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Many animal cells assemble single cilia involved in motile and/or sensory functions. In
contrast, multiciliated cells (MCCs) assemble up to 300 motile cilia that beat in a coordinate
fashion to generate a directional fluid flow. In the human airways, the brain, and the oviduct,
MCCs allow mucus clearance, cerebrospinal fluid circulation, and egg transportation, re-
spectively. Impairment of MCC function leads to chronic respiratory infections and increased
risks of hydrocephalus and female infertility. MCC differentiation during development or
repair involves the activation of a regulatory cascade triggered by the inhibition of Notch
activity in MCC progenitors. The downstream events include the simultaneous assembly of a
large number of basal bodies (BBs)—from which cilia are nucleated—in the cytoplasm of the
differentiating MCCs, their migration and docking at the plasma membrane associated to an
important remodeling of the actin cytoskeleton, and the assembly and polarization of motile
cilia. The direction of ciliary beating is coordinated both within cells and at the tissue level by
acombination of planar polarity cues affecting BB position and hydrodynamic forces that are
both generated and sensed by the cilia. Herein, we review the mechanisms controlling the
specification and differentiation of MCCs and BB assembly and organization at the apical
surface, as well as ciliary assembly and coordination in MCCs.

ulticiliated cells (MCCs) form hundreds
Mof motile cilia that beat in a coordinated
fashion to generate a fluid flow or displace par-
ticles and cells. In the respiratory tract, motile
cilia are required for the clearance of mucus that
traps inhaled particles and pathogens. MCCs
also drive the flow of cerebrospinal fluid in
the brain ventricles and allow egg transporta-
tion along the oviduct. As a consequence, ge-
netic diseases that disrupt cilia-generated fluid
flow, such as primary ciliary dyskinesia, result
in chronic recurrent respiratory infections, in-
creased risks of hydrocephalus, and female in-

fertility (Lee 2011, 2013; Boon et al. 2014; Po-
patia et al. 2014; Wallmeier et al. 2014). Outside
vertebrates, MCCs are involved in generating
fluid flows or driving the locomotion of a variety
of animal species (Gibbons 1961; Tyler 1981;
Tamm and Tamm 1988). Cilia in MCCs are as-
sembled from basal bodies (BBs), which are
ninefold symmetrical microtubule (MT)-based
structures related to the centrioles found within
the centrosome. In most mammalian cell types,
the older centriole, called the mother centriole,
can convert to a BB and template the assembly of
a primary cilium, which is typically a nonmotile
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cilium involved in sensory functions (Goetz and
Anderson 2010). In contrast, MCCs simultane-
ously assemble up to several hundred motile cil-
ia while undergoing terminal differentiation.
These cilia are formed following assembly a large
number of BBs in the cytoplasm and their mi-
gration to the apical membrane (Sorokin 1968;
Steinman 1968; Anderson and Brenner 1971;
Dirksen 1971; Sandoz and Boisvieux-Ulrich
1976; Tyler 1981).

MCC cilia usually show a planar beating
pattern, with a fast power stroke and a slower
recovery stroke occurring in the same plane. To
generate a directional fluid flow, cilia must beat
in the right orientation with respect to the po-
larity of the whole tissue. The direction of ciliary
beat depends on the position of BBs within the
plane of the apical membrane, or BB rotational
polarity. This polarity is evidenced by the pres-
ence of BB appendages that align with the axis of
ciliary beating: the basal foot and the striated
ciliary rootlet (Gibbons 1961; Sorokin 1968;
Dirksen 1971; Anderson 1972; Reed et al.
1984). These appendages anchor cytoskeletal
networks linking the BBs to each other and to
the apical cell junctions. Polarity proteins local-
ize to the centrioles and to the cell junctions to
connect BB polarity to the planar polarity of the
epithelium.

We will first give an overview of the phylo-
genetic distribution of MCCs in animals, and
then we will review the current knowledge on
MCC specification and differentiation, BB as-
sembly, docking, and positioning at the apical
membrane, ciliogenesis, cellular and tissue-level
polarization of MCCs, and the regulation of
MCC function.

MULTICILIATED EPITHELIA ACROSS
ANIMALS

In mammals, MCCs are present in the respira-
tory tract, the brain ventricles, the oviduct, and
the efferent ducts (Brightman and Palay 1963;
Sorokin 1968; Anderson and Brenner 1971;
Dirksen 1971; Danielian et al. 2016). MCCs
are also found transiently in kidney tubules
and in the esophagus during fetal development
(Katz and Morgan 1984; Menard 1995). In Xen-

opus tadpoles, MCCs are found in the skin, the
trachea, and the digestive tract (Steinman 1968;
Werner and Mitchell 2012; Walentek et al. 2015).
In addition, MCCs are present in the proneph-
ros in zebrafish and Xenopus to facilitate urine
flow (Vize et al. 2003; Kramer-Zucker et al. 2005;
Liu et al. 2007). Cell types with multiple non-
motile cilia also exist, such as olfactory neurons
in vertebrates (Cuschieri and Bannister 1975;
Zielinski and Hara 1988; Ying et al. 2014). Out-
side of vertebrates, MCCs with similar ultra-
structural features, in particular BBs decorated
by a basal foot, are found within a group of
protostome animals called Lophotrochozoa.
Within this group, MCCs are particularly well
described in mollusks and flatworms (Gibbons
1961; Rieger 1981; Reed et al. 1984; Basquin et al.
2015). In flatworms, epidermal MCCs are re-
quired for locomotion, either by ciliary gliding
along solid substrates or swimming through wa-
ter (Rompolas et al. 2013; Basquin et al. 2015).
MCCs are also present in protonephridia, the
branched tubules that form the excretory system
of flatworms and other Lophotrochozoa (Rink
et al. 2011; Thi-Kim Vu et al. 2015). MCCs are
absent in arthropods and nematodes (Giribet
and Ribera 1998). Outside bilaterians, MCCs
are found in ctenophores (Tamm and Tamm
1988) and in sponges; although, in the latter
case, each BB is associated to an accessory BB
(i.e., like in a centrosome), suggesting that dis-
tinct mechanisms are used for BB assembly in
these cells (Boury-Esnault et al. 1999). It is
worth mentioning that MCCs are also found
outside of animals in phyla as diverse as plants,
ciliates, or amoebozoa (Tamm et al. 1975; Mikr-
jukov and Mylnikov 1998; Hodges et al. 2010).
This distribution is most likely the result of con-
vergent evolution, however, because these phyla
originate from distinct mono- or biflagellated
unicellular ancestors (Adl et al. 2012; Azimza-
deh 2014).

MCC SPECIFICATION AND
DIFFERENTIATION

Notch Inhibition

The very first steps of the MCC differentiation
process are particularly well described in the
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mammalian respiratory system. The adult air-
ways are lined by a pseudostratified epithelium
containing MCCs, mucus-secreting cells, and
basal cells. During development, they all derive
from p63 ™" progenitors (Rock and Hogan 2011).
Notch sets the balance between ciliated versus
secretory lineage. In the absence of Notch sig-
naling, the MCC population expands at the
expense of the secretory lineage (Gusch et al.
2009; Tsao et al. 2009; Morimoto et al. 2010).
The inverse happens after transgenic Notch
activation in the embryonic airways (Guseh
et al. 2009). The same dynamics exists between
MCCs and transporting cells in the zebrafish
pronephros (Liu et al. 2007). Notch inhibition
also drives MCC specification in mouse ovi-
ducts and brain ventricles (Kessler et al. 2015;
Kyrousi et al. 2015). Recently, bone morphoge-
netic protein (BMP) signaling has been shown
to interact with the Notch pathway to control
mucociliary differentiation of vertebrate epithe-
lia (Cibois et al. 2015).

In the adult, ciliated cells can differentiate
from both basal progenitors and secretory cells
in mouse airways (Rawlins et al. 2009; Lafkas
et al. 2015; Pardo-Saganta et al. 2015b; Watson
etal. 2015). Electron microscopy (EM) suggests
the same events of (trans-)differentiation from
secretory-to-ciliated cells in human and quail
oviducts under hormonal control (Sandoz and
Boisvieux-Ulrich 1976; Sandoz et al. 1976; Ha-
giwara 1995). Secretory cells are thus proposed
to act as transit-amplifying cells by self-renew-
ing and giving rise to terminally differentiated

Cycling progenitor cell
Radial glial cell
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postmitotic MCCs. Depending on the context,
the mechanism by which Notch proceeds to
segregate secretory and ciliated lineages seems
to differ. Classical Notch-mediated lateral inhi-
bition has been proposed, during development
(Tsao et al. 2009; Morimoto et al. 2010; Gomi
et al. 2015; Mori et al. 2015) or repair (Pardo-
Saganta et al. 2015a), to lead to the mosaic dis-
tribution of MCC among secretory cells in
mouse airways (Fig. 1). In the zebrafish pro-
nephros and the Xenopus skin, Notch-lateral
inhibition is also reported to drive the mosaic
differentiation pattern of MCC versus trans-
porting or secretory epithelial cells (Deblandre
et al. 1999; Liu et al. 2007; Ma and Jiang 2007).
In addition, microRNAs, such as miR449, are
specifically expressed in MCC progenitors in
Xenopus skin and human airway developing ep-
ithelium, where they repress the Notch pathway
by targeting Notch1 and its ligand DLL1 (Mar-
cet et al. 2011). Finally, in the adult mouse ho-
meostatic airways, a recent study proposes that
basal cells continuously supply their daughter
secretory cells with a Notch ligand to avoid their
terminal (trans-)differentiation into MCC (Laf-
kas et al. 2015; Pardo-Saganta et al. 2015b).

Master Regulators of the MCC Differentiation
Program

Two master regulators of MCC fate differen-
tiation downstream from Notch inhibition
have been discovered recently: GEMCI1 (gemi-
nin coiled-coil containing protein 1) and IDAS

Core cilia

RFX2/3 —»
Tl components
’ ) Cilia motility
/ ’ FOF‘“ effectors (((((((

Lateral Basal cell Secretory cell
inhibition
miR-449 NOTCH — lGEM(ﬂ —» MCIDAS «—» E2F4/5
Basal cell
supply Postmitotic

multiciliated cell

E eono
CCNO

Figure 1. Regulation of multiciliated cell (MCC) differentiation in vertebrates. MCC differentiation is triggered
by Notch inhibition in radial glial cells of the ependyma, and in basal cells or secretory cells (¢trans-differenti-
ation) in mucociliary epithelia. Notch inhibition triggers the activation of a regulatory cascade that involves the
geminin-related proteins GEMC1 and MCIDAS, the transcription factors E2F4/5, RFX2/3, FOXJ1, and C-
MYB, and the cyclin-like protein CCNO. This cascade triggers cell-cycle exit, basal body (BB) amplification,
cytoskeleton remodeling, and ciliogenesis (see text for details).
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(a cousin of the Gemini in ancient Greek my-
thology). As their name suggests, both have
coiled-coil domains related to geminin, a pro-
tein involved in cell-cycle progression and in the
balance between proliferation and differentia-
tion (Kroll 2007). GEMC1 was primarily found
to promote initiation of DNA replication in
vertebrate cells (Balestrini et al. 2010) and was
recently found to be necessary for MCC post-
mitotic commitment in zebrafish pronephros,
Xenopus skin, and mouse brain MCCs (Kyrousi
et al. 2015; Zhou et al. 2015). IDAS was first
found to bind to geminin and to regulate its
function in DNA replication licensing in S
phase (Pefani et al. 2011). It was later found to
be required for MCC differentiation in Xenopus
skin/kidney and mammalian airway/brain ep-
ithelia, and therefore renamed multicilin or
MCIDAS (Stubbs et al. 2012; Kyrousi et al.
2015). Both GEMC1 and MCIDAS are reported
to be sufficient to trigger early-onset differenti-
ation of MCC progenitors in the mouse brain
(Kyrousi et al. 2015). In addition, they are able
to drive ectopic differentiation of MCCs in Xen-
opus skin/kidney and mouse airway epithelia
(Stubbs et al. 2012; Zhou et al. 2015). GEMCl1
and MCIDAS are therefore sufficient to trigger
the full developmental program for secretory-
to-ciliated cell conversion, which is consistent
with the finding that this (trans-)differentiation
process is Notch-dependent (Lafkas et al. 2015;
Pardo-Saganta et al. 2015b). Hierarchically,
MCIDAS lies downstream from GEMCI, al-
though the molecular aspect of this control is
unknown (Fig. 1). Interestingly, geminin binds
to MCIDAS and represses MCC formation in
the Xenopus skin (Ma et al. 2014). Because gem-
inin is silenced in cells exiting the cell cycle
(Kroll 2007), these three geminin-family pro-
teins may constitute the central network for
triggering postmitotic MCC transcriptional
program.

Downstream Effectors of the MCC
Differentiation Program

MCIDAS lacks a DNA-binding domain. In Xen-
opus, it binds to the cell-cycle-repressing tran-
scription factors E2F4/5 (Sadasivam and De-

Caprio 2013; Ma et al. 2014). Expression of a
dominant-negative form of E2F4 in the Xenopus
skin blocks BB amplification and multicilia-
tion in presumptive MCCs. RNA-seq analysis
after coexpression of an inducible form of
MCIDAS and of the dominant-negative form
of E2F4 suggests that the MCIDAS/E2F4 as-
sociation is required for the up-regulation of
BB components and ciliogenic transcription
factors (Fig. 1) (Ma et al. 2014). In addition,
mouse mutants for E2F4 and/or 5 fail to form
MCCs in the airways and in the efferent ducts
(Danielian et al. 2007, 2016). Together with the
role of E2F4 /5 in cell-cycle exit (Sadasivam and
DeCaprio 2013), MCIDAS/E2F4 interaction is
proposed to induce the MCC terminal differen-
tiation program. Mcidas mutations are found in
patients with congenital mucociliary clearance
disorder with reduced generation of multiple
motile cilia (RGMC) (Boon et al. 2014). Inter-
estingly, MCIDAS/E2F association is impaired
by certain of mutations found in patients (Ma
et al. 2014).

One transcription factor proposed to medi-
ate BB amplification MCIDAS/E2F4 complex
is C-MYB (Fig. 1) (Stubbs et al. 2012; Ma et
al. 2014). C-MYB normally promotes S-phase
entry and enhances cycling in a variety of pro-
genitor cells (Ramsay and Gonda 2008). It is,
however, up-regulated in zebrafish, Xenopus,
and mouse brain/tracheal presumptive MCC
progenitors (Tan et al. 2013; Wang et al. 2013;
Pardo-Saganta et al. 2015a) where it controls
the expression of key BB biogenesis regulators.
Depletion of C-MYB leads to a block or a delay
in BB amplification in MCCs from zebrafish,
Xenopus, and mouse tracheal cells (Tan et al.
2013; Wang et al. 2013). Its effect seems, how-
ever, to be redundant with at least one other
factor because MCCs can partially recover mul-
ticiliogenesis after cmyb deletion in the mouse
trachea (Tan et al. 2013). Downstream from the
MCIDAS/E2F complex also lies CCNO (Fig. 1)
(Stubbs et al. 2012; Ma et al. 2014; Wallmeier
et al. 2014), a cyclin-like protein first shown to
be involved in oocyte meiosis resumption and
apoptosis (Roig et al. 2009; Ma et al. 2013), and
then shown to be expressed in MCC progenitors
in the Xenopus skin and in the mouse brain,
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airways, and oviducts (Stubbs et al. 2012; Funk
et al. 2015; Amirav et al. 2016). Although its
partners and molecular function remain to be
determined, CCNO mutations or depletion
lead to defects comparable to the C-MYB phe-
notype: defects in BB amplification, docking,
and ciliogenesis (Wallmeier et al. 2014; Funk
et al. 2015). In humans, mutations in CCNO
have been identified as a cause of RGMC and
associated with hydrocephalus and female in-
fertility (Wallmeier et al. 2014; Amirav et al.
2016). Interestingly, human mecidas, ccno, and
miR449 host gene cdc20b are physically colocal-
ized in a genomic region of chromosome 5 and
are syntenic with those of Xenopus and mouse
(Marcet et al. 2011; Stubbs et al. 2012; Wall-
meier et al. 2014).

In parallel to BB amplification, multiple
motile cilia biogenesis is controlled by the de-
ployment of the RFX (regulatory factor X)/
FOX]J1 (forkhead box J1) ciliogenic network
(Fig. 1). The current view is that the REX family
of transcription factors is involved in primary
and motile cilia formation by directing the ex-
pression of core components of all types of cilia
(Choksi et al. 2014). The FOXJ1 family has
emerged as an additional factor important for
the generation of motile cilia by directing the
expression of genes required for BB docking,
axoneme outgrowth, and motility (Chen et al.
1998; Brody et al. 2000). This view is, however,
progressing in MCC epithelia because RFX2
and 3 are also shown to direct the expression
of core components of the cilia motility ma-
chinery, and to affect cilia beating in Xenopus
and mouse (El Zein et al. 2009; Chung et al.
2012, 2014). Interestingly, Fox]J1 and RFX2/3
cross-regulate their expression during verte-
brate MCC formation (Yu et al. 2008; El Zein
et al. 2009; Didon et al. 2013). In the human
airways, RFX3 can enhance FOXJ1-dependent
transcription and immunoprecipitation exper-
iments provide evidence for RFX2/3-FOX]1
interactions, suggesting a role of RFX3 as a co-
factor of FOXJ1 for motile ciliogenesis (Didon
etal. 2013). Altogether, this raises the possibility
that RFX and FOX]J1 form a transcriptional
complex in MCC in which RFX factors regulate
core cilia genes and cooperate with FOXJ1 to

Multiciliated Cells in Animals

regulate motility genes. Both RFX2 and FOX]J1
expressions are up-regulated following induc-
ible MCIDAS expression in the Xenopus skin,
suggesting a control by MCIDAS of the deploy-
ment of this ciliogenic program (Ma et al.
2014). C-MYB was also reported to drive the
expression of FOXJ1 in addition to BB biogen-
esis regulators, leading to the identification of
C-MYB as a core regulator of both early and
late steps of multiciliogenesis. In this line, it
was shown to trigger the complete multicilio-
genesis program in the Xenopus skin, but not in
the mouse trachea (Tan et al. 2013).

BB ASSEMBLY
Dynamics

Like most other cell types, MCC progenitors
contain a centrosome with two centrioles—a
mother and a daughter—which serves as the
main MT-organizing center. During the course
of their differentiation, MCCs must then pro-
duce from 30 up to 300 additional centrioles/
BBs. BB amplification has been extensively de-
scribed by EM in quail, chick, Xenopus, and
mammalian MCCs (Sorokin 1968; Steinman
1968; Kalnins and Porter 1969; Dirksen 1971;
Sandoz and Boisvieux-Ulrich 1976). Two path-
ways have been shown to contribute to the final
BB population: a “centriolar pathway,” where
two to six BBs are formed orthogonally to the
two preexisting centrosomal centrioles in a
manner akin to centriole duplication, and a
“deuterosome pathway,” where tens of BBs are
seen growing on electron-dense spherical struc-
tures called deuterosomes. This second pathway
evokes the de novo generation of centrioles from
blepharoplasts observed in plant male gametes
(Mizukami and Gall 1966; Hepler 1976). Some
investigators, however, provide evidence sup-
porting the hypothesis that the clusters of
centrioles growing on the deuterosomes are pri-
marily nucleated from the centrosomal centri-
oles (Kalnins and Porter 1969).

Live imaging recently helped to clarify the
very first events of BB amplification and dis-
closed the origin of deuterosomes in mouse
brain MCCs (Fig. 2) (Al Jord et al. 2014).
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Time-lapse sequences show that deuterosomes
together with the pro-BBs they support arise
from the proximal part of the daughter centri-
ole. Multiple rounds of deuterosome formation
provide the cell with more than a hundred pro-
BBs. Electron and superresolution microscopies
indicate that the short pro-BBs remain latent
during this phase of amplification (Kalnins
and Porter 1969; Al Jord et al. 2014). Once the
last deuterosome has been produced, pro-BBs
then elongate simultaneously from all the deu-
terosomes and from the centrosomal centrioles
(Zhao et al. 2013; Al Jord et al. 2014). This
explains the coexistence of both “deuterosome”
and “centriolar” pathways during MCC differ-
entiation, which are seemingly the outcome of
the same process originating at the centrosome.
Immunostaining experiments suggest that the
same dynamics of deuterosome formation and
pro-BB amplification occurs in mouse tracheal
MCCs (Al Jord et al. 2014).

Molecular Control

Insights into the molecular control of deutero-
some formation and BB amplification in MCCs
come from the process of centriole duplication
in cycling cells. Centriole duplication is tightly
controlled to avoid supernumerary centro-
somes responsible for chromosome segrega-
tion defects during mitosis (Firat-Karalar and
Stearns 2014). Briefly, at the G,/S transition,
centrosomal proteins 63 (CEP63) and centro-
somal protein 152 (CEP152) form a complex at
the proximal end of each centriole, initiating
centriole biogenesis (Fig. 2) (Sir et al. 2011;
Brown et al. 2013; Lukinavicius et al. 2013).
CEP152 is then thought to recruit and/or acti-
vate polo-like kinase 4 (PLK4), which stabilizes
spindle-assembly 6 homolog (SAS-6) to form
the cartwheel structure that templates procen-
triole assembly in S phase. The level of centriole
biogenesis initiators is regulated throughout
the cell cycle to avoid the formation of super-
numerary centrioles (Firat-Karalar and Stearns
2014).

As mentioned in the previous paragraph,
MCC differentiation involves a massive up-reg-

Multiciliated Cells in Animals

ulation of BB biogenesis regulators. Under the
control of MCIDAS/E2F complex and involving
C-MYB transcription factor, the expression lev-
els of CEP63, CEP152, and PLK4, among others,
is increased at the onset of differentiation (Hoh
et al. 2012; Klos Dehring et al. 2013; Wang et al.
2013; Zhao et al. 2013; Ma et al. 2014; Funk
et al. 2015). In addition, a paralog of CEP63,
CCDC67 (also called deuterosome protein 1,
DEUP1) is specifically expressed in vertebrate
multiciliated tissues (Zhao et al. 2013; Ma
etal. 2014). Although BB amplification through
the centriolar pathway seems to be driven by
a duplication-like process, downstream from
CEP63-CEP152, the deuterosome pathway is
driven by DEUP1 (Fig. 2). DEUP1 depletion
blocks deuterosome formation and BB amplifi-
cation in Xenopus skin and mouse tracheal
MCCs. Its overexpression in bacteria leads to
the formation of spherical structures suggesting
self-oligomerization properties. In some trans-
formed cycling cells, DEUP1 can drive the for-
mation of deuterosome-like structures capable
of procentriole nucleation (Zhao et al. 2013). It
thus seems to be a core structural and functional
component of deuterosomes. Consistent with
live imaging and EM experiments, DEUP1 ac-
cumulates on the proximal part of the daughter
centriole during deuterosome formation in
mouse brain MCCs (Al Jord et al. 2014).
DEUPI shares 37% of homology with CEP63
and has retained its ability to associate with
centrosomal centrioles and to interact with
CEP152. Knockdown experiments in mouse
tracheal cells and Xenopus skin suggest that the
recruitment of CEP152 by DEUP1 and the sub-
sequent activation of PLK4, enable pro-BB nu-
cleation from deuterosomal structures (Klos
Dehring et al. 2013; Zhao et al. 2013). The cur-
rent view is therefore that in MCCs, CEP152 is
recruited by CEP63 or its paralog DEUP1 to
drive the centriolar and the deuterosome path-
way, respectively, via a unique molecular cas-
cade highjacked from the centriole duplication
process (Fig. 2). Although the BB duplication
players downstream from SAS-6 are also up-reg-
ulated during vertebrate MCC differentiation,
their involvement in centriole amplification re-
mains to be determined (Hoh et al. 2012; Klos
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Dehring et al. 2013; Wang et al. 2013; Zhao et al.
2013; Ma et al. 2014; Funk et al. 2015).

The centriole-associated protein CCDC78
has been shown to associate with deuterosomes
and to be required for CEP152 recruitment and
deuterosome-mediated pro-BB formation in
mouse tracheal and Xenopus skin MCCs (Klos
Dehring et al. 2013). The CCDC78 and DEUP1
relationship has not been tested yet. CCNO,
a cyclin-like protein, is also involved in deuter-
osome-mediated BB amplification. Although
CCNO partners and function are unknown, pa-
tients with mutations in ccno have MCCs with
reduced number of cilia (Wallmeier et al. 2014).
In particular, ccno mutant mice tracheal cells
display larger deuterosomes with fewer pro-
BBs suggesting a role for CCNO in the early
onset of amplification (Funk et al. 2015).

Evolutionary Perspective

DEUP1 appears to be a key component for BB
amplification in MCCs. Although CEP63 en-
ables centriole duplication in cycling cells or
mild amplification in MCCs, turning on
DEUPI1 expression allows the switch to mas-
sive BB production. Phylogenetic tree analyses
suggest that DEUP1 was duplicated and di-
verged from CEP63 during vertebrate evolution
after ray-finned fish specification (Zhao et al.
2013). Deupl is thus absent in zebrafish, which
specify their MCCs under the same transcrip-
tional cascade as the one of mammalian species
and Xenopus (see previous paragraph) (Wang
et al. 2013; Zhou et al. 2015). The availability
of the single CEP63-mediated centriolar path-
way may explain why zebrafish MCCs, observed
in the olfactory placode and the pronephric
ducts, are reported to have less than 16 cilia
(Hansen and Zeiske 1993; Kramer-Zucker
et al. 2005). Supporting this hypothesis, mam-
malian olfactory neurons, which harbor a dozen
cilia, are proposed to produce their centrioles
through a deuterosome-independent centriolar
pathway (Cuschieri and Bannister 1975). Differ-
ent situations exist in flatworms. Although the
marine flatworm Macrostomum lignano has
centrosomes and amplifies centrioles through
a deuterosome-centriolar pathway (Tyler 1981),

the freshwater planarian Schmidtea mediterra-
nea lacks centrosomes and thus amplifies cen-
trioles de novo (Azimzadeh et al. 2012). In both
cases, gemcl, mcidas, and deupl genes are ab-
sent, suggesting that centrioles can be massively
amplified through centriolar and de novo path-
ways independently from this specific tran-
scriptional cascade in animal cells. Conserved
centriole duplication players are nevertheless
required in S. mediterranea MCCs showing
that de novo and centriole/deuterosome-de-
rived amplification use unique upstream reg-
ulators but common downstream effectors in
animals (Azimzadeh et al. 2012).

BB DOCKING AND CILIOGENESIS

Role of the Actin Cytoskeleton in BB Migration
and Docking to the Apical Membrane

Following assembly and simultaneous release
from either deuterosomes or centrosomal cen-
trioles, BBs migrate and dock en masse at the
apical membrane of MCCs (Ioannou et al. 2013;
Al Jord et al. 2014). Pioneering work on differ-
entiating MCCs from quail oviduct revealed
that BB migration and docking depend on ac-
tin—myosin (Klotz et al. 1986; Lemullois et al.
1988; Boisvieux-Ulrich et al. 1990). A dense ac-
tin meshwork is present at the apical cortex in
MCCs and myosin is also enriched in this area
(Reverdin et al. 1975; Reed et al. 1984; Klotz
et al. 1986; Lemullois et al. 1988; Sandoz et al.
1988; Park et al. 2006, 2008; Pan et al. 2007;
Werner et al. 2011). The formation of the api-
cal actin network is temporally linked to BB
docking and involves conserved actin regu-
lators, such as the RhoA and RaclGTPases,
the membrane-cytoskeletal linker ezrin, the
cross-linking protein filamin A, the nucleator
dishevelled-associated activator of morphogen-
esis 1 (DAAM1), or the F-actin capping protein
CapZ-interacting protein (CapZIP) (Gomperts
et al. 2004; Pan et al. 2007; Park et al. 2008;
Chevalier et al. 2015; Epting et al. 2015; Miya-
take et al. 2015; Yasunaga et al. 2015). The ex-
pression of several of these actin regulators is
triggered by the regulatory network that con-
trols MCC differentiation (Fig. 1) (Gomperts
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et al. 2004; Pan et al. 2007; Chevalier et al. 2015;
Miyatake et al. 2015). Apical actin assembly and
BB docking in MCCs are orchestrated by the
planar cell polarity (PCP) pathway. Originally
identified in the Drosophila wing, the PCP path-
way is a conserved signaling pathway that gov-
erns a range of developmental processes (re-
viewed in Bayly and Axelrod 2011; Goodrich
and Strutt 2011; Devenport 2014). Core PCP
components include the intracellular proteins
dishevelled (Dvl), diversin (diego in Drosoph-
ila), prickle (Pk), the transmembrane proteins
frizzled (Fz), Van Gogh-like (Vangl) (strabis-
mus or Van Gogh in Drosophila), cadherin,
EGF-like, laminin G-like, seven-pass, and G-
type receptor (Celsr) (flamingo in Drosophila).
The control of BB docking by the PCP pathway

Multiciliated Cells in Animals

is an evolutionarily conserved feature because
depletion of PCP components inhibit this pro-
cess both in vertebrates and planarian MCCs
(Park et al. 2006, 2008; Tissir et al. 2010; Al-
muedo-Castillo et al. 2011). Depleting the
core PCP component Dvl or the PCP effectors
inturned and fuzzy in Xenopus MCCs decreases
the density of the apical actin meshwork and
strongly affects ciliogenesis (Park et al. 2006,
2008). RhoA, which is present throughout the
apical cortex and is essential to BB docking, is
activated (i.e., converted to its GTP-bound
form) specifically at BBs in a Dvl-dependent
manner (Pan et al. 2007; Park et al. 2008). Re-
cruitment of both Dvl and RhoA at BBs is de-
pendent on inturned, which is itself recruited by
nephrocystin 4 (NPHP4), a component of the

Direction of ciliary beat

<

<

vb*»— *&:—- i i*’»—t **‘—-*
"*P' % *#" R o S

Actin Striated
rootlet

@=1 Basal foot ) ¢ Ciliary

adhesion

Figure 3. A model illustrating the architecture of the actin cytoskeleton in Xenopus skin multiciliated cells
(MCCs). The drawings represent the basal bodies (BBs) and either the actin apical or subapical pools in mature
MCCs. This organization of the subapical network is proposed in Antoniades et al. (2014) and the model of
apical actin organization is based on immunofluorescence data from the same study. Both actin pools are
connected to the BBs by ciliary adhesions located in the vicinity of the basal feet (note that the exact localiza-
tion—near or at the basal feet—remains to be determined) (Antoniades et al. 2014). In addition, actin bridges
forming the subapical pool are connected to rootlet tips both along the direction of ciliary beat and perpen-
dicular to this direction (Werner et al. 2011; Antoniades et al. 2014). For clarity, only the actin bridges connecting
the BBs along the direction of ciliary beat are represented in the side view of the subapical actin network.
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ciliary transition zone that also binds to the
striated rootlet in MCCs (Park et al. 2008; Yasu-
naga et al. 2015). In addition, inturned recruits
the PCP effector DAAM1, and Dvl facilitates the
activation of CapZIP by the kinase extracellu-
lar signal-regulated kinase 7 (ERK7) (Miyatake
et al. 2015; Yasunaga et al. 2015). Another po-
tential PCP effector affecting the actin cytoskel-
eton is the recently characterized flattop (FLTP)
protein, which is required for BB docking in
mouse MCCs (Gegg et al. 2014). Taken togeth-
er, these results support that BB docking and the
organization of apical actin are, in large part,
orchestrated at the BBs by the local, PCP-depen-
dent recruitment of actin regulators.

Studies in Xenopus reveal that the apical ac-
tin cap in mature MCCs is composed of two
distinct but interconnected actin pools (Fig.
3). The apical pool is a very stable meshwork-
like network that surrounds the BBs (Werner
et al. 2011; Ioannou et al. 2013; Antoniades
et al. 2014). The apical actin pool starts accu-
mulating in the form of actin foci during early
steps of MCC intercalation and becomes orga-
nized after BBs have docked (Ioannou et al.
2013). The subapical pool forms just below
the apical pool (~0.5 wm below the apical sur-
face) and consists of short actin bridges that
connect neighboring BBs (Werner et al. 2011;
Antoniades et al. 2014). During intercalation,
migrating BBs are clustered together and con-
nected to the cell periphery by actin cables. Dis-
ruption of this internal actin network by par-
tially depleting the nucleotide-binding protein
1 (Nubp1l) ATPase correlates with defective BB
migration. Following BB docking, the internal
actin network is replaced, or possibly remod-
eled, into the subapical network (Ioannou
etal. 2013). Remarkably, both the internal actin
network and subapical actin bridges are con-
nected to the BBs via a protein complex known
to regulate focal adhesions, which link the actin
cytoskeleton to the extracellular matrix. The fo-
cal adhesion components vinculin, paxilin, ta-
lin, and focal adhesion kinase (FAK) localize at
the BBs, forming anchor sites called “ciliary ad-
hesions” by analogy to focal adhesions. In
agreement with this idea, BBs in intercalating
MCCs from FAK morphants are more dispersed

that in control cells and many BBs fail to asso-
ciate to actin cables, which correlates with a
defect in BB migration and docking (Anto-
niades et al. 2014).

BB Docking and Ciliary Assembly

As initially hypothesized by Sergei Sorokin,
mother centriole docking at the onset of prima-
ry ciliogenesis requires the binding of a ciliary
vesicle at the distal centriole and subsequent
fusion of the ciliary vesicle with the plasma
membrane (Sorokin 1962; and reviews by Ro-
hatgi and Snell 2010; Ishikawa and Marshall
2011; Reiter et al. 2012; Wei et al. 2015). The
ciliary vesicle is formed after recruitment of
smaller vesicles to mother centriole distal ap-
pendages and fusion of these vesicles under
the control of membrane-remodeling proteins
and the Rab11/Rab8 cascade of GTPases (Lu
et al. 2015). Rab8 and its activator Rabin8 in-
teract with the distal appendage component
CEP164 (Schmidt et al. 2012). BBs with docked
vesicles have also been observed in vertebrate
MCCs (Sorokin 1968; Dirksen 1971; Lemullois
et al. 1988; Boisvieux-Ulrich et al. 1989). Recent
work has provided further evidence that BB
docking in MCCs indeed involves a ciliary ves-
icle. In Xenopus, BBs with tightly associated ves-
icles are seen during differentiation of control
MCCs but not in Dvl morphants. Sec8, a com-
ponent of a vesicle-trafficking complex called
the exocyst, is present at BBs in control cells
but not following Dvl depletion. This suggests
that the PCP pathway controls the recruitment
of Sec8-positive vesicles to the BBs to allow BB
docking and ciliary membrane extension (Park
et al. 2008). In agreement with this, the exocyst
is required for primary ciliogenesis (Feng et al.
2012; Seixas et al. 2016). In mouse airway
MCGCs, ciliary vesicle docking further requires
the BB component Chibby, which binds to
CEP164 to promote the recruitment of Rabin8
and Rab8 (Burke et al. 2014). Primary cilium
assembly also involves recruitment by CEP164
of tau tubulin kinase (TTBK2), which promotes
the removal of the distal centriole component
CP110 and the recruitment of the intraflagellar
transport (IFT) machinery (Spektor et al. 2007;
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Goetz et al. 2012; Cajanek and Nigg 2014).
CP110 is a distal centriole/BB that negatively
regulates ciliogenesis by preventing growth of
the axoneme (reviewed in Tsang and Dynlacht
2013). During differentiation of mouse and
Xenopus MCCs, CP110 expression is repressed
by the miR-34/449 microRNA. Inhibition of
miR-34/449 induces a defect in ciliogenesis
that can be rescued by codepleting CP110, in-
deed supporting that CP110 function is con-
served in MCCs (Song et al. 2014).

Like for most ciliated cells, cilia assembly
and maintenance in MCCs relies on the IFT
machinery, a bidirectional transport system
that moves ciliary components along axoneme
microtubules. In vertebrates, mutations in IFT
components that affect the assembly of primary
cilia also usually affect the assembly of motile
cilia (reviewed in Ishikawa and Marshall 2011;
Sung and Leroux 2013; Lechtreck 2015). In ad-
dition, mutations that specifically affect ciliary
motility are among the most frequent causes of
primary ciliary dyskinesia (Lee 2011).

CILIARY BEAT ORIENTATION
BB Organization

In Xenopus MCCs, the subapical pool of actin is
essential to BB proper spacing and orientation
during MCC differentiation (Werner et al. 2011;
Ioannou et al. 2013; Antoniades et al. 2014; Ep-
ting et al. 2015; Yasunaga et al. 2015). The sub-
apical pool consists of actin bridges connecting
the BBs along the axis of ciliary beating so that
each BB is connected to the tip of the ciliary
rootlet of the neighboring BB facing the direc-
tion of beating (Fig. 3) (Werner et al. 2011; An-
toniades et al. 2014). Focal adhesion compo-
nents are present at each end of these actin
bridges, forming an apical ciliary adhesion in
the vicinity of the basal foot and a subapical
ciliary adhesion at the tip of the rootlet. A sec-
ond set of actin bridges at a right angle with
respect to the first set connects BBs laterally,
likely also via the apical and subapical ciliary
adhesions (Antoniades et al. 2014). In condi-
tions that specifically disrupt the subapical actin
pool but leave the apical network unaffected,

Multiciliated Cells in Animals

such as low doses of the actin polymerization
inhibitor cytochalasin D or partial inhibition of
actin regulators, BBs dock but show defects in
spacing (Werner et al. 2011; Ioannou et al. 2013;
Antoniades et al. 2014; Epting et al. 2015; Yasu-
naga et al. 2015). These results support that
subapical actin bridges are required for spacing
BBs both along the axis of cilia orientation and
perpendicular to this axis. MT depolymeriza-
tion has no effect on BB spacing in Xenopus
MCCs, but it does affect spacing in mouse tra-
cheal cells, and so does inhibition of MT an-
choring at the BBs, suggesting that some aspects
of this process might be different between these
species (Werner et al. 2011; Kunimoto et al.
2012; Vladar et al. 2012).

Disruption of the subapical actin network
also impacts centriole rotational polarity (Wer-
ner et al. 2011; Ioannou et al. 2013; Yasunaga
et al. 2015). Treating differentiating Xenopus
MCCs with low doses of cytochalasin D results
in a strong increase in BB circular standard de-
viation (CSD) across the cell surface, although
BB orientation remains locally coordinated. In
contrast, MT depolymerization disrupts the co-
ordination of rotational polarity even between
neighboring BBs, supporting that actin and
MTs control different aspects of BB rotational
polarity (Werner et al. 2011). In mouse tracheal
cells, tyrosinated MTs connect BBs to the cell
junction in a polarized fashion, and transmis-
sion electron microscopy (TEM) analysis re-
veals the presence of MTs connecting the basal
foot of peripheral BBs to the apical junctions
(Vladar et al. 2012). Basal foot assembly re-
quires a protein called ODF2/cenexin (Kuni-
moto et al. 2012), which is also a centrosome
component essential for the assembly of mother
centriole appendages (Ishikawa et al. 2005; Ta-
teishi et al. 2013). Inactivation of Odf2 in mouse
leads to centriole and ciliary beat disorientation
in MCCs, in agreement with the MT drug ex-
periments in the Xenopus skin (Werner et al.
2011; Kunimoto et al. 2012). The microtubule
nucleator y-tubulin localizes at the basal foot
cap, which suggests that MTs are assembled
from the basal foot (Hagiwara et al. 2000; Clare
etal. 2014). Actin filaments emanating from the
basal foot cap have also been observed in vari-
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ous species, which is in line with the observation
that focal adhesion components localize in the
vicinity of the basal foot in Xenopus (Fig. 3)
(Reed et al. 1984; Sandoz et al. 1988; Chailley
et al. 1989; Antoniades et al. 2014). In addition,
connecting the basal foot to the cytoskeleton
involves {-tubulin in Xenopus MCCs. {-tubulin
localizes at the tip of the basal foot and is re-
quired for BB spacing and orientation. Interest-
ingly, depletion of {-tubulin does not affect
binding of MTs to the basal feet, but it perturbs
the assembly of the apical and subapical actin
networks, which further suggests that basal feet
connect BBs to the actin cytoskeleton (Turk
et al. 2015). Mature MCCs in the quail oviduct
contain a well-developed cytokeratin network
that binds to desmosomes and to the striated
rootlets, suggesting that intermediate filaments
could also participate in BB organization in
these cells (Lemullois et al. 1987).

MCC Polarization by the PCP Pathway

The polarization of multiciliated epithelia in-
volves not only the coordination of BB rotation-
al polarity within cells but also between cells.

wt MCC
wt outer layer

wt MCC
PCP-deficient outer layer

Both intracellular and tissue-level polarities
are governed by the PCP pathway in vertebrate
MCCs. Establishment of PCP at the tissue-level
involves the asymmetric partitioning of PCP
components at the cell cortex and intercellular
communication to coordinate polarity between
neighboring cells. In mouse ependymal MCCs,
Vangl2 localizes transiently at the posterior side
of the apical membrane (upstream of flow) dur-
ing MCC differentiation (Guirao et al. 2010;
Boutin et al. 2014). In tracheal cells, Vangl1/2
and Pk2 also localize upstream of flow at the
posterior side, whereas Dvl1/3 and Fzd3/6 are
at the opposite side (Vladar et al. 2012). In the
Xenopus skin, a subset of PCP components dis-
plays an increasingly asymmetric distribution
during MCC differentiation. Intriguingly, this
distribution is reversed compared with that of
mouse MCCs: Vangll and Pk2 localize down-
stream from flow, whereas Dvll and Fzd6 local-
ize upstream of flow (Fig. 4) (Butler and Wal-
lingford 2015).

In Drosophila, PCP components act non-
cell-autonomously to establish tissue-level po-
larity and this property is conserved in verte-
brate MCCs. In Xenopus, expression of Vangl2

PCP-deficient MCC
wt outer layer

e e e e

e e e e

DvI1/Fzd6

Figure 4. Multiciliated cell (MCC) polarization by the planar cell polarity (PCP) pathway in the Xenopus skin.
Combined action of the PCP pathway and hydrodynamic forces align the BBs in a dorsoanterior (DA) to
ventroposterior (VP) direction in wild-type (wt) Xenopus embryos. PCP components are asymmetrically
distributed at the apical junctions, with a Dvl1/Fzd6 domain located upstream of flow and a Vangll/Pk2
domain located downstream from flow (Butler and Wallingford 2015). When wt MCCs intercalate within a
PCP-deficient outer epidermal layer in grafting experiments, intracellular basal body (BB) orientation is coor-
dinated but improperly aligned with tissue polarity. When PCP-deficient MCCs intercalate within a wt outer
layer, both intracellular and tissue-level polarity are lost (Mitchell et al. 2009). Note that in mouse ependymal
and tracheal MCCs, the orientation of the Dvl/Fzd and Vangl/Pk domains with respect to the direction of ciliary
beat is reversed (Vladar et al. 2012; Boutin et al. 2014).
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and Fzd3 in the outer epidermal layer is re-
quired for BB polarization in intercalating
MCCs. When wild-type MCCs intercalate
within a PCP-deficient outer layer, BB polarity
is homogeneous within MCCs, but overall po-
larity with respect to the anterior—posterior
(AP) axis is perturbed (Fig. 4) (Mitchell et al.
2009). In addition, the PCP pathway is required
cell-autonomously to control BB docking and
orientation in mouse and Xenopus (Park et al.
2008; Mitchell et al. 2009; Guirao et al. 2010;
Vladar et al. 2012). Perturbation of Dvl function
in differentiating Xenopus MCCs results in low
coordination of BB orientation within cells even
when they intercalate within a wild-type outer
layer (Fig. 4) (Mitchell et al. 2009). In the mouse
oviduct, Celsrl depletion affects rotational po-
larity both within cells and between cells, al-
though BBs remain locally coordinated with
neighboring BBs (Shi et al. 2014). In ependymal
MCCs, cilia are not present across the apical
surface but clustered in a ciliary patch located
toward the anterior end of the apical surface, a
property called translational polarity (Mirzadeh
etal. 2010). The PCP pathway controls both BB
rotational and translational polarities by coor-
dinating between adjacent cells the direction of
BB orientation and that of BB cluster displace-
ment—>but not the displacement itself (Hirota
et al. 2010; Mirzadeh et al. 2010; Tissir et al.
2010; Boutin et al. 2014; Ohata et al. 2014).
Remarkably, translational polarity and rota-
tional polarity involve partially distinct PCP
components. Coordinating the direction of
displacement of the BB cluster between cells
requires Celsrl, whereas organization of BBs
within a cluster requires Celsr2 and Celsr3
(Boutin et al. 2014). Translational polarity is
first established in ependymal cell progenitors
(radial glial cells [RGCs]) in which the primary
cilium becomes off-centered in the anterior di-
rection. The presence of a primary cilium in
RGC:s is essential for proper asymmetric locali-
zation of PCP components and localization of
the BB cluster in ependymal cells (Mirzadeh
et al. 2010). Remarkably, this function of the
primary cilium depends on the mechanosen-
sory proteins polycystic kidney disease (PKD)
1 and 2, which localize to the primary cilium in

Multiciliated Cells in Animals

RGCs. Primary cilia possibly sense a weak pre-
existing flow generated by the posterior secre-
tion and anterior reabsorption of CSF and re-
spond by polarizing in the direction of the flow
(Ohata et al. 2015).

How does the PCP pathway control BB po-
larization in MCCs? The core PCP component
Dvl2 localizes at the BBs to trigger RhoA acti-
vation and BB docking in the Xenopus skin
(Park et al. 2008). Following BB docking and
ciliogenesis, DvI2 localizes at the ciliary rootlet
in Xenopus and mouse MCCs (Park et al. 2008;
Hirota et al. 2010; Vladar et al. 2012). Expres-
sion of the DvI2 dominant-negative construct
Xdd1 in the Xenopus skin disrupts BB orienta-
tion without affecting docking, supporting that
these two aspects of DvI2 function can be un-
coupled (Park et al. 2008). Accumulation of
Dvl2 at the base of cilia following inactivation
of the anaphase-promoting complex, which tar-
gets DvI2 for degradation, results in BB disori-
entation in the Xenopus skin, suggesting that BB
polarization requires a tight control of Dv12 lev-
els at the BBs (Ganner et al. 2009). Besides Dvl2,
diversin is present at the BBs in mouse airway
and Xenopus skin MCCs (Yasunaga et al. 2011;
Vladar et al. 2012), and Pk2 associates to BBs in
mature Xenopus skin MCCs (Butler and Wal-
lingford 2015). PCP effectors affecting the actin
cytoskeleton such as inturned, DAAM]1, and
RhoA-GTP localize at the BBs, and following
mild perturbations of these effectors BBs dock
but fail to orient (Park et al. 2006, 2008; Yasu-
naga et al. 2015). Together, these data support
that the PCP pathway locally controls actin as-
sembly or remodeling to position the BBs. In
addition, the establishment of tissue-level po-
larity requires coordinating BB orientation with
the asymmetric PCP domains at the apical junc-
tions. In mouse tracheal cells, MTs link the BBs
to the apical junction corresponding to the
Fzd3/6-Dvl1/3 domain (Vladar et al. 2012).
In mature ependymal cells, MTs connects the
BB cluster to the apical junction opposite to
the Vangl2 domain, which corresponds to a pre-
sumptive Fzd3 domain (Boutin et al. 2014).
PCP domains at the apical junctions most likely
influence the polarity of the apical actin net-
works as well, particularly in Xenopus MCCs
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in which actin perturbation strongly impacts
tissue-level polarity (Werner et al. 2011).

What acts upstream of the PCP pathway? A
recent study found that mechanical strain im-
posed during gastrulation on Xenopus ectoder-
mal cells, which gives rise to the larval epider-
mis, instructs planar polarity (Chien et al
2015). During gastrulation, the ectoderm is
strained along the AP axis by pulling forces gen-
erated by involution of the mesoderm. As a re-
sult, cells elongate and align apical MTs along
the axis of the strain. Polarization of apical MTs
then allows activation of PCP complexes specif-
ically at apical junctions that are perpendicular
to the axis of the strain. No clear asymmetric
localization of PCP components is observed at
this stage, but FRAP analysis shows that Fzd3-
GFP is stabilized on perpendicular junctions
during gastrulation or under externally im-
posed strain (Chien et al. 2015). In differentiat-
ing MTEC:s as in other planar polarized tissues,
apical MTs oriented in the axis of planar polar-
ization are required for asymmetric localization
of core PCP components (Shimada et al. 2006;
Harumoto et al. 2010; Vladar et al. 2012). MTs
are also required for asymmetric partitioning
of PCP complexes during polarization of epen-
dymal cells (Boutin et al. 2014). Thus, align-
ment of apical MTs is likely a conserved feature
of PCP establishment in MCCs. Whether sig-
naling cues only or a combination of signaling
and mechanical cues acts upstream of the PCP
pathway in other multiciliated epithelia remains
to be determined.

Hydrodynamic Forces

Studies in Xenopus and mouse have shown that
hydrodynamic forces play a major role in BB
polarization by favoring the coordinated beating
of neighboring cilia (Guirao and Joanny 2007;
Mitchell et al. 2007; Guirao et al. 2010). In Xen-
opus MCCs, PCP signaling cues first induce a
bias in the orientation of cilia beating (Park
et al. 2008; Mitchell et al. 2009). This bias initi-
ates a weak flow that establishes a positive-feed-
back loop in which cilia respond to the flow by
refining their orientation until they are well
aligned. Ciliary motility is essential for the re-

finement of BB orientation (Mitchell et al.
2007). BBs fail to polarize in response to hydro-
dynamic forces following perturbation of either
MT or actin networks, suggesting that the cyto-
skeleton is actively remodeled during this pro-
cess (Werner et al. 2011). Unlike Xenopus, BBs
dock in random orientation in mouse ependy-
mal cells. In vitro differentiated ependymal
cells submitted to a continuous shear flow align
their cilia in the direction of the flow, and this
response requires Vangl2. This suggests a model
whereby ependymal cilia align in response to
hydrodynamic forces initially generated by a
weak preexisting CSF flow, in a PCP-dependent
manner (Guirao et al. 2010). One possible mod-
el is that the PCP is required for remodeling the
cytoskeleton to allow reorientation of the BBs.
Ciliary motility is essential for this response
as rotational polarity is altered in ependymal
cells of the Hydin and Kintoun (Ktu) mutants,
which assemble cilia with abnormal motility or
fully immotile cilia, respectively (Lechtreck et al.
2008; Matsuo et al. 2013). Interestingly, ciliary
motility is not required for the refinement of BB
orientation in the trachea, because Ktu /™ mice
display properly aligned BBs in this tissue
(Matsuo et al. 2013). Like primary cilia, motile
cilia in MCCs have sensory functions (Shah et al.
2009; Jainetal. 2012) and a proposed hypothesis
is that MCC cilia could sense a bidirectional flow
produced in the trachea through fetal breath-
ing movements at the time when refinement oc-
curs (Shah et al. 2009; Jain et al. 2012; Matsuo
et al. 2013). Importantly, cilia realign in re-
sponse to flow only during a developmental
window during which MCCs polarize. Past this
time, mature MCCs appear to lock their cili-
ary orientation (Boisvieux-Ulrich and Sandoz
1991; Mitchell et al. 2007; Guirao et al. 2010).
The protein basal body orientation factor 1
(Bbofl), which localizes to the ciliary rootlet in
Xenopus MCCs, is possibly involved in locking
ciliary orientation, although the corresponding
mechanism remains unclear (Chien et al. 2013).

Regulation of Ciliary Beating

Computational models support that the forma-
tion of metachronal waves in mature MCCs
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results from the local coordination of ciliary
beat by hydrodynamic coupling (Guirao and
Joanny 2007; Guirao et al. 2010; Elgeti and
Gompper 2013). Coordination possibly in-
volves a feedback mechanism that regulates
the activity of axonemal dyneins in response
to hydrodynamic cues (Rompolas et al. 2010).
Formation of metachronal waves also requires
the coordination of ciliary beat by the cyto-
skeleton. Disruption of the subapical actin
bridges in already polarized Xenopus MCCs
alters the ciliary beat coordination, suggest-
ing that these bridges serve as a physical lever
to facilitate propagation of the metachronal
wave (Werner et al. 2011). In addition, hor-
monal or neurotransmitter control appears
to affect ciliary beat in MCCs. In planarians,
ablation of serotonergic neurons disrupts
metachrony in the ventral epidermis without
affecting the beating pattern of individual cilia
(Currie and Pearson 2013). Serotonin-secreting
cells are also present in the Xenopus skin, and
serotonin regulates ciliary beat frequency in
this tissue (Walentek et al. 2014). Ciliary beat
frequency can also be regulated in response
to external stimuli. In the mammalian airways,
receptors to bitter compounds localize on
motile cilia. In the presence of bitter com-
pounds, intracellular calcium and ciliary beat
frequency increase, thus providing a cell-auton-
omous mechanism to eliminate toxic com-
pounds (Shah et al. 2009).

CONCLUDING REMARKS

Remarkable progress has been made during the
past decade in our understanding of develop-
mental and cellular mechanisms underlying
MCC differentiation and function. In particu-
lar, the identification of the regulatory cascade
controlling the specification and differentiation
of MCCs in vertebrates opens important ave-
nues in terms of both fundamental knowledge
and biomedical applications. The ability to dif-
ferentiate human MCCs in vitro from induced
pluripotent stem cells constitutes a promising
therapeutic approach for treating respiratory
diseases known to affect the differentiation
and function of MCCs, such as primary ciliary

Multiciliated Cells in Animals

dyskinesia, cystic fibrosis, and severe asthma
(Thomas et al. 2010; Firth et al. 2014; Hoegger
et al. 2014).

There are many questions that remain to be
addressed. Several of the identified regulators
of MCC differentiation and BB assembly
(MCIDAS, GEMC1, DEUP1) result from gene
duplications that occurred in the vertebrate
lineage. Did this regulatory network evolve to
control the differentiation of mosaic multicili-
ated epithelia composed by distinct but highly
related ciliated and mucus-secreting cells? How
exactly do these regulators interact with each
other to control MCC differentiation? Known
deuterosome components include DEUPI,
which by itself can form spherical structures
resembling deuterosomes, and CCDC78 (Klos
Dehring et al. 2013; Zhao et al. 2013). Are there
other deuterosome components? How is deu-
terosome assembly regulated? In mouse MCCs,
deuterosomes are assembled at the daughter
centriole of the centrosome (Al Jord et al.
2014). Is this a conserved mechanism or are
there differences between species? BB number
in MCCs can vary up to 10-fold depending on
the tissue. How are these numbers controlled?
The involvement of the PCP pathway and the
cytoskeleton in coordinating BB migration,
docking, and rotational polarity is now well
established, but what are the precise mecha-
nisms by which the PCP pathway controls the
organization of actin and MTs? Hydrodynamic
forces are required for achieving the proper po-
larization of ciliary beating. What are the re-
spective impacts of ciliary motility and sensory
functions in this process? With the current pace
of discovery, we expect that many new findings
will extend our understanding of MCC biology
in a near future.
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