axonemes assembled by nine peripheral 

microtubule doublets and two central single microtubules (9+2), primary cilia consist of 

axonemes lacking the two central microtubules, i.e. 9+0 structure [4]. Until recently, primary 

cilia were considered vestigial organelles with no physiologically relevant functions [5]. 

Nowadays, it is widely accepted that primary cilia are “the cellular antenna” and essential 

for development and cellular differentiation [6]. The ciliary membrane harbors many ciliary 

specific and ciliary associated receptors, ion channels and sensory signaling molecules (Fig. 

2).

There is no evidence that protein synthesis occurs in the cilium, but proteins and lipids are 

transported from the cytoplasm to the axoneme through the transition zone [7] followed by 

transport across the axoneme by the specialized system of transportation called intraflagellar 

transport (IFT). This specialized system can operate in the anterograde direction (from the 

basal body to the ciliary tip) and in the retrograde direction (towards the basal body) using 

different kind of motor proteins; i.e. Kinesin II is the main driver in the anterograde direction 

while Dynein II takes the lead in the retrograde direction [8]. This complex system allows 

primary cilia to function as an antenna, sensing extracellular signals acting as mechano-, 

chemo-, and osmo-sensory organelles (Fig. 3) [3, 9–12].

The mechanosensory capacity of primary cilia is provided by the ciliary associated proteins 

polycystin-1 (PC-1), a cell surface receptor, and polycystin-2 (PC-2), a calcium channel. 

Thus, the bending of cholangiocyte primary cilia by luminal flow induces an increase in the 

intracellular ionic calcium, which depends on the activation of PC-1 and PC-2 receptors [3]. 

The osmosensory activity is provided by the Transient Receptor Potential Vanilloid 4 

(TRPV4) that is activated by extracellular hypotonicity and inhibited by hypertonicity [9, 

13] leading to an increase in intracellular calcium, which depends on extracellular calcium 

sources. Finally, the chemosensory function is a consequence of several proteins expressed 

in the primary cilia that recognize appropriate ligands from the environment and are able to 

transduce those signals into the cell. Among the specific receptors with chemosensory 

functions, primary cilia present important purinergic receptors such as P2Y12, which is 

activated by nucleotides causing changes in intracellular cAMP levels. Other proteins 

associated with the chemosensory functions include the AKAP (A-kinase anchoring protein) 

signaling complex, AKAP150, PKA, one isoform of EPAC and the G-protein-coupled bile 

acid receptor 1 (TGR5) among others [12]. Interestingly, cholangiocyte primary cilia are 

enriched in TGR5 coupled to Gαi in contrast to Gαs when it is localized on the apical 

domain of the plasma membrane [14]. Since all of these proteins are involved in the cAMP 
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signaling cascade, it is suggested that the chemosensory function modulates cAMP signaling 

[10].

Primary cilia may react to exosomes, which are vesicles implicated in several physiological 

and pathological processes. Recent studies suggest that the principal function of exosomes is 

associated with intercellular communication [15]. Cholangiocyte primary cilia can deliver 

and receive exosomes which induces changes in intracellular signaling pathways, miRNA 

expression levels and cholangiocytes proliferation [11]. Specifically, cholangiocytes are 

exosome-releasing cells and cholangiocyte primary cilia are able to recognize the presence 

of biliary exosomes and transduce this signal into modifications in ERK1/2 signaling that 

result in the regulation of proliferation [11]. Interestingly, the exposition of cholangiocytes 

expressing primary cilia to biliary exosomes results in a decrease in ERK signaling and 

inhibition of proliferation while this effect is abolished by deciliation [11], suggesting a 

major role of primary cilia in the regulation of proliferation via ciliary-exosomes dependent 

mechanisms.

In general, the physiological function of primary cilia in cholangiocytes seems to be the 

fine-tuning regulation of bile secretion by feedback loops where variations in bile flow 

and/or composition are recognized by ciliary mechanisms, which in turn send regulatory 

signals inside the cells. For example, a bile flow increase by the hormone secretin would be 

detected by the bending of primary cilia, which in turn would generate a signal to cease 

bicarbonate secretion [16]. On the other hand, when changes in osmolarity or nucleotides are 

detected, a signal to induce bicarbonate secretion is generated by the primary cilia [9, 17]. 

Thus, proper function of these organelles is essential for the normal physiology of 

cholangiocytes and, in general, to normal function of the cells and tissues that compose 

different organs.

PRIMARY CILIA AND CHOLANGIOCILIOPATHIES

Since cholangiocyte primary cilia are important for normal physiology, defects in its 

structure and/or function lead to cholangiociliopathies, which are a diverse group of biliary 

disorders where cholangiocytes are the target cells. Generally, these alterations result in 

decreased intracellular ionic calcium and increased cAMP, leading to cholangiocyte 

hyperproliferation, altered fluid secretion and bile absorption. Cholangiociliopathies can be 

genetic or acquired and have in common the presence of cholestasis and chronic liver injury. 

They are caused by mutations in genes that encode proteins localized in primary cilia, 

proteins involved with ciliary functions or participate in ciliogenesis. The most studied 

cholangiociliopathy is polycystic liver disease (PCLD), which is caused by the presence of 

mutations that can occur in a dominant or recessive mode, and can also occur alone or in 

association with polycystic kidney disease (PKD). There is a form of isolated PCLD called 

autosomal dominant polycystic liver disease (ADPLD), which is characterized by the 

presence of cysts exclusively in the liver. Primary cilia in the liver are expressed by 

cholangiocytes but not hepatocytes. Liver cysts are derived from cholangiocytes and are 

associated with hyperproliferation, cell cycle dysregulation and alteration in the secreted bile 

flow [18]. The prevalence of this disease is estimated to be 1:1100000 [18] and is caused by 

mutations in the PRKCSH or in SEC63 genes. PRKCSH encodes the protein called 
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hepatocystin (also known as protein kinase C substrate 80k-H) [19] which is suggested to act 

as the regulatory subunit of glucosidase II and is involved in the folding and quality control 

of glycoproteins [19]. Hepatocystin is required for the normal construction of the bile ducts 

and experimental evidence has shown that the absence of hepatocystin leads to cyst 

formation. SEC63 gene encodes the protein Sec63p that is involved in oligosaccharide 

processing of glycoproteins, and participates in the transport of proteins into/out of the 

endoplasmic reticulum [20, 21]. In contrast to hepatocystin, Sec63p is expressed in patients 

with PLCD suggesting that mutations result in abnormal function of the protein [22].

Diseases that occur when PCLD is associated with PKD includes autosomal dominant PKD 

(ADPKD), autosomal recessive PKD (ARPKD), Meckel-Gruber syndrome (MKS), Bardet-

Biedl syndrome (BBS), nephronophthisis (NPHP) and Joubert syndrome (JBTS). ADPKD is 

particularly caused by mutations in polycystic kidney disease 1 (PKD1) and 2 (PKD2). 

PKD1 encodes the transmembrane protein PC-1 which is mutated in 85% of ADPKD cases 

while PKD2 encodes the transmembrane protein PC-2 which is found to be mutated in 15% 

of cases. Both proteins form a functional complex in primary cilia that participates not only 

in the mechanosensation but also in the control of several cell functions such as cell cycling 

and signaling pathways such as Wnt [23]. ARPKD is less frequent than the dominant mode 

and is caused by mutations in the PKHD1 gene that encodes the integral transmembrane 

protein fibrocystin expressed at subcellular levels in primary cilia [18]. All of these proteins 

are localized in primary cilia, thus their mutations lead to the absence or malfunction of 

primary cilia resulting in defective ciliogenesis, ciliary structure and function along with cyst 

formation. Therefore, the loss of ciliary structure is associated with an impairment in the 

transducing function leading to decreased intracellular calcium and increased cAMP which 

in turn results in cholangiocytes proliferation, altered fluid secretion and absorption [12].

Another example of ciliopathy is MSK, an autosomal recessive disease where biliary 

dysgenesis and hepatic fibrosis are common features in patients. Three genes are involved in 

the development of this disease, MSK1, MSK2 and MSK3. The MSK protein, encoded by 

MSK1, is predicted to be a cytoplasmic protein while meckelin, encoded by MSK3, is 

predicted to be a receptor that is localized in primary cilia [18].

NPHP is a rare autosomal recessive disease in which at least 9 mutated genes are candidates 

in causing this disease. NPHP genes encode nephrocystins proteins, which are expressed in 

primary cilia and basal bodies [18]. JBTS is another cholangiociliopathy and is considered a 

genetically heterogeneous disorder where several genes such as JBTS1, JTBS2 and JTBS3 
among others are implicated in the development of the disease. These genes encode 

transport proteins localized in primary cilia, cell junctions and centrosome. Finally, BBS 

cases are caused by multiorgan genetic disorders where BBS genes are involved and all of 

the variants encode proteins localized to primary cilia and basal bodies.

Although primary sclerosing cholangitis (PSC), which is a chronic and progressive 

cholestatic disease whose cause and pathogenesis are still unknown and is not yet considered 

as a cholangiociliopathy, some authors suggest its inclusion as a novel member because 

cholangiocytes in this disease possess longer primary cilia compared to normal 

cholangiocytes, and the abnormal elongation of cilia have a consequential impairment of its 
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functions as previously described [24]. This disease is characterized by inflammation and 

fibrosis of intrahepatic and/or extrahepatic bile ducts, and it is suggested that the 

autoimmune mediated process is involved. Most cases of PSC are associated with 

inflammatory bowel disease, colorectal dysplasia and colorectal cancer [25] and have an 

increased risk of developing cholangiocarcinoma (CCA) [26]. Although the mechanism that 

links PCS and CCA is unclear, it is suggested that bile acids, which are molecules 

synthesized from cholesterol and are essential for cholesterol excretion and dietary lipid 

absorption, could be involved. Consistent with this suggestion, secondary bile acids such as 

deoxycholic acid have been found to have carcinogenic properties in rat models [27], and 

bile acid exposures in humans are associated with increasing incidence of gastrointestinal 

cancers and progression. Thus, bile acids can induce cancer cell proliferation via different 

receptors such as epidermal growth factor receptors (EGFR), farnesoid X receptors (FXR), 

pregnane X receptor (PXR) and TGR5 among others, some of which are primary cilia 

associated receptors.

Bile acids also act as signaling molecules activating different nuclear receptors such as FXR 

and membrane receptors such as TGR5 [28–30]. Since both bile acid receptors FXR and 

PXR are found in low levels or are absent in cholangiocytes, it is suggested that TGR5, 

which transmits bile acid signaling via cAMP pathway, is presumably the major receptor for 

bile acid signaling in these cells. TGR5 is localized in different non-parenchymal cells of the 

liver, cholangiocytes, sinusoidal endothelial cell and gallbladder epithelial cells. The 

activation of TGR5 has opposite effects depending on whether it is coupled to the Gαs or the 

Gαi protein. When coupled to Gαs, the activation leads to an increase of cAMP through 

activation of adenylate cyclase, resulting in PKA activation. In contrast, when coupled to 

Gαi, the activation leads to a decrease of cAMP through inhibition of adenylate cyclase, 

resulting in PKA inhibition. TGR5 is activated by unconjugated and conjugated bile acids in 

the order of taurolithocholic acid (TLCA) > lithocholic acid (LCA) > deoxycholic acid 

(DCA) > chenodeoxycholic acid (CDCA) > cholic acid (CA) and participates in the 

regulation of the bile acid pool, bile composition, modulation of hepatic inflammation and 

improvement of insulin sensitivity and regulation of glucose metabolism among other 

functions [29, 31]. Using in vitro studies, Masyuk et al., showed that in ciliated 

cholangiocytes TGR5 is localized in the apical membrane coupled to Gαs and in primary 

cilia coupled to Gαi, while TGR5 coupled to Gαi is absent in non-ciliated cholangiocytes. 

Therefore, the localization of TGR5 determines the cholangiocyte functional response to bile 

acid signaling. In ciliated cholangiocytes, activation of TGR5 leads to a decrease in cAMP 

levels and an increase in ERK signaling that results in inhibition of proliferation, while 

activation in non-ciliated cholangiocytes leads to an increase in cAMP levels and a decrease 

in ERK signaling resulting in cell proliferation [14].

Since patients with PSC have reduced TGR5 mRNA and proteins levels in the liver and bile 

ducts, it is suggested that TGR5 could be involved in the pathogenesis of PSC. In contrast, 

high expression of TGR5 has been found in human cholangiocarcinoma (CCA) suggesting 

that overexpression would be involved in CCA development [32].
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CHOLANGIOCARCINOMA

CCA is a rare tumor originating from cholangiocytes. Anatomically, and according to its 

localization, CCA can be classified as intrahepatic (originating from the intrahepatic biliary 

tree) or extrahepatic (arising between the ampulla of Vater and the hepatic hilum) [33–37]. 

The prevalence of CCA shows a wide geographic variability [38]. In the United States, the 

incidence of CCA has been reported to be 0.95/100,000 for intrahepatic forms and 

0.82/100,000 for extrahepatic forms of the disease. Its prevalence in different racial and 

ethnic groups is heterogeneously distributed, with the highest age-adjusted prevalence in 

Hispanics (1.22/100,000) and the lowest in African Americans (0.17-0.5/100,000) [34]. Due 

to its late clinical presentation in addition to the lack of effective non-surgical therapeutic 

modalities, patients diagnosed with CCA have a poor overall survival rate [39, 40].

The causes for CCA development in most cases are unknown. However, there are several 

conditions associated with biliary tract inflammation and cholestasis that are recognized as 

risk factors, such as liver infection by parasites, mainly of the Opisthorchis viverrini and 

Clonorchis sinensis species, and congenital abnormalities of the bile ducts, such as the 

Caroli’s disease. Infections with hepatitis B and C have also recently been considered as risk 

factors [34, 36, 41].

A wide range of oncogenic mutations have been identified in CCA and several studies have 

demonstrated that mutations or abnormal expression of KRAS and TP53 are associated with 

CCA development while other tumor suppressors genes may be inactivated such as 

P16INK4a, P14ARF, DPC4/SMAD4 and APC [42–44]. Patients with CCA have a high 

serum concentration of Interleukin-6 (IL-6) that seems to be a critical signaling molecule in 

the pathogenesis of CCA. As a matter of fact, CCA cells produce and release IL-6 leading to 

an increased expression of antiapoptotic protein MCL-1 making these cells resistant to 

therapies [45]. On the other hand, IL-6 induces an increase in telomerase activity resulting in 

evasion of senescence, activating the p44/42 and p38 MAPKs that decreases the levels of the 

cell cycle negative regulator cyclin-dependent kinase inhibitor p21. Activation of p44/42 and 

p38 MAPKs induces an increase in COX-2 expression which has an important role in the 

carcinogenesis of CCA by inhibition of apoptosis and stimulation of cell growth [46].

PRIMARY CILIA AND CHOLANGIOCARCINOMA

The fact that primary cilia dysfunction has been observed in several epithelial and non-

epithelial derived tumors such as pancreatic, renal, breast, and prostate cancer [47–51] and 

the fact that malformation or loss of the primary cilia has been described in several 

cholangiopathies [52–55] suggests that the loss of primary cilia has an essential role in these 

diseases. Moreover, we recently found reduced expression of primary cilia in CCA that 

strengthens the association between loss of cilia and cancer [56, 57]. Therefore, ciliary 

dysfunction may be associated with cholangiocarcinoma development and/or progression. 

The mechanisms leading to deciliation in these tumor cells as well as the consequences of 

such a loss remain understudied. We found that the dysregulation of microRNAs (miRNAs) 

in CCA cells induces the overexpression of Histone deacetylase 6 (HDAC6) resulting in 

ciliary resorption. HDAC6 is a unique histone deacetylase that is localized exclusively in the 
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cytoplasm and functions as a tubulin deacetylase [58], decreasing the level of acetylated α-

tubulin that is one of the main structural components of the primary cilia and is required for 

ciliary assembly.

Since primary cilia regulate several signaling pathways, including the platelet-derived 

growth factor receptor α (PDGFRα), Hedgehog, Wnt, Notch, mTOR and bile acids 

signaling pathways (Fig. 4–8), primary cilia dysfunction might result in tumorigenesis 

through different mechanisms, which includes loss of cell cycle checkpoint control [59, 60]. 

The loss of primary cilia results in the dysregulation of the aforementioned pathways, 

alteration of the proteasomal activity, dysregulation of autophagy and suppression of p53 

expression, therefore loss of the cholangiocytes primary cilia may be involved in CCA 

development and progression [61–63].

PDGFRα signaling plays a major role in cell growth, survival and migration. In quiescent 

NIH3T3 fibroblasts, PDGFRα is localized in primary cilia and its activation induces 

ERK1/2 signaling by activation of MEK1/2 and activation of AKT resulting in cell cycle 

entry (Fig. 4) [64]. These events are coordinated by the primary cilia where not only the 

activation but also up-regulation of PDGFRα is required for controlling the cell cycling. 

Moreover, the expression of this receptor in primary cilia is required for sensing chemotactic 

gradients that result in cell migration. Thus, the loss of cholangiocytes primary cilia would 

affect the PDGFRα ciliary expression and function. However, Boonjaraspinyo et al. showed 

that this receptor is overexpressed during the tumorigenesis of CCA induced by O. viverrini 
infection in a hamster model [65].

Primary cilia are also involved in Sonic hedgehog (Hh) and Wnt signaling, which are the 

pathways most intensively studied over the last decades [66]. In mammalians, there are three 

Hh proteins, Sonic (SHH), Indian (IHH) and Desert (DHH) that participate in the signaling 

pathway. However, SHH and IHH are the most important and have overlapping functions in 

many tissues. In comparison, DHH, which is suggested to depend on primary cilia, appears 

to be restricted to the gonads [67]. These ligands bind and activate the receptor patched 

(PTCH), leading to the attenuation of the inhibition of Smoothened (SMO). Activation of 

SMO converts glioblastoma proteins transcription factors (Gli) from transcriptional 

repressors to activators, targeting the expression of genes. Primary cilium is essential for 

proper Shh signaling due to the involvement of the ciliary structure and IFTs proteins in this 

process [68]. In the absence of ligands, PTCH is located in the basal body and prevents entry 

of SMO to the cilia, while Suppressor of Fused (SUFU) binds Gli, facilitating its 

proteasomal degradation. Thus, SUFU negatively regulates the pathway. (26). In this 

context, PKA, regulated by ciliary Gpr161 through the activation of adenylyl cyclase, 

together with other kinases such as glycogen synthase kinase-3 (GSK-3β) and Casein kinase 

I (CKI), localized in the basal body, prevent the accumulation of the complex Gli2/3-SUFU 

in cilia by phosphorylation. This promotes partial proteolysis of Gli3 by β-TRCP originating 

the Gli3 repressor (Gli3R) that moves to the nucleus repressing the expression of Hh targets 

genes. When the ligands bind to PTCH, the receptor leaves the cilia, allowing SMO 

translocation to the ciliary membrane. SMO is phosphorylated mainly by CKI and GRK2, a 

G protein-coupled receptor kinase, and at the same time, Gpr161 is removed from the cilia. 

Unstimulated PKA is unable to phosphorylate Gli2/3-SUFU, thus this complex is 
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accumulated at the ciliary tip where Gli2/3 is released from SUFU and activated, generating 

the active form of GLI2 (Gli2A) that results in the transcriptional activation of Shh targets 

(Fig 5). Since primary cilia structure and the SMO receptor translocation to the cilia are 

required for correct Shh signaling, loss of primary cilia leads to dysregulation of this 

pathway.

Cholangiocytes have a very low proliferative index, however, following biliary injury they 

start to proliferate and acquire a reactive phenotype responding to the SHH and IHH ligands. 

Reactive cholangiocytes release chemokines and cytokines generating a pro-inflammatory 

environment. The sustained activation of the hedgehog signaling can result in the blockage 

of epithelial differentiation, the induction of epithelial mesenchymal transition (EMT), and 

can even be associated with the pathogenesis of CCA [69]. The association between CCA 

and Hh signaling is controversial and unclear. On one hand, it was demonstrated that Gli3 

regulates the expression of the death receptor 4 (DR4) in some CCA cells, which is required 

for the apoptosis induced by the tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) [70]. On the other hand, a recent study showed that the canonical Hh pathway does 

not play a major role in CCA cells [57].

Furthermore a non-canonical pathway for Shh signaling, which was identified in drosophila, 

shows cells that lack primary cilia participating in cytoskeleton remodeling and cell 

migration through a mechanism independent of SMO localized on primary cilia but 

dependent of the small Rho GTPases Rac1 and RhoA activation [71]. This novel non-

canonical pathway is activated in CCA and was found to contribute to CCA progression 

[57]. Thus, dysregulation of both Shh signaling pathways is associated with CCA 

development and progression.

Wnt signaling is another important pathway regulated by primary cilia (Fig 6). Wnt 

signaling is a well-known studied pathway involved in many cancers. In the canonical 

pathway and in absence of ligand, two scaffolding proteins (Apc and Axin), which compose 

the destruction complex, bind β-catenin and induce its phosphorylation by GSK-3β and 

CKI. Once phosphorylated, β-catenin becomes a substrate of the ubiquitin E3 ligase, which 

results in its degradation via proteasome. When Wnt ligands bind to the Frizzled receptor, 

this induces inactivation of the destruction complex resulting in stabilization of β-catenin in 

the cytoplasm and its subsequent translocation to nucleus acting as a transcription factor in 

coordination with TCF/LEF [72]. This process appears to be regulated by Dishevelled (Dvl) 

due to the interaction between Dvl and Axin required to stop GSK-3β from phosphorylating 

β-catenin.

In the non-canonical pathway, Wnt signaling stimulates the planar cell polarity through 

activation of the small GTPases Rho and Rac that induces cytoskeletal rearrangements [72]. 

Inversin (Inv), which is localized in the basal body, interacts with cytoplasmic Dvl but not 

with membranous Dvl promoting its degradation. Thus, Inv functions as a switch between 

the canonical and non-canonical pathways. In a recent study, Boulter et al. showed that Wnt 

ligands are overexpressed in CCA and the number of activated β-catenin targets increases 

suggesting that canonical Wnt signaling is upregulated in human CCA [73]. In accordance 

with this, inhibition of canonical Wnt signaling by pharmacological blockage reduced CCA 
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formation in a rat model by stimulation of apoptosis and reduced cell cycle entry [74]. Thus, 

Wnt signaling is important for proliferation and survival of CCA cells.

Another important pathway related to primary cilia is the Notch pathway. Notch is a 

transmembrane receptor bound and activated by ligands of the delta jagged family proteins. 

Its activation results in proteolitic cleavages of the Notch receptor generating a Notch 

intracellular domain fragment that translocates to the nucleus to drive transcription targets 

genes associated with suppression of cell differentiation and proliferation [75, 76]. Ciliary 

regulation of Notch is unclear but there is strong evidence that Notch and cilia participate in 

an intricate mechanism of feedback where primary cilia regulate the activation of Notch, 

which in turn regulates the length of the cilia. In fact, in basal corneal epithelial cells the 

ablation of the cilia diminishes Notch pathway activity and induces hyperproliferation [77]. 

Since loss of primary cilia induces dysregulation of the Notch pathway whose activation is 

necessary for the proliferation of cholangiocarcinoma, Notch signaling dysregulation upon 

cholangiocyte ciliary loss may be another driver of carcinogenesis in CCA [78, 79].

Primary cilia also participate in regulation of the mammalian target of rapamycin (mTOR) 

activity via liver kinase B1 (LKB1) activation in MDCK cells (Fig. 7) [80]. mTOR is a 

serine/threonine kinase that forms two different types of multiprotein complexes, mTORC1 

and mTORC2 which participate in a number of cellular functions including cell size 

regulation, cell metabolism, cell growth, proliferation and survival. mTORC1 controls 

multiple anabolic pathways such as protein synthesis, ribosome production, lipogenesis, 

nucleotides synthesis, all pathways that are related to cell and tissue growth, and also 

suppresses the production of lysosomes that participates in autophagy [81, 82]. mTORC1 

activation results in phosphorylation of the translation repressor protein 4E-BP1 (4EBP1) 

and ribosomal protein S6 kinase (S6K1) regulating cell proliferation while mTORC2 

regulates distinct proteins target including AKT, which is involved in anabolism and controls 

actin cytoskeleton and cell migration via PKC [83, 84]. Interestingly, the PI3K/Akt/mTOR 

signaling, which is up-regulated in CCA [85], has a central role in cell survival, apoptosis, 

metabolism, motility, and angiogenesis [86]. However, loss of primary cilia seems to 

particularly affect mTORC1 activity in MDCK cells [87]. Since mechanical stimulation of 

primary cilia induces inhibition of mTOR via AMP-activated protein kinase (AMPK) 

activation in a LKB1 dependent mechanism in MDCK cells in vitro [80], the loss of cilia 

observed in CCA may lead to dysregulation of mTOR activity contributing to CCA 

development.

Finally, since TGR5 is expressed in primary cilia and apical membrane and the fact that 

TGR5 activation has opposite effects in ciliated and non-ciliated cells (Fig 8), loss of 

primary cilia would result in dysregulation of bile acid signaling involved in CCA 

development. Indeed, activation of TGR5 promotes proliferation in non-ciliated 

cholangiocytes and CCA and induces resistance to apoptosis [88, 89].

CILIOTHERAPHY

The fact that primary cilia are absent or malfunctional in most ciliopathies, and the fact that 

both molecular and chemical deciliation in vitro of normal cholangiocytes induce a 
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malignant-like phenotype resulting in several dysregulated pathways (Figure 9) lead to the 

proposed therapeutical approaches based on cilia restoration.

Different drugs such as clofibratem, gefitinib, imexon, ciprofloxacin and dexamethasone 

have the ability to restore primary cilia in cancer cells [90]. This ability is associated with 

induction of growth arrest and, in some cases, is accompanied by apoptosis [90]. Since 

HDAC6 overexpression in cholangiocytes results in ciliary resorption, HDAC6 represents a 

novel target for the treatment of ciliopathies. HDAC6 is phosphorylated and activated by a 

mechanism dependent on the Aurora A kinase. Once activated, HDAC6 promotes α-tubulin 

deacetylation that destabilizes the axoneme resulting in ciliary resorption. HDAC6 inhibitors 

represent very attractive drugs for treatments because these small molecules are not toxic to 

normal tissues and have minimal adverse effects. Recent findings show a relationship 

between high expression of HDAC6 and loss of primary cilia in CCA [56]. Therefore, the 

use of HDAC6 inhibitor as an approach to block the malignant phenotype in CCA cells 

seems promising. In line with this, treatment with an HDAC6 inhibitor decreases the 

tumorigenic phenotype with significant decrease in tumor growth in a ciliary re-expression 

dependent manner in in vitro and in vivo models of CCA [56]. Thus, the restoration of the 

primary cilia may be a potential therapeutic approach for CCA.

The use of HDAC6 inhibitors is promising for several ciliopathies. Recent studies using 

ACY 1215 treatment, a specific HDAC6 inhibitor, have shown reduced cell proliferation and 

cyst growth in in vitro and in animal models of PLC [91]. Thus, HDAC6 inhibitors may be 

important for the treatment of ciliopathies.

Another potential drug for use in ciliotherapy is fenoldopan. A recent study showed that 

fenoldopan, which is usually used to decrease blood pressure by activating peripheral D1 

receptors, has the ability to increase ciliary length in vascular endothelial cells [92]. The use 

of fenoldopan resulted in increased levels of nitric oxide in serum and reduced blood 

pressure in a PKD mouse model. This result suggests the use of fenoldopan to address the 

hypertension associated with PKD.

Since the loss of primary cilia results in dysregulation of several molecular pathways 

resulting in abnormal functions of cholangiocytes, ciliotherapy might have great potential 

value in cancer prevention and treatment.

CONCLUSION

Cholangiocyte primary cilia function as mechano- chemo- and osmosensors organelles 

where several signals in the bile flow are detected and information is transmitted into the 

nucleus regulating bile secretion, cell proliferation, and apoptosis among others. Defects in 

the structure and/or function of cholangiocytes primary cilia lead to dysregulation of several 

signaling pathways resulting in cholangiociliopathies. Since primary cilia are absent in CCA 

and other tumors, loss of cilia may be associated with dysregulation of several molecular 

pathways resulting in CCA development and progression. Thus, primary cilia would 

function as a tumor suppressor organelle. Therapies based on ciliary restoration such as 
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treatment with HDAC6 inhibitors might have potential value in cholangiociliopathies and in 

CCA prevention and treatment.
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Figure 1. Primary cilium
Confocal immunofluorescence showing a cross-section of a bile duct, where the nuclei of 

cholangiocytes lining the duct are stained in blue, and primary cilium extending into the 

ductal lumen in red.
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Figure 2. Cholangiocyte primary cilium regulates several signaling pathways
The ability of primary cilia to detect different signals is a consequence of the expression of 

specific ciliary proteins and ciliary associated receptors. The activation of these receptors 

results in activation or inhibition of different signaling pathways. TGR5: G-protein-coupled 

bile acid receptor 1; PC-1: polycystin-1; PC-2: polycystin-2; TRPV4: Transient Receptor 

Potential Vanilloid 4; PTCH: patched receptor; SMO: Smoothened receptor; PDGFRα: 

Platelet-derived growth factor receptor α; P2Y12: Purinergic receptor 12; Inv: inversin; 

AMPK: AMP-activated protein kinase; LKB1: liver kinase B1.
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Figure 3. Primary cilia function as mechano-, chemo- and osmosensors
PC-1 and PC-2 allows primary cilia to function as a mechanosensor. The bending of 

cholangiocytes primary cilia by luminal flow induces an increase in the intracellular ionic 

calcium through activation of PC-1 and PC-2, leading to inhibition of AC6, which is 

inhibited by calcium, resulting in a decrease in levels of cAMP and inhibition of PKA. 

TRPV4 participates in the osmosensory activity. This receptor is activated by extracellular 

hypotonicity and inhibited by extracellular hypertonicity, leading to an increase in 

intracellular calcium that results in PKA inhibition. The cilia chemosensory response is a 

consequence of purinergic receptors (P2Y12) and bile acid receptor (TGR5), which are 

activated causing changes in intracellular cAMP levels, possibly via AC6, that induces PKA 

activation or inhibition. PC-1: polycystin-1; PC-2: polycystin-2; AC6: adenylyl cyclase 6.
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Figure 4. PDGRF signaling pathway
Quiescent cells express PDGFRα in primary cilia. Its activation induces ERK1/2 

phosphorylation by induction of MEK1/2 and activation of AKT through PI3K resulting in 

cell cycle entry.
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Figure 5. Hedgehog signaling pathways
Canonical Hedgehog signaling in mammals is ligand dependent. In the absence of Hh 

ligands, PTCH accumulates in the primary cilium and inhibits the function of Smo. PTCH 

facilitates the activation of several kinases (CK1, PKA, and GSK3) at the base of the 

primary cilium, which differentially phosphorylates the Gli protein. This can lead to 

complete degradation of the Gli protein by the proteasome, as well as partial cleavage of 

Gli2 and Gli3. Partially cleaved Gli3 (Gli3R) is translocated to the nucleus and functions as 

a transcriptional repressor for Hh target genes. In the presence of Hh ligands, Shh, Ihh, or 

Dhh binds to PTCH, which induces its lysosomal degradation. This relieves its inhibitory 

effect on Smo, which accumulates in the primary cilium and prevents degradation of Gli 

proteins. Activated Gli protein is translocated to the nucleus and functions as a 

transcriptional activator for Hh target genes.
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Figure 6. Wnt signalling pathways
In the canonical pathway, when the Frizzled receptor is not activated, the destruction 

complex (Apc and Axin) binds β-catenin inducing its phosphorylation as mediated by 

GSK-3β and CKI, which results in β-catenin degradation. When the Frizzled receptor is 

activated, the destruction complex is inactivated resulting in the stabilization of β-catenin 

that translocates to the nucleus and induces target gene expression in coordination with TCF/

LEF. In the non-canonical pathway, the activation of Frizzled receptors lead to activation of 

the small GTPases Rho and Rac. Inversin, localized in the basal body, functions as a switch 

between both pathways. DVL: Dishevelled; APC: Adenomatous polyposis coli, Inv: 

inversin.
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Figure 7. Primary cilia regulate mTOR
Changes in the bile flow would induce activation of LKB1, which is localized along the 

entire length of the cilia. Once activated LKB1 phosphorylates and activates AMPK, which 

is recruited in the basal body. TSC is phosphorylated by AMPK leading to inhibition of 

Rheb that normally activates mTOR. As result, mTOR and its downstream proteins are 

inhibited. Thus, primary cilia participate in the regulation of cell size, cell metabolism, cell 

growth, proliferation and survival.
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Figure 8. 
Cholangiocyte primary cilia regulate PKA activation trough TGR5. In the apical membrane 

TGR5 is coupled to Gαs, while in primary cilia TGR5 is coupled to Gαi. The activation of 

apical TGR5 leads to adenylyl cyclase activation and increase in the level of cAMP resulting 

in the activation of PKA and increase in ERK1/2 signaling, while the activation of ciliary 

TGR5 has an opposite effect.
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Figure 9. Ciliotherapy
Primary cilia function as tumor suppressor organelles by controlling several signaling 

pathways involved in metabolic process, cell growth, proliferation and survival. In CCA, the 

loss of primary cilia, which is associated with HDAC6 overexpression, generates malignant 

cholangiocytes unable to properly regulate these signaling pathways. Therefore, 

ciliotherapies, which are based on ciliary restoration, might have a potential value for cancer 

prevention and treatment.
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