Enigmatic Morpho Insight

Primary cilia

The primary cilium was first so named by Sergei Sorokin
in 1968." Since the discovery of primary cilium in 1898
by Zimmerman, three major hypotheses for their function
have been put forth. The first is that primary cilia are
vestigial organelles inherited from an ancestor whose cells
had motile cilia and now are of no purpose in multicellular
organisms. The second is that they are involved in the
control of cell cycle. And the third is that primary cilia
are sensory organelles. There has been virtually no
experimental evidence in support of atavistic hypothesis.
Increasing evidence suggests that primary cilia are the key
coordinators of signaling pathways during development
and in tissue homeostasis and, when defective, are a major
cause of human diseases and developmental disorders
(now commonly referred to as ciliopathies).!"?

Most mammalian cells possess a solitary, nonmotile
cilium known as primary cilium which projects from the
apical surface of polarized and differentiated cells to the
internal lumen of the tissues. Like the mitochondria, Golgi
apparatus and endoplasmic reticulum, cilia function as
specialized cellular organelles. All cilia are formed during
interphase of the cell cycle from an ancestral basal body
or elder centriole of the centrosome. They consist of an
axoneme of nine doublet microtubules (MTs) that extends
from a basal body, which is derived from the older [mother]
centriole of the centrosome, surrounded by the ciliary
membrane (a specialized domain extension of the cell
membrane).”! The MT pattern of the ciliary axoneme is
conventionally abbreviated by referring to the numbers of
peripheral doublets and single central MTs as 9 + 2,9 + 0,
etc. In contrast to those of motile 9 + 2 cilia, axonemes
of nonmotile primary cilia lack key elements involved in
ciliary motility, including the central pair of MTs and the
proteins that surround them, mostly if not all radial spokes
and, importantly, outer and inner dynein arms that power
MT sliding to produce modility [Figure 1].*7

Single 9 + 0 primary cilia are found on a large number of
cells in the mammalian body, including stem, epithelial,
endothelial, connective tissue and muscle cells as well as
neurons [Table 1].14

Both primary and motile cilia are assembled and maintained
through a highly conserved process called intraflagellar

transport (IFT). Functions of cilia that are not related to
motility are thought to involve sensing of environmental cues.
Because cilia protrude from the cell surface, they might act as
antennae that receive signals from the periphery. The remote
information may be converted into signaling cascades that are
initiated within the ciliary compartment and then transduced
to the cell body. Consistently, the ciliary membrane (which
is continuous with the plasma membrane) contains various
cilia-specific receptors, ion channels and signaling molecules.
The signaling pathways coordinated by primary cilia are quite
diverse and depend on the cell type [Table 2].1"

A single primary cilium can be set up for several different
kinds of signaling and can respond, for example, to
mechanical strain as well as to several morphogens,
hormones or growth factors. Different receptors or
channels can be present in the same cilium at the same
time or at different times.!"”!

Signaling through the primary cilium is of paramount
importance during development and probably remains
so in stem cell populations in various tissues. In the adult,
primary cilia might still function in fibroblast cell cycle
control and/or cell migration during tissue regeneration
and wound healing. Most other differentiated, nondividing
cells of the adult body, including neurons and kidney cells,
possess primary cilia.

The primary cilia play critical roles associated with the
epithelium—mesenchyme interaction in various tissues,

Figure 1: Schematic illustration of motile 9 + 2 cilia and primary 9 + 0
cilia. Motile cilia have inner and outer dynein arms, radial spokes, nexin
links and a central microtubule pair surrounded by the central sheath.
Primary cilia only have the nine outer microtubule doublets with the
nexin links to stabilize the structure. The microtubule doublets are
composed of A and B subfibers
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Table 1: Expression of primary cilia in various mammalian

tissues and cells
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Mammalian tissues and cells with primary cilia

Connective tissues
Fibroblasts
Chondrocytes
Synovial cells
Tenocytes

Pancreas

Exocrine pancreatic ductal epithelium

Endocrine pancreatic ductal

epithelium
Islet cells
Liver

Fat-storing cells

Perisinusoidal cells

Intrahepatic bile duct

Cholangiocytes
Spleen

Reticular cells
Muscles

Smooth muscle cells

Skeletal muscle cells
Sensory organ cells

Photoreceptors

Cornea

Taste buds

Olfactory epithelium

Middle and inner ear

Central nervous system and brain
Neuroepithelial cells
Schwann cells
Ventricles
Ependymal cells
Choroid plexus
Central and peripheral nervous
system neurons
Glands
Adrenal gland
Thyroid gland
Parathyroid gland
Mammary gland
Thymus
Pituitary gland
Myoepithelial cells

Oral tissues
Gingiva
Oral mucosa
Ameloblasts
Odontoblasts

Epidermis
Basal cells
Keratinocytes
Melanocytes

Vascular endothelium
Heart myocardium
Aorta
Arteries
Capillaries

Airway
Respiratory epithelium

Bone
Osteocytes
Osteoblasts

Kidney
Epithelium of renal tubules
Podocytes
Bowman capsule
Mesangial /endothelial
cells
Interstitium

Male reproductive organ
Rete testis
Prostrate
Ductuli efferentes
Peritubular myoid cells
Interstitial testes cells
Seminal vesicles

Female reproductive organ
Follicular cells (ovary)
Germinal
epithelium (ovary)
Stromal cells (ovary)
Theca interna (ovary)
Oviduct epithelium
Uterus (endometrium)
Vagina (stratified
epithelium)

Stem cells and tissues during embryogenesis and fetal
development. Primary cilia are generally present in cell types
as described in the above two columns Stem cells and tissues
during embryogenesis and fetal development (other cell types

may include)

Inner mass cells (blastocysts)
Outer mass cells (blastocysts)
Primordial erythroblasts
Embryonic node

Fetal epidermis
Fetal epithelium
Fetal endothelium
Mesenchyme

including the tooth germ. Accumulating evidence shows
that many growth factors/receptors and cross-talk
through these factors between adjacent tissues precisely
regulate tooth development and morphological and
[5-7

functional differentiation of ameloblasts.”” Primary cilia

are known to exert a specific negative regulatory effect

Table 2: Types of Ciliary signaling pathways

Ciliary signaling pathways
Chemosensing, mechanosensing and osmosensing
lon channels
RTKs
Hh signaling
Wnt signaling
Neurotransmission and neuronal regulation
Purinergic receptor signaling
Osmolyte transporters
ECM signaling

RTK: Receptor tyrosine kinases, Hh: Hedgehog, Wnt: Wingless,
ECM: Extracellular matrix

on sonic hedgehog activity that functions to repress
tooth formation and thus determine tooth number."!
Cilia are aligned parallel to the dentin walls, with the top
part oriented toward the pulp core, crucial for both
dentin formation and tooth pain transmission. Analysis
of the literature suggests putative role of cilia in sensing
the microenvironment, probably related to dentin
secretion. Thus, this organelle could represent a critical
link between signals that influence cell fate (terminal
differentiation of odontoblasts) and signals that influence
cell movement toward the pulp matrix and consequently
dentin architecture during the life of the tooth."® IFT
proteins of primary cilia are essential in the development
of bone and cartilage, as well as the differentiation
and mechanotransduction of mesenchymal stem cells,
osteoblasts, osteocytes and chondrocytes.

The primary cilia in these tissues might be necessary for
the maintenance of differentiated state and suppression of
cyst formation or oncogenesis.” In many tissues, aberrant
activation or absence of ciliary signaling is correlated with
uncontrolled cell division and cancer. Primary cilia are
known to be associated with pathogenesis of keratocystic
odontogenic tumor and dentigenous cyst.

A ciliopathy is classified as a disorder that results from
aberrant form or function of primary cilia. As a class of
diseases, ciliopathies have an extraordinarily broad range
of clinical manifestations. The spectrum of phenotypes
has been attributed to the purported ubiquitous nature of
primary cilia. Ciliopathies with craniofacial defects include
Bardet—Biedl syndrome, oral-facial-digital syndrome
type 1, Meckel syndrome or Meckel-Gruber syndrome,
Joubert syndrome, cranioectodermal dysplasia, frontonasal
dysplasia and Ellis-van Creveld syndrome.['*!!

Normal structure and function of primary cilia are
required for a cell to transduce molecular signals from
the environment. Several lines of evidence show that
primary cilia have significant implications on both normal
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and abnormal maxillofacial development through the
signaling molecules during development. Furthermore,
the relationship between primary cilia and these signaling
molecules raises the possibility that a number of craniofacial
dysmorphologies may arise as a consequence of abnormal
signaling secondary to ciliary dysfunction.

In the near future, it is likely that a number of craniofacial
disorders, in which a genetic cause is not presently known,
will be shown to involve impaired ciliogenesis or ciliary
function. Recent advances in the understanding of how
primary cilia contribute to craniofacial development
have introduced a new class of genetic candidates for
craniofacial syndromes of unknown etiology. The
continued engineering of transgenic, ciliopathic animal
models will allow for a deeper comprehension of how
each tissue involved in the development of the craniofacial
complex utilizes primary cilia.
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