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1 | INTRODUCTION

Since researchers found that many tumor-associated signaling path-
ways, such as receptor tyrosine kinases (RTK) signaling, Hedgehog
signaling, Notch signaling, and Wnt signaling pathways, were regu-
lated by the primary cilium, the relationship between the primary
cilium and tumor development attracted more and more researchers'
attention. About a decade years ago Michaud and Yoder (Michaud &
Yoder, 2006) anticipated that the emerging discoveries being made
about the function of the primary cilium in signaling pathways will
also provide novel insights into the molecular mechanisms of carci-
nogenesis. After that, many researchers also proposed that the list of
cancers associated with altered ciliary signaling would grow
exponentially (Christensen et al., 2007; Mans et al., 2008; Wong &
Reiter, 2008). Indeed, a number of research has been made to in-
vestigate the relationship between primary cilia and the cancer, and a

number of cancer has been found to have some relationship with
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The primary cilium is an antennae-like structure extent outside the cell surface. It
has an important role in regulating cell-signaling transduction to affect proliferation,
differentiation and migration. Evidence is accumulating that ciliary defects lead to
ciliopathies and ciliary deregulation also play crucial roles in cancer formation and
progression. Interestingly, restoring the cilia can suppress proliferation in some
cancer cell. However, t he role of primary cilia in cancer still be debated. In this
article, we review the role of the primary cilium in cancer through architecture,
signaling pathways, cilia assembly and disassembly regulators, and summarized the
new findings of the primary cilium in tumor microenvironments and different can-

cers, highlighting novel possibilities for therapeutic target in cancer.

cancer, cilium assembly, cilium disassembly, primary cilium, signaling pathway, tumor

primary cilia defect. However, little is known about the specific
molecular mechanism of primary cilium modulating oncogenesis in
context of different cancers. A detailed understanding of its biolo-
gical function is consequently crucial to the treatment of cancer.
Herein we review architecture of primary cilium, primary cilium as-
sociated signaling pathways, cilia assembly and disassembly reg-
ulator's role in cancer and summarize current findings of the primary
cilium in tumor microenvironments and different types of cancer.

2 | THE ARCHITECTURE OF PRIMARY
CILIUM

The cilium is a kind of projection at the apical surface of epithelial
cells (CECs). It consists of a basal body which under the cell mem-
brane and an axoneme that attaches to the basal body and extended

outside the cell. The basal body is transformed from the mother
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~N FIGURE 1 Basic architecture of primary
cilium. The overall architecture of primary cilium
is shown with the key structural elements. Pl (4,5)
P2, phosphatidylinositol 4,5 biphosphate

centrosome, and the axoneme was supported by microtubules. De-
pend on the structure and the motility of the axoneme microtubules,
cilia can be divided into motile cilia and primary cilia. The motile
cilium has a 9+2 microtubule pattern in which nine peripheral
doublets of microtubules surround two single centrally localized
ones. While the microtubules in primary cilia were arranged ina 9 +0
pattern: nine outer doublets were found at the periphery but with no
central microtubules (Figure 1).

The microtubule outside the cell surface is coated with the
ciliary membrane, which extended from and continued with the
cell membrane. Nevertheless, the ciliary membrane has completely
different characteristics from the cell membrane. This difference
may be related to a significant decrease in the content of phos-
phatidylinositol 4,5 biphosphate (Pl (4,5) P2) in the ciliary mem-
brane (Chavez et al.,, 2015; Garcia-Gonzalo et al., 2015), which
were found to be determined by the enrichment of phosphoino-
sitide 5 phosphatase (Inpp5e) at the basal of cilia (Chavez et al.,
2015; Garcia-Gonzalo et al., 2015). The section between the ciliary
membrane and the cell membrane is called the transition zone
(TZ), and the TZ connects to the underlying basal body by the
transition fibers (TFs). The TFs together with the upper region of
the basal body form a special permeable barrier called the cilium
gate (Wu et al.,, 2012), this cilium gate could filter proteins that
enter or leave the cilium (Figure 1).

3 | CILIA ASSOCIATED SIGNALING
PATHWAYS AND CANCER

Cell signaling pathways are crucial regulators of multicellular or-

ganisms in a wide variety of functions. Altered signaling pathways are

often found in all stages of oncogenesis. More and more research has
confirmed that the receptors and effectors are also found localized at
the primary cilium, and primary cilium is widely considered the cel-
lular sensorial antenna. Therefore, it is likely that primary cilia may
contribute to the regulation of cell signaling pathways. The emerging
role of primary cilia in cancer signaling pathways has been reported
in recent research. Below, we will review the signaling pathways are

regulated by primary cilia in cancer.

3.1 | Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway is the most well-known cilia-
related signaling pathway, which is essential for vertebrate em-
bryonic development and also has roles in the adult. Hh signaling is
activated by initiated by three secreted ligands including Sonic
Hedgehog (Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh).
The activate Hh binds to a transmembrane (TM) protein called Pat-
ched (Ptch) leading to this interaction complex degraded. In the ab-
sence of Hh, Ptch constitutively inhibits the ciliary localization of the
seven TM protein Smoothened (Smo). When Ptch is degraded by
proteasome, activate Smo migrates membrane and leads to glioma-
associated oncogene family zinc finger family (Gli) moving into nu-
cleus. Gli is a major effector molecule for transcription of target
genes (Ng & Curran, 2011; Rohatgi et al., 2007). Aberrant activation
of this pathway has evidently been related to cancer development.
The first report demonstrates the relationship between the Hh sig-
naling pathway and primary cilium in a screen for embryonic pat-
terning mutations induced by ethylnitrosourea. The mutations in the
cilia-related genes such as Ift172, Ift88, Kif3a in mouse embryos have

been found to result in blockade of the Shh signaling pathway and
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resulting in abnormalities in neural tube and brain development
(Huangfu et al., 2003). The important Shh signaling Smo has been
found localized to the cilium (Corbit et al., 2005), and both Smo and
Ptch1 aggregated at the cilium under the stimulation of Shh signaling
(Rohatgi et al., 2007). And the effector of Hh signaling Gli has also
been found localized at cilium. These major players of Hh signaling
gathering around cilium suggest that primary cilium is involved
directly in regulating Hh signaling pathway.

The primary cilium mediated Hh signaling has dual and opposing
roles in tumorigenesis. In mouse models Han et al. (2009), found that
in the medulloblastoma models are driven by a constitutively active
Smo, genetic ablation of primary cilia by Kif3a or Ift88 knockout
could inhibit the tumor formation. However, in the medulloblastoma
models driven by a constitutively active GLI2, removal of primary
cilia could promote the growth of the tumor. Meanwhile, Wong et al.
(2009) also found that ciliary ablation inhibited the growth of human
basal cell carcinomas (BCCs)-like tumors induced by an activated
form of Smo, however, accelerated tumors induced by activated Gli2,
a transcriptional effector of Hh signaling. Some other studies found
that prostate cancer cell lines that lack demonstrable autocrine
Hh signaling capacity, did not exhibit primary cilia even under
proliferation-limiting growth conditions (Zhang et al., 2009). Also, in
ovarian cancer, the low frequency of primary cilia in cancer cells
could lead to aberrant Hh signaling and ovarian tumorigenesis
(Egeberg et al., 2012). Notably, a recent study found that EMT pro-
grams promote basal mammary stem cell and tumor-initiating cell
stemness through inducing primary ciliogenesis and Hh signaling
(Guen et al., 2017). Therefore, modulation of tumorigenesis by pri-
mary cilium could be dependent on the states of Hh signaling

pathway.

3.2 | Whntsignaling pathway

Another important signaling pathway that recently been found could
be regulated by cilia is the Wnt signaling pathway. The transduction
of extracellular Wnt signaling is achieved through the binding of Wnt
with the receptor complex Frizzled (Fz) and the low-density lipo-
protein receptor LRP5 or LRP6. The transduction of Wnt signaling
depends on the localization of Dishevelled (Dvl) under different
signal conditions. Nuclear localization of Dv1 is necessary for the
activation of the §-catenin dependent canonical Wnt signaling path-
way (ltoh et al., 2005). B-catenin is the major molecule for this
pathway, which regulates crucial aspects of cell polarity, cell migra-
tion, and cell fate determination. Moreover, the current study found
that Inversin (Inv), a protein localized at the primary cilium, could
interact with Dvl and affect Dvl degradation, thereby mediating the
exchange between classical Wnt signaling and noncanonical Wnt
signaling (Simons et al., 2005). It has also been found that the protein
Jouberin (Jbn), localized at the primary cilium, can bind to p-catenin
to mediate its nuclear localization. The absence of the primary cilium
could lead to an increase of free Jbn in the cytoplasm, which pro-

motes f-catenin entry into the nucleus. However, extra cilia could
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lead to the reduction of cytoplasmic Jbn and thus inhibit the nucleus
location of B-catenin (Lancaster et al., 2011). The ciliated basal spe-
cific protein BBS protein family has also been found to be closely
related to the Wnt signaling pathway in zebrafish (Gerdes et al.,
2007). Other studies have also found that the deletion or mutation of
cilium proteins such as Kif3a, Ift88, and Ofd1, could result in the
enhancement of B-catenin dependent transcriptional and become
more sensitive to Wnt3a stimulation in mouse embryos (Corbit et al.,
2008; Gerdes et al., 2007). Further, it has been identified that the
protein Jade-1 colocalized with NPHP1 at the TZ of primary cilia and
interacts with NPHP4. While NPHP4 could stabilize the protein level
of Jade-1 and promotes its translocation to the nucleus. The stabi-
lization and nuclear translocation of Jade-1 by NPHP4 enhances the
ability of Jade-1 to negatively regulate canonical Wnt signaling. Loss
of this repressor function in nephronophthisis might be an important
factor in promoting Wnt activation (Borgal et al., 2012). These stu-
dies show that primary cilium has an inhibitory effect on the cano-
nical Wnt pathway, and the absence of cilium could lead to an
increased sensitivity of cells to the canonical Wnt stimulus.
Because Wnt signaling is an important signaling that could con-
trol cell differentiation and promote tumorigenesis, the primary
cilium may also play a role in tumorigenesis. Indeed, it has been
reported that in mesenchymal stem cell (MSC) increased primary cilia
assembly was associated with decreased levels of nuclear active
B-catenin, axin-2 induction, and proliferation, in response to wnt3a
(McMurray et al., 2013). And also it has been found that loss of liver
kinase B1 (LKB1) resulted in disassembly of the primary cilium and
induced aberrant signaling through the Wnt pathway, which could be
countered by restoring primary cilia through inhibiting histone dea-
cetylase 6 (HDACS6; Jacob et al., 2011). Moreover, tumor suppressor
PTEN could regulate cilia through Dishevelled (Shnitsar et al., 2015).
To conclude, it seems that primary cilium disassembly induces

aberrant Wnt signaling pathway contributing to tumor development.

3.3 | Notchsignaling pathway

Notch signaling pathway is an evolutionarily conserved pathway,
which regulates cell proliferation, cell fate, cell survival, and cell
communication. Notch receptor is a single-pass TM protein and has
four homologous proteins (Notch1, Notch2, Notch3, and Notch4),
which bind to their ligands including Delta-like (DII-1, -3, and -4) and
Jagged (Jagged 1 and Jagged 2). The structural domains of these
receptors are the Notch extracellular domain, TM, and Notch in-
tracellular domain (NICD). Notch receptor is processed through
cleavage to release NICD into the nucleus in the signal-receiving cell,
when the receptor bonds to ligand. NICD interaction with the tran-
scriptional co-activator induces the expression of target genes
(Kovall et al., 2017; Meurette & Mehlen, 2018). Some studies also
demonstrated that the Notch signaling pathway was influenced by
ciliary mutants. Notch receptors and Notch-processing enzymes co-
localized with cilia in wild-type epidermal cells and ciliary mutants

could lead to defects in Notch signaling and commitment of
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progenitors to differentiate in skin development. While Shh signaling
defects in ciliary mutants occurred later than Notch signaling (Ezratty
et al,, 2011). Other studies found that primary cilium has functions in
maintaining homeostasis of the corneal epithelium by balancing
proliferation and vertical migration of basal corneal CECs through
modulation of Notch signaling (Grisanti et al., 2016). And also in
choroid plexus (CP) tumours the distinct ciliogenesis caused by
aberrant Notch signaling may lead to Shh signaling activity and
promote tumor cell proliferation (Li et al., 2016). Therefore, Notch
signaling pathway is regulated by primary cilium, and aberrant Notch
signaling affects ciliogenesis and the formation of the primary cilium.

3.4 | mTORsignaling pathway

Mammalian target of rapamycin (mTOR) signaling pathway is the major
regulator of amino acid metabolism and protein synthesis in cells. The
mTOR is a serine-threonine kinase, and forms mTOR complex 1
(mTORC1) and mTOR complex 2 (mMTORC2). The important components
of mTORCT1 are the regulatory-associated protein of mTOR (Raptor) and
roline-rich AKT substrate 40 kDa (PRAS40), wherein Raptor could reg-
ulate the assembly of mMTORC1 to activate this complex, and PRAS40
negatively regulates activity through inhibiting the interaction of sub-
strate and kinase. Other significant components are the rapamycin-
insensitive companion of mTOR (Rictor) and rapamycin-insensitive
companion of mTOR (Rictor) in mTORC2. They could stabilize each
other to regulate the activity of mTORC2. Both intracellular and ex-
tracellular could regulate mTOR activity (Guertin & Sabatini, 2007; Guri
& Hall, 2016). Recent studies have demonstrated that the primary cilium
also interact with mTOR signaling. Tuberous sclerosis complex (TSC) 1
(TSC1) and TSC2 proteins function as a heterodimer to form TSC. TSC
act as the upstream inhibitor of the mTOR1 that integrates environ-
mental signals to regulate cell growth, proliferation, and survival. In
mouse, TSC1 localizes to the basal body of the primary cilium, and TSC
deletion could promote the cilia formation through protein synthesis
(Hartman et al., 2009; Yuan et al., 2012). Also, recent studies found that
mTORC1 inactivation could induce ciliogenesis through p27X!"*
gulation (Takahashi et al., 2017). On the other hand, it is reported that in
zebrafish the mTOR pathway also becomes aberrantly activated when

upre-

ciliary mutants (DiBella et al., 2009). In mammalian, studies also de-
monstrated that primary cilia could control the mTOR pathway through
LKB1 (Aznar & Billaud, 2010; Boehlke et al., 2010). Further, FLCN could
recruit LKB1 to the primary cilium for activation of AMPK resided at the
basal body, which causes mTORC1 downregulation (Zhong et al., 2016).
Thus, these findings suggest that the signaling network regulated by cilia
can feedback into the mTOR pathway and that TSC regulates the for-
mation of the cilium itself.

3.5 | RTKs signaling pathway

RTKs signaling pathways play key roles in the regulation of cellular

proliferation, differentiation, migration, survival, and metabolism. RTKs

constitute a family of receptors, and change the conformation by binding
ligands to activate the downstream signaling, which includes mitogen-
activated protein kinase, phosphoinositide 3-kinase/Akt, and Janus ki-
nase/signal transducer and activator of transcription (Butti et al., 2018;
Lemmon & Schlessinger, 2010). Many studies have found that receptors
in RTK signaling such as platelet-derived growth factor receptor o,
insulin-like growth factor receptor 1, epidermal growth factor receptor,
Tiel/2, and their downstream molecules such as Mek1/2, AKT, PKD2,
IRS-1 were colocated with cilia (Anderson & Stearns, 2009; Awan et al,,
2010; Jacoby et al, 2009; Ma et al, 2005; Schneider et al., 2005;
Schneider et al., 2010; Wu et al,, 2009; Zhu et al.,, 2009). Christensen
et al. (2012) have already summarized the role of primary cilia in co-
ordinating RTK signaling pathways in an excellent review. As a result, the
activation of RTKs decreases primary cilium. Although the direct con-
nection between RTK signaling regulated by cilia and cancer should
continue to investigate, it has emphasized that the crosstalk between
mTOR through LKB1 in the primary cilium assume an important role of
the primary cilium in tumor development (Aznar & Billaud, 2010;
Boehlke et al., 2010; Christensen et al., 2012).

3.6 | Hippo signaling pathway

Hippo signaling pathway controls the size of the organ by regulating cell
proliferation and apoptosis. In the Hippo signaling cascade, large tumor
suppressor kinases control the phosphorylation of nuclear effector mo-
lecules, which are Yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ). YAP/TAZ can be phos-
phorylated by Last1/2 and degraded by proteasome at cytoplasmic when
Hippo signaling active. Moreover, the nonphosphorylated state makes
them bind transcriptional coactivators TEAD for target gene transcrip-
tion (Misra & Irvine, 2018; Zheng & Pan, 2019). A recent study has found
that Hippo signaling pathway may also have connections with the pri-
mary cilium. The primary cilium TZ protein NPHP4, which is mutated in
ciliopathies, could modulate the Hippo signaling pathway by both
inhibiting Lats1-mediated phosphorylation of YAP/TAZ and inducing
YAP/TAZ release from 14-3-3 binding (Habbig et al., 2011). Recently,
Nagai and Mizuno (2017) also found that jasplakinolide (Jasp), a potent
inducer of actin polymerization on ciliogenesis, treatment could induce
ciliogenesis and the phosphorylation and cytoplasmic localization of YAP
and suppressed cell proliferation in low density-cultured cells. In addi-
tion, overexpression of an active form of YAP could suppresse Jasp-
induced ciliogenesis. They also found that the downregulation of Src
activity may be involved in Jasp-induced YAP inactivation and ciliogen-
esis. Consequently, the Hippo signaling may feedback to control the

primary cilium formation.

4 | PRIMARY CILIUM ASSEMBLY
REGULATORS AND CANCER

The primary cilium is enriched in numerous important signaling mo-

lecules, and regulates oncogenesis as a mediator of signaling pathways.
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TABLE 1 Molecular mechanisms of ciliary assembly and disassembly regulators in cancer

Regu-
Iatirs Expression in cancer Mechanism of ciliary assembly and disassembly
Cep131 Deregulated Basal body component
Plk4 Upregulated Centrosome protein
BUBR1 Upregulated Essential for the primary cilium formation
EHD1 Deregulated Help proteins targeting to the mother centrosome
Cotraffic with Smo
Aurora A Upregulated Trichoplein-Aur A pathway suppresses ciliary assembly
Ndel1 regulates Trichoplein-Aur A pathway
Inactivation of HDAC2 decreases Aur A
HDAC6 Upregulated Deacetylating a-tubulin and destabilizing microtubules
Hypomethylation and NRF2 regulate the expression of HDACé
Plk1 Upregulated DvI2-Plk1-mediated ciliary disassembly through stabilizing HEF1 and
activating Aur A
Phosphorylate Kif2a at T554 (microtubule-depolymerizing activity)
Brefeldin A suppresses interaction of CK1varepsilon-DvI2
Nek2 Upregulated in breast cancer
VHL Mutaion/loss of function in Aur A ubiquitination

renal cancer

B-catenin regulates Aur A

Therefore, it is interesting and important to understand the mechan-
isms of ciliary regulation, which is cilium assembly and cilium dis-
assembly. The defective cilia have been observed in all common
cancers, which suggests the proteins that regulate primary cilium
assembly and disassembly could take part in the tumor development.
Below, we will review the processes of ciliary assembly and molecular
mechanisms of ciliary assembly and disassembly regulators in cancer
(Table 1).

The primary cilium assembly can be divided into several different
stages. The beginning of the cilium formation is the transformation of
the mother centrosome into the basal body. Living cell imaging has
revealed that within 10-15 min after mitogens are removed, cyto-
plasmic vesicles from Golgi or recycling endosome begin to attach to
the distal appendage of the mother centrioles, and these vesicles are
called distal appendage vesicles (DAVs; Kobayashi et al., 2014; Lu
et al., 2015; Schmidt et al., 2012). The gradual integration of these
vesicles form a cap-like membranous structure at the distal end of
the mother centrioles, called primary ciliary vesicles (Sorokin, 1962).
The microtubule structure below the cilium vesicles begins to extend,
while the cap-like structure also continues to fuse with its sur-
rounding vesicles to expand and form ciliary sheath. Then the mother

centrosome moves forward to the apical surface of the cell and

Phosphorylate and enhance Kif24 (microtubule depolymerizing kinesin),
and ablation of Nek2 and Kif24 restores ciliation in cancer cells
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finally the ciliated sheath fusion with the cell membrane to form the

ciliary membrane (Figure 2).

4.1 | Centrosome proteins

During assembly of the primary cilium, numbers of basal
body proteins or centriolar proteins were changed (Gupta et al.,
2015). Many of these proteins have been shown to have some
relationships with cancer. It has been found that depletion of the
Cep131, a body
formation, could result in a reduction in centriole amplification,

basal component essential for cilium
chromosomal instability, and an increase in postmitotic DNA da-
mage (Staples et al., 2012). Another centrosome protein Plk4
which is required for centriolar satellite function and chromoso-
mal stability has also been found to play a role in ciliogenesis
(Hori et al., 2016). Also, studies found that cells with extra cen-
trioles often formed more than one cilium, had reduced ciliary
concentration of Smo in response to Shh stimulation, and reduced
Shh pathway transcriptional activation (Mahjoub & Stearns, 2012).
In addition, the mitotic spindle checkpoint regulator BUBR1

was also essential for the primary cilium formation (42).
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FIGURE 2 Processes of primary cilium
assembly. The mother centrosome transforms
into the basal body. The cytoplasmic vesicles
attaches to mother centrioles to form distal
appendage vesicles (DAVs). These vesicles
gradually integrate into primary ciliary vesicles at
the distal end of mother centrioles. They continue
to expand and form ciliary sheath. The
microtubule begin to extend from basal body. The
mother centrosome moves forward to the apical
surface of cell to form primary cilium
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These results suggest that the primary cilium may have a
function in regulating genomic instability through these centro-
some proteins that play important role in both cilia assembly and

mitosis.

4.2 | Vesicular transport proteins

Since no protein synthesis was found at the basal body of the primary
cilium, vesicular transport was the need to transfer the proteins that
required for cilia formation to the basal body or the cilium tip. It has
been demonstrated that Rab8a positive and Rab11 positive vesicles
together with EHD1 could help proteins targeting the mother cen-
trosome (Lu et al., 2015; Westlake et al., 2011; Yoshimura et al.,
2007). And the intraflagellar transport complexes were responded to
the transport of proteins in the primary cilium (Lechtreck, 2015).
Some of these proteins have effects on cancer-associated signaling
pathways. It has been certified that the endocytic recycling regulator
EHD1 protein colocalizes with the Shh receptor Smo in the primary
cilia upon ligand stimulation. In addition, EHD1 was shown to co-
traffic with Smo into the developing primary cilia and act as a direct
binding partner of Smo (Bhattacharyya et al., 2016). Thus, the results
illustrate the absence of vesicular transport proteins at the ciliary
location could reflect the imbalance of cilia-associated signaling
pathways in cancer.

5 | PRIMARY CILIUM DISASSEMBLY
REGULATORS AND CANCER

Until now, the mechanisms underlying disassembly of the primary in
normal or pathological conditions are largely unknown. Moreover,

how cell cycle progression is linked to cilium disassembly is unclear.

Current studies in cultured mammalian cells suggest that the dis-
assemble of the primary cilium occurring in the G1 phase shortly
after mitogen stimulation of quiescent cells. Some initial studies
found that NEDD9 (also known as HEF1) and calcium-calmodulin
activate Aurora A kinase, which in turn phosphorylates and active the
histone deacetylase HDAC6, promoting the de-acetylation and de-
stabilization of tubulins within the cilium axoneme. Two kinesin-13
families of depolymerizing kinesins Kif2a and Kif24 also implicated in
the destabilization and depolymerization of axonemal microtubules.
Some of those cilium disassembly regulators also play an important

role in cancer.

5.1 | Aurora A kinase

Aurora A (Aur A), as a regulator of the cell cycle, is widely
deregulated in human cancer through overexpression or gene
amplification. Recent studies found that its cell cycle control
function might partly achieve through the primary cilium. It
reported that knockdown Aur A or Trichoplein, which could ac-
tivate Aur A and suppress primary cilia assembly, could induce
GO/G1 arrest, but this phenotype was reversed by cilia formation
suppress. The trichoplein-Aur A pathway is required for G1
progression through a key role in the continuous suppression of
primary cilia assembly (Inoko et al., 2012). Further, Ndel1, a well-
known modulator of dynein activity, have been found localize at
the subdistal appendage of the mother centriole and acts as an
upstream regulator of the trichoplein-Aur A pathway to inhibit
primary cilia assembly (Inaba et al., 2016). Another study found
that inactivation of HDAC2 could result in decreased Aur A ex-
pression and then promote disassembly of primary cilia
(Kobayashi et al., 2017). Therefore, the expression and activity of

Aur A could regulate ciliary assembly and disassembly.
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52 | HDACé6

HDACS6 is a member of Class Il of the histone deacetylase/acuc/apha
family, which changes the chromosome structure to affect transcription
by histone deacetylation. It is also located in the cytoplasm and regulates
the deacetylation of nonhistone proteins (Peixoto et al., 2020). Because
a-tubulin is a target for deacetylation in the ciliary axoneme, HDAC6 has
been shown to regulate primary cilia disassembly and shortening
through microtubule destabilization (Gradilone et al, 2013; Hubbert
et al, 2002). Cigarette smoke exposure could regulate autophagy-
mediated primary cilia shortening through upregulating HDAC6 by hy-
pomethylation and NRF2 (Lam et al., 2013). In cholangiocarcinoma, nu-
cleotides localized in the primary cilium inhibited tumor migration,
invasion, and growth by LKB1/PTEN/AKT signaling pathway, and
HDAC6-dependent ciliophagy should regulate ciliary disassembly and
tumor growth (Mansini et al,, 2019; Peixoto et al., 2020). Hence HDAC6
could promote tumor migration, invasion, and proliferation by facilitating

primary cilium disassembly.

5.3 | Plk1

Another cell cycle protein polo-like kinase 1 (Plk1), which highly ex-
presses during mitosis and elevated levels are found in many different
types of cancer, could interact with Dishevelled 2 (Dvl2) and then
mediate primary cilia disassembly by stabilizing the HEF1 scaffold and
activating Aurora A (Lee et al,, 2012; Seeger-Nukpezah et al., 2012). Plk1
could also phosphorylated Kif2a at T554 and active the microtubule-
depolymerizing activity of Kif2a (Miyamoto et al., 2015). Further, the
recent study found that the application of a small molecular KY-0120,
identified as Brefeldin A, could disturbed Dvl2-Plk1-mediated ciliary
disassembly through suppression of the interaction of CK1varepsilon-
DvI2 and the expression of Plk1 messenger RNA (Lee et al., 2017). Thus,
these results suggest that Plk1 could regulate ciliary disassembly via

interacting DvI2 and phosphorylating Kif2a.

5.4 | Nek2

Kif24, another microtubule depolymerizing kinesin that suppress ciliary
assembly during the cell cycle, could be phosphorylated and enhanced by
Nek2, a serine/threonine-protein kinase that is involved in mitotic reg-
ulation. Nek2 is localized to the centrosome and undetectable during the
G1 phase, but expresses progressively throughout the S phase, reaching
maximal levels in the late G2 phase. The expression of Nek2 during the S
and G2 phase ensures Kif24 activity and prevents the outgrowth of cilia
in cells that lack cilia. Further, Nek2 and Kif24 are overexpressed in
breast cancer cells, and ablation of these proteins restores ciliation in
these cells, thereby reducing proliferation (Kim et al., 2015). In addition,
Nek2 is one of the hallmarks of oncoproteins, and the inhibitors of Nek2
are currently in clinical trials (Frett et al., 2014). Thus, overexpression of
Nek2 in cancer could suppress ciliary assembly through phosphorylating

and enhancing the activity and levels of Kif24.

Journal-of 3213
Cellular Physiology WI LEY_I—

55 | VHL

Patients with mutations in the von Hippel-Lindau tumour suppressor
gene (VHL) predispose to renal cysts and clear cell renal cell carci-
noma (ccRCC). It has been reported that Aurora kinase A is a novel,
hypoxia-independent target for VHL ubiquitination (Hasanov et al.,
2017). Moreover, the low ciliation status in ccRCC was associated
with its high VHL mutation status. In addition, the primary cilia de-
generation in sporadic ccRCC also depends on VHL inactivation
(Schraml et al., 2009). Guinot et al. (2016) also found that primary
cilium loss, in addition to VHL and P53 losses, promotes the transi-
tion towards malignancy in kidneys. Additionally, it has been ex-
plained that in renal cell carcinoma f-catenin could regulate Aur A
and primary cilia formation in the setting of VHL deficiency (Dere
et al., 2015). In renal cancer, loss of VHL function could regulate and
stabilize Aur A to suppress ciliary assembly.

6 | PRIMARY CILIUM AND TUMOR
MICROENVIRONMENT

The primary cilium is an important sensor of environmental signals.
Despite its regulation of calcium signals and mechanical signals, many
cell environment signals that associated with cancer such as in-
flammatory cytokine and metabolic signals also have some relation-
ship with primary cilia. Furthermore, the primary cilium could also act
as a media for cell-cell signals transition. This section will provide a
brief review on the tumor microenvironment, which has been asso-

ciated with primary cilium.

6.1 | Inflammation

It reported that in human fibroblasts, IL-1 could induce cilia elongation
and this elongation occurs via the protein kinase A-dependent me-
chanism. These results indicated that ciliary assembly regulates the re-
sponse to inflammatory cytokines (Wann & Knight, 2012). Studies also
found that inflammatory cytokine tumor necrosis factor-alpha could
trigger a dose-dependent loss of the primary cilia in MSC. These findings
maintain a concept that the primary cilium may serve as a biomarker
reflecting the tumor-supporting potential of MSC and their capacity to
adapt to hypoxic and proinflammatory environments. Therefore, in-
flammation seems to regulate primary cilium formation through cyto-
kines, and the hypoxic and proinflammatory environments may
counteract primary cilium, which leads to tumor development.

6.2 | Metabolism

In hypothalamic neurons, primary cilia have been found to play a
critical role in sensing metabolic signaling (Kang et al., 2015). Will-
emarck et al. (2010) also found that in prostate cancer cells the

tumor-associated lipogenesis could disturb cilia formation and
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contribute to impaired environmental sensing, aberrant cell signaling,
and distortion of polarized tissue architecture. Other study found
that cilia also have a role in obesity (Mariman et al., 2016). Notably,
recent studies found that glucose deprivation (Takahashi et al., 2017)
and autophagy (Shin et al., 2015; Tang et al., 2013) could also reg-
ulate the primary cilium formation in different ways, and therefore,
the metabolic signals in the environment could influence the cilia

formation and then feedback to the cell metabolism conditions.

6.3 | Cilia excision

Recent studies found that the primary cilia tips can be excises by
serum induction. The cilia excision is called cilia decapitation, and
necessary to cilia disassembly. The ciliary disassembly directly de-
termines the advancement of the cell cycle during the G1/S phase
and at the transition to mitosis. The absence of cilia would thus lead
to uncontrolled entry and passage of the cell cycle tumor cells (Rocha
et al., 2014). Undergrowth stimulation, ciliary Inpp5e loss, and PI(4,5)
P2 redistribution in primary cilia tips could induce actin poly-
merization leading to cilia excision, and this cilia excision induces
mitogenic signaling and constitutes a molecular link between the cilia
life cycle and cell-division cycle (Phua et al, 2017). Another Rab
GTPases, key regulators of membrane trafficking and endosomal
biogenesis, were reported as an essential role in cilia excision. Rab7
could directly interact with F-actin and not change the ciliary accu-
mulation of Inpp5e and PI(4,5)P2, which regulates cilia excision
through control of intraciliary actin polymerization (Wang et al.,
2019). Furthermore, the vesicles formed by the cilia excision could
content cell signals such as GPCRs and secreted outside the cell
forming extracellular vesicles, which could transport the signaling
from one cell to another. Thus, cilia excision could not only mediate

the cell cycle but also transport extracellular signaling.

7 | PRIMARY CILIUM ABNORMAL IN
DIFFERENT CANCERS

Until now, abnormal primary cilium station has been found in numbers
of tumors. Most studies found that primary cilium assembly is
suppressed in cancer cells. The absence of primary cilia is found in
cholangiocarcinoma, and inhibition of HDACé6 activity in cholangio-
carcinoma cells can inhibit the degradation of the cilium to maintain the
stability of cilium, thereby inhibiting the growth of cholangiocarcinoma
[109]. Studies in gliomas also found that cell cycle-related kinase in
glioma cells may inhibit the ciliary assembly through its downstream
substrate intestinal cell kinase, whereas the cilia are restored the tumor
growth is also suppressed (Yang et al., 2013). Another study found that
the absence of primary cilia is present in pancreatic cancer cell lines,
pancreatic intraepithelial neoplasia (PanIN), and pancreatic ductal ade-
nocarcinoma tissues (Bailey et al., 2009; Seeley et al., 2009). In fact,
primary cilia loss has been found in a variety of other tumors including

clear cell renal carcinoma (Schraml et al, 2009), epithelial ovarian

cancer (Egeberg et al., 2012), prostatic cancer (Hassounah et al., 2013),
melanoma carcinoma (Kim et al, 2011), glioblastoma (Moser et al,
2009), and breast cancer (Menzl et al, 2014; Nobutani et al., 2014;
Yuan et al.,, 2010). Notably, Hassounah et al. (2017) found that in the
polyoma middle T spontaneous breast cancer mouse model, inhibit ci-
lium formation led to earlier tumorigenesis, faster tumor growth, and
more lung metastases. However, the inhibition of the formation of the
primary cilium in normal mice without other oncogene mutations did
not induce tumors.

The role of the primary cilium in tumorigenesis could be dual and
opposing. It has been noted that in medulloblastoma (Han et al., 2009)
and BCCs (Wong et al., 2009) loss of primary cilia can be either positive
or negative in tumor growth. Studies also found that in subpopulations
of cells within human glioblastoma tumors are ciliated (Sarkisian et al.,
2014) and human medulloblastoma cells critically rely on the estab-
lishment of primary cilia to drive Shh-mediated cell division (Gate et al.,
2015). The presence of primary cilia also been found in the spindle and
epithelioid gastric gastrointestinal stromal tumors cells (Castiella et al.,
2013; Dvorak et al., 2014), HeLa (human epithelial adenocarcinoma),
and other cancer cell lines such as MG63 (human osteosarcoma; Kowal
& Falk, 2015), though the significance of this persistent primary cilium in
cancer cells still unclear.

Normal

Pathway work

Cell cycle
controlled

Single o

connected

Cancer

FIGURE 3 Primary cilium and cancer. In normal cells, the primary
cilium acts as the sensor and regulator of the outside cell signaling.
It ensures the completeness of several signal pathways. It determines
the advancement of the cell cycle. In cancer cells, the primary
cilium was absent. Absence of the primary block the signal from
outside and neighbors, and disturb the signal pathways inside cells,
thus lead to uncontrolled cell cycle process and tumorigenesis
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Studies also found compounds and drugs that could affect
primary cilia assembly. It has been illustrated that a selection of
compounds such as Clofibrate, Gefitinib, Sirolimus, Imexon, and
Dexamethasone, all have an ability to restore ciliogenesis in dif-
ferent cancer cell lines (pancreas, lung, kidney, breast; Khan et al.,
2016). To conclude, primary cilia play the emerging roles in tu-
morigenesis, but their functions contribute to tumor promotion
and suppression because of different cell types and organs in the
context. In addition, it seems that some compounds could treat
the cancer though affecting primary cilia.

8 | CONCLUSIONS

The primary cilium, as the sensor and regulator of the outside cell
signaling, has been pay more and more attention to its role in
tumorigenesis and cancer development. Numbers of the signaling
pathways have been demonstrated under the regulation of the
primary cilium, absence of cilia would thus lead to uncontrolled
entry and passage of the cell cycle and the proteins that regulate
cilia assembly and disassembly also have close relationship with
cancer. These facts indicate that the primary cilium should have
some effects in cancer developing process (Figure 3). However,
the role of primary cilia in cancer is still unclear. Though lots of
cancer exhibit primary cilia defects, the significances of these
cilia changes and the mechanisms of how these changes were
happened are all still unknown. Hence, further study in cilia
characteristic and its assembly mechanism may help make the

role of primary cilia in cancer more clear.
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