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Multiciliated cells, through the coordinated beating of motile cilia, are vital
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ciliated cells. However, how the multiciliated differentiation programme is
initiated, timed and spatially regulated within developing tissues remains
unclear. In this review, we combine findings from airway, brain ventricles
and Xenopus epidermal systems to reveal how mechanical cues may inter-
act with transcriptional networks and cell cycle regulators during multicili-
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developmental biology, cellular biology regulators that enable, time and control the execution of the multiciliated
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biology, motile cilia, mechanotransduction Cilia are microtubule-based structures surrounded by a plasma membrane with
a specific composition [1]. At their bases are basal bodies, derived from centri-
oles, which are docked to the plasma membrane. Several types of cilia exist:
primary cilia, antennae-like structures that relay many chemico- or mechano-
pathways owing to the enrichment of receptors along their membranes, and
motile cilia, which participate in fluid, mucus and unicellular organism move-
ment, as well as in sensory signalling [2].

Most primary cilia are unique, immotile and composed of nine microtubule
doublets. Most motile cilia are multiple, composed of nine microtubule dou-
blets with an additional central pair, and contain microtubule motors and acces-
sory proteins to ensure ciliary beating. Exceptions to these rules include, among
others, the multiple non-motile cilia of the olfactory sensory neurons [3], though
they are motile in amphibians and some fishes [4,5], or the single motile cilia of
the node [6].

Motile cilia, likely present in primitive cells [7], are only found on some
specific epithelial cells of specialized organs in mammals [8]. They are located
in the brain (along ventricles, the spinal cord’s central canal and the choroid
plexuses), the upper (nasal passages, paranasal sinuses) and lower (bronchi,
trachea) respiratory tracts [9] and genital organs [10] (fallopian tubes, uterus,
endometrium and efferent ducts). They are essential for physiological processes
in these tissues, including airway clearance, cerebrospinal fluid (CSF) circula-
tion and reproductive function. During development, they are also observed on
the node to establish the left-right asymmetry [11], on the oesophagus [12] and
kidney [13,14], though their functions in these organs remain unclear. Impair-
ment of cilia motility leads to primary ciliary dyskinesia (a disease associated
with chronic airway infection, subfertility, laterality defects and ventricular en-
largement) and to an increase in age-related dementias [8].

1. Introduction
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Figure 1. The different steps of centriole amplification. Cells were stained for a centriolar marker (cyan, FOP) and the transcription factor FOXJ1 (magenta) during the
multiciliated cell differentiation process. (a) Human tracheal epithelial cells, 7 days after differentiation onset (Air Liquid, ALI7). (b) Whole mount of brain ventricles at
post-natal day 5. (c) Drawing representing the centrioles/procentrioles (cyan), the cilia (green) and part of the plasma membrane (black) during cell differentiation. Scale
bar, 5 um.

Several model systems, in addition to mammalian multiciliated cells, are used to study the development and functions of these
cells. These include the Xenopus (epidermis, ventricles, foregut, olfactory pit, pronephros and otic vesicle) and the zebrafish (ven-
tricles, pronephros, olfactory pit and otic vesicle) multiciliated tissue [15], as well as multiciliated organisms, such as Planaria,
Paramecium or Tetrahymena [16].

Multiciliated cell differentiation always occurs during intense tissue remodelling, such as airway branching morphogenesis
[17], ventricular expansion in the brain [18] or radial intercalation in the Xenopus epidermis [19]. These developmental processes
generate substantial mechanical forces, including tensile and compressive stresses, hydrostatic pressure and changes in tissue
stiffness. Increasing evidence indicates that multiciliated cell progenitors not only are exposed to these forces but also actively
respond to them (see below).

Over the past decade, major advances have defined the actors in centriole amplification, and the transcriptional hierarchy and
cell cycle variant that enable multiciliated cell differentiation. Yet, a central question remains unresolved: how is the multiciliated
differentiation programme initiated, timed and spatially restricted within developing tissues?

In this review, we propose a model in which mechanical forces act as contextual regulators that license, time and scale the ex-
ecution of the multiciliated differentiation programme. We synthesize recent findings from airway, brain ventricles and Xenopus
epidermal systems to illustrate how mechanical cues interface with transcriptional networks, cell cycle regulators and chromatin
remodelling during multiciliogenesis. By integrating biomechanics with molecular control, this framework offers new perspec-
tives on how multiciliated tissues achieve robust yet adaptable differentiation during development and homeostasis.

In vertebrates, centriole amplification pathways involved in generating multiciliated cells are mainly conserved. Progenitor cells,
marked by tissue-specific markers (e.g. RC2 for radial glial cells in the brain and p63 for basal cells in the airway), possess two
centrioles. At the onset of differentiation, pericentriolar material accumulates around these centrioles [20]. Deuterosomes, electron-
dense platforms composed of proteins such as DEUP1 [21] and CCDC78 [22], form near the existing centrosome [23]. Procentrioles
assemble around these platforms and centrosomal centrioles. They undertake simultaneous growth and are eventually released
from the deuterosomes to migrate apically to the plasma membrane, where they anchor and form motile cilia [24] (figure 1). In
the Xenopus epidermis, two waves of amplification may occur: one beginning in the lower layer of the tissue and finishing during
cell intercalation in the upper layer and a second during expansion of the apical surface, after intercalation [25]. The mechanisms
driving the amplification of centrioles during this putative second wave have not been described.

Proteins critical for centriole duplication, such as Plk4, Cep152 or Sas6, are involved in this amplification process [24]. However,
while centriole duplication produces only two new centrioles, amplification results in dozens of centrioles (e.g. around 50 in
ependymal cells and up to 300 in the airway cells). This number appears to be regulated by actin and apical surface size, though
the mechanisms for this control remain unclear [26-28]. Notably, removing deuterosomes, parental centrioles or both does not
prevent centriole amplification [29-31]. In their absence, centrioles assemble de novo within a cloud of pericentriolar material. The
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cell cycle machinery, which controls centriole duplication, is co-opted in these post-mitotic cells together with specific multiciliated [ 3 |
cell regulators to activate the centriole amplification pathway [32,33].

3. Transcription factors and cell cycle actors

To differentiate into multiciliated cells, progenitors must exit their proliferative or quiescent state to commit to multiciliated cell
fate. Thus, several pathways involved in this proliferation or quiescence are inhibited prior to differentiation. These include the
Notch [34-39], bone morphogenetic protein (BMP) [40,41] and Wnt/g-catenin [42-54] pathways, depending on the tissue and area
studied. Inhibition of the Notch [55] or Wnt/B-catenin [53] pathways or exit of the cell cycle [56-58] may depend on miR-34/449,
which are expressed in all multiciliated tissues [59]. Accordingly, depletion of miR-449 in Xenopus epidermis or human airway ex
vivo cells led to a decrease in the number of cells with centriole amplification [55]. However, mice lacking both miR-34b/c and
miR-449a /b /c clusters still develop multiciliated cells, though with an abnormal number of cilia in the airways and reproductive
tracts [53,57,60,61]. This suggests that these miRNAs may also regulate later steps of differentiation, such as centriole migration,
through actin regulation or cilia elongation via CP110 (a centriolar cap protein restraining cilia formation) regulation [60,62].
In the brain, knockout mice exhibit microcephaly and disrupted development of some brain structures, but no clear alteration
in multiciliation [60,63,64]. Thus, either the knockout mice have compensatory mechanisms that allow the fate transition in the
absence of these miRNAs, or the function of the miRNA depends on the cellular context [55]. Notably, another transcription factor
(transcription factor EB, TFEB) may activate the Notch pathway during brain development and be inactivated at differentiation
onset by mammalian target of rapamycin (mTOR)-dependent phosphorylation [65], suggesting another possible regulation for
the initiation of multiciliated cell differentiation. The regulation of miR-34/449 expression in multiciliated cells remains unclear. In
other tissues, their expression depends on genotoxic stress, leading to p53 activation [66], or on changes in E2F1 expression [58,67].
However, p53 removal has little effect on miR-34a/b expression in the lung, brain and testis [68], and E2F1 levels do not correlate
with miR-449a levels [69]. TAp73, an isoform of p73, a p53-related factor, induces miR-34b /¢ but inhibits miR-449 in some contexts
[70,71]. Actually, TAp73 and miR449 cooperate to support multiciliogenesis in the brain [71], a regulation that may be important
for centriole migration or cilia elongation. During spermatogenesis, cyclic adenosine monophosphate (cAMP)-responsive element
modulator and SOX5 regulate miR-34/449 [56].

NOTCH inhibits the transcriptional co-factors GEMC1 (also known as Geminin coiled-coil domain-containing protein 1
(GMNC) and LYNKEAS) and MCIDAS (multiciliate differentiation and DNA synthesis associated cell cycle protein, also known
as IDAS, MCI and MULTICILIN) [72-74], both of which are essential [72-78] and sufficient [72,74,79] for multiciliation, when
expressed in multiciliated cell precursors. One study proposes that Notch signalling biases airway progenitors towards secretory
versus multiciliated fate through opposing transcriptional regulators, such as HEY1 (hairy/enhancer-of-split related with YRPW
motif protein 1) and MYCL (MYC proto-oncogene lung carcinoma-derived), which bind near genes encoding early regulators
of multiciliated cell differentiation. The conservation of these factors in multiciliated cells of different origins remains to be fully
established [80]. Chromatin remodellers participate in both GEMC1 and MCIDAS functions [81,82]. GEMC1 acts upstream of
MCIDAS and triggers its expression [72,73,75,78]. GEMC1 and MCIDAS induce most of the genes important for multiciliation,
including other transcription factors such as FOX]1 [83], FOXN4 [84], RFX2 and RFX3 [85-87], p73 [70,71,88] and MYB (myeloblas-
tosis) [89,90]. Depending on the system, GEMC1 is the main regulator of multiciliated cell specification, while MCIDAS is required
for centriole amplification and ciliogenesis. Notably, in the MCIDAS mouse mutant trachea, multiciliated cells are specified but
fail to assemble centrioles and cilia [91]. However, depending on the organisms, MCIDAS may also be dispensable or required
for multiciliated cell specification [74,76,92].

In parallel with the expression of these transcription factors, a variant of the cell cycle is initiated [32,33,93], allowing centriole
formation without DNA replication or cell division. Most cyclins, with the exception of Cyclin E2 and A2 replaced by Cyclin O
and A1, respectively, Cyclin-dependent kinase (CDKs) and the anaphase-promoting complex/cyclosome (APC/C) are reused in
a unique cell cycle iteration during differentiation. Cyclin O expression is controlled by MYB downstream of MCIDAS [89,91].
Loss of Cyclin O in the mouse brain and in human patients leads to a marked decrease in centriole number, although residual
centrioles can still support motile cilia formation [94,95]. By contrast, partial multiciliation is observed in the mouse airway,
suggesting a tissue/organism-specific requirement. The targets of Cyclin O and its CDK partner are unknown, although CDK13,
a transcription-associated CDK, has been proposed in some cancer cell contexts [96].

Compared to the canonical cell cycle, the multiciliated cell cycle variant is characterized by expression of E2F7, which blocks
DNA replication [32]. In cycling cells, E2F7 activation is regulated by G1/S transition factors (E2F1/RB1) and by DNA damage,
and conversely [97]. Interestingly, DNA damage is observed during multiciliated cell differentiation [98,99], though whether
this contributes to the high levels of E2F7 expression is unknown. Increasing DNA damage, and thus likely the DNA damage
response, impairs multiciliated cell differentiation in the airway [98]. Yet, blocking the DNA damage response kinases also impairs
multiciliated cell differentiation without inducing massive DNA damage in progenitor cells or affecting downstream transcription
factors, such as FOX]J1 expression [98]. These results suggest that the DNA damage response kinase might not be required as a
DNA damage responder. Still, how DNA damage and DNA damage response kinases inhibit and favour the differentiation,
respectively, remains to be elucidated.

The multiciliated cell cycle variant also exhibits low levels of EMI1, thereby limiting Cyclin B1/CDK1 activity and preventing
cell division [33]. EMI2, another APC/C inhibitor, is expressed at very low levels yet is necessary to ensure proper centriole
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amplification/maturation and the timed degradation of SECURIN to promote centriole disengagement from deuterosomes [100]. [ 4 |
EMI1 and EMI2 are regulated by E2F transcription factors in other cell types, notably by E2F4, which is also present during
multiciliated cell differentiation [101]. Additional DNA replication and cytokinesis factors are expressed at low levels in this
multiciliated cell cycle variant, while the CDK inhibitor CDKN1A is co-expressed with the cell cycle actors, likely contributing to
preventing complete cell division.

Links between the multiciliated cell cycle variant and the transcriptional activators of the multiciliated cell differentiation are
emerging. GEMC1 and MCIDAS share homology with GMNN (also known as Geminin), which is important for DNA replication
and for controlling cell fate choice, at least in the brain [79]. They interact with cell cycle regulators [102-104]. Notably, GEMC1,
expressed in Xenopus, interacts with G1/S transition factors such as CDC45 and TopBP1 and is a substrate of Cdk2/Cyclin A or
E [102]. These interactions were suggested in vitro to contribute to DNA replication re-firing, but have never been reinvestigated
in the light of the importance of the G1/S transition factors for the initiation of multiciliated cell differentiation and notably
for centriole amplification [105]. Interestingly, GEMC1 overexpression leads to multiciliated cells only during S-phase in cycling
brain progenitors [79]. Other cell cycle-related factors involved in G1/S transition and differentiation include E2F/DP proteins,
which act as co-factors/transcription factors for GEMC1 and MCIDAS, as these proteins lack DNA-binding domains. Both E2F4
and E2F5 are involved, with tissue- or organism-specific requirements [73,75,78,91,106-111]. Notably, fibroblasts, which do not
normally assemble motile cilia, become competent when expressing both MCIDAS and E2F4 [112]. During G0 and G1 phases of :
the cell cycle, E2F proteins interact and are sequestered by proteins of the retinoblastoma family (RB1, RBL1 (also known as p107)
and RBL2 (also known as p130)), inhibiting cell cycle progression. Sequential phosphorylations by Cdk4/6 and Cdk2 release
E2F from retinoblastoma (RB) proteins [113]. Actually, RB1 is phosphorylated at the onset of brain multiciliated differentiation
[99,114], and RBL2 or a non-phosphorylable RB1 represses MCIDAS transcriptional activity [114,115]. These suggest control of the
E2F/MCIDAS interaction by RB phosphorylation and thus a control by the variant cell cycle over MCIDAS activation. Another
transcription factor, FANK1, which is important for AP1 complex regulation (a complex involved in cell cycle initiation and
apoptosis [116]) is also crucial for multiciliated differentiation in the airway [117]. This factor is observed in RNA sequencing data
in differentiating cells in both the brain [33] and the airways [32]. Finally, p73, which is downstream of GEMC1 [118] and a direct
regulator of FOX]1 [88], controls some cell cycle events, including the cell cycle arrest gene p21 and factors of the G2/M transition
[119]. An overview of these different pathways is represented in figure 2.

However, while these factors highlight the signalling pathways involved in centriole amplification and ciliogenesis, the mech-
anisms by which they are coordinated and initiated remain unclear. Moreover, other signalling pathways linked to mechanical
forces have recently been implicated in some aspects of the differentiation process.
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4. Multiciliated cell differentiation and mechanical forces

A complex interplay between physical forces applied to tissues and chemical signalization regulates development and fate choice
[120,121]. While researches have primarily focused on understanding the genetic and biochemical mechanisms that shape life,
mechanical forces have recently emerged as critical regulators in these processes [120]. Tissues experience a variety of forces, in-
cluding tensile or compressive forces, shear stress, hydrostatic or osmotic pressure and changes in stiffness or viscoelasticity. These
forces originate externally, such as changes in the stiffness of extracellular matrix (ECM), or internally, such as those generated by
actomyosin networks.

To adapt cellular responses to mechanical forces, signalling pathways and transcriptional networks must be coordinated.
Forces are detected by cells through specialized proteins, which then propagate the signal to physically linked structures and/or
activate signalling molecules to modify cell behaviour or fate [122]. The initial level of force detection occurs at the plasma mem-
brane, mediated by ECM receptors or mechanosensitive channels. Mechanosensitive channels, such as Piezo and TRPV (transient
receptor potential vanilloid), open in response to stretch, enabling ion signalling and the activation of downstream signalling cas-
cades [123]. ECM receptors, including integrins and cadherins, perceive changes in the mechanical properties of the matrix and
relay this information to the cell interior via the actin cytoskeleton [124,125]. Forces can then be directly transmitted to the nucleus
through the cytoskeleton [126]. The linker of nucleoskeleton and cytoskeleton (LINC) complexes, which span the nuclear enve-
lope and link the nucleoskeleton (lamins) to the cytoskeleton (particularly actin), play a pivotal role in this transmission [127].
Following the application of force, nuclei deform, leading to several changes, such as the activation of phospholipase and Ca?*
signalling [128,129], the relocalization of Lamin A/C and alterations in its expression levels [130,131], chromatin modifications
[132,133] and changes in the distribution and permeability of the nuclear pores. Changes in nuclear pores facilitate the entry of
transcription factors such as YAP/WWTR1 (yes-associated protein/WW domain-containing transcription regulator protein 1)
(also known as TAZ(transcriptional coActivator with PDZ-binding motif)) [134,135]. All these mechanisms contribute to modi-
fications in gene expression and cell fate. In multiciliated tissues, ECM receptors, Piezo, nuclear deformation and YAP/WWTR1
are involved in various aspects of the differentiation, suggesting that this differentiation process may be mechanosensitive.

4.1. Extracellular matrix receptors

While integrins are the best-characterized ECM receptors, dystroglycan (DAG1 alpha and beta) proteins also form membrane-
spanning complexes that interact with multiple ECM components, including laminins, and connect to the cytoskeleton [136,137].
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Figure 2. Transcription factors and cell cycle actors involved in multiciliated cell differentiation. Wingless (WNT), BMP or Notch signalling pathways promote either the
proliferation or the deep quiescence of progenitor cells, depending on the tissue. Upon inhibition of these pathways, the master regulators of differentiation, GEMC1
followed by MCIDAS, are activated. These regulators interact with the cell cycle proteins E2F4 or E2F5 and DP1 to promote the transcription of other transcription factors
important for differentiation including FOXJ1, FOXN4, RFX2, RFX3 and MYB. Components regulating chromatin organization, ARIDA1, BRD9 and TRRAP (transforma-
tion/transcription domain-associated protein) are also important. The different steps of differentiation are orchestrated by a variant of the cell cycle involving specialized
cyclin (0 and A1) as well as canonical cyclins. The targets and CDK partners of Cyclin O are unknown. The multiciliated cell cycle variant differs from the canonical cell
cycle because DNA replication is prevented, through E2F7 expression, and cell division does not occur, owing to the absence of EMIT and the low levels of EMI2, which
keep mitotic cyclins low. Proteins shown in red are differentially expressed compared with the canonical cell cycle. Crosstalk between the cell cycle variant and the tran-
scription factors is depicted. The schematic at the bottom depicts the successive steps of centriole amplification and ciliogenesis (red, centrioles and procentrioles; blue,
deuterosomes; green, cilia; black, part of the plasma membrane) that is concomitant with the activation of the signalling pathway.

In mammals, DAGL is expressed in most tissues where multiciliated cells develop, including the brain, the airway, certain regions
of the genital tract and embryonic kidney [138,139].

In the Xenopus epidermis, DAGI is also expressed by the cell surrounding the multiciliated cell progenitors. It interacts with
the ECM and induces laminin and fibronectin accumulation [140]. Its depletion results in a reduced number of multiciliated cells
and even suppresses the expression of p63, a marker of the multiciliated cell progenitors in this tissue. Notch promotes the ex-
pression of DAGI that in turn activates multiciliated cell fate in the neighbouring cells. In the Xenopus epidermis, multiciliated cell
progenitors intercalate into the upper tissue layer. Differentiation occurs during this intercalation as indicated by the expression
of alpha-tubulin, an early marker of differentiation in this system [39]. DAGI also contributes to this intercalation, potentially
through regulation by the transcription factor RFX2 [141].

In the mammalian brain, DAGI is expressed by multiciliated cell progenitors themselves and during the differentiation [142].
The removal of DAGI decreases laminin around the radial glial cells, even if this decrease is compensated at later stage. The
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number of multiciliated cells is also decreased. Notch signalling is associated with DAG1 regulation, although it is not so clear [ 6 |
whether DAGI is regulated by Notch or regulates the Notch pathway.

Only a reduction in the number of multiciliated cells has been described; however, other ECM receptors may compensate
the phenotypes, as suggested by the change in Laminin organization observed in mouse mutant at late stage of development,
to allow the formation of the remaining multiciliated cells. In the mouse brain, DAGI also contributes to the centriolar patch’s
polarity [142].

Similarly, Desmoplakin, a component of desmosomes that provides adhesion between cells and with the cytoskeleton, is im-
portant for the intercalation of multiciliated cells in the Xenopus epidermis [143].

4.2. Piezo/Ca** signalling

Piezo is a mechanoreceptor present at the plasma membrane in several multiciliated tissues. Piezol is expressed in Xenopus epi-
dermis multiciliated cells, at the cell border and at the base of the multiple centrioles [25]. Piezo2 is observed in the multiciliated
cells of the zebrafish chemosensory organs [144]. In mammals, Piezol is also expressed in neuroepithelial cells and human neural
stem cells, and controls fate determination at least for some neurons [145,146].

Inboth the Xenopus epidermis and the mouse airway, the number of centrioles correlates with the apical surface area. Increasing
tensile forces and apical cell surface through tissue stretching, genetic manipulation [25] or by increasing matrix rigidity [28,147]
promote an increase in centriole number. However, the molecular mechanisms linking apical expansion to centriole amplification,
and whether this relationship is mediated through activation of the multiciliated differentiation programme, remain unclear. Still,
in the Xenopus epidermis, Piezol is essential for this coupling in a force-dependent manner.

Notably, Piezo1 is permeable to Ca?*, and calcium bursts are critical for actin organization and apical extension [148,149]. The
role of the actin cytoskeleton in the control of centriole amplification has not been directly addressed, but it is required for the
activation of the differentiation pathway through nuclear deformation during brain multiciliated cell differentiation [114].
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4.3. Transduction to the nucleus

Mechanical forces are relayed to the cell interior either through signalling pathways or by transmission to the cell nucleus via
the cytoskeleton and the LINC complex. In the mouse brain, knockout of actin regulators (N-WASP or CDC42) or LINC complex
components (double Sun1/2 or Synel/2) leads to hydrocephalus or ventricular enlargement, respectively [150-152], conditions
often linked to defects in multiciliated cells. Accordingly, recent findings indicate that the actin cytoskeleton plays a role in nuclear
deformation via the LINC complex to trigger ependymal differentiation. We show that this regulation of the differentiation acts
upstream of RB1 phosphorylation and MCIDAS activation [114]. The role of nuclear deformation has not been confirmed in other
multiciliated tissues, although nuclear deformations are observed during multiciliated cell differentiation in the Xenopus epider-
mis [153]. Furthermore, the mRNA levels of LINC complex components increase during the differentiation of airway multiciliated
cells [32,38]. Nuclear deformation drives DNA damage in many systems [154]. Notably, DNA damage occurs during ependymal
and airway multiciliated cell differentiation [98,99]. Whether it is a consequence of nuclear deformation is not known, but it has
consequences for the differentiation process.

Nuclear deformation has also been shown in other systems to induce chromatin reorganization, notably a change in histone
methylation and nuclear fluidization, driven by SWI-SNF (SWltch/sucrose non-fermentable) components [132,155]. This protects
the genome against damage and changes gene expression [133,155-157]. Notably, GEMC1 and MCIDAS, in human embryonic
kidney cell overexpressing them, interact with components of the SWI-SNF family (ARID1A and BRD?Y, respectively). At least
BRD?9 is required for the transcriptional regulation of the differentiation in airway multiciliated culture [81]. Changes in histone
methylation and DNA damage are also observed [98,99,114]. Importantly, some histone methylation events regulate the pool of
multiciliated cell progenitors in the airway [158,159]. Thus, a plausible model is that nuclear deformation induces DNA damage
and changes in chromatin organization to drive differentiation via GEMC1 or MCIDAS. However, further experiments are needed
to validate this model.

4.4. YAP/WWTR1

Many phenotypes associated with nuclear deformation depend on the YAP/WWTR1 pathway [160] as these transcription factors
enter the nucleus following the application of forces and the opening of nuclear pores [135]. The YAP pathway is involved in cell
proliferation and differentiation in several tissues [161] and is linked to the G1/S transition [162,163]. Interestingly, overexpressed
GEMC1 and MCIDAS interact with YAP in proximity labelling experiment (BioID) in cells that do not assemble motile cilia
physiologically [81].

In the lung, depletion of YAP during cell specification favours the formation of progenitors and goblet cells at the expense of
multiciliated cells. At the onset of differentiation, however, the expression of the active nuclear YAP inhibits lung multiciliated
cell differentiation [164,165]. Similarly, YAP knockout in airway multiciliated progenitor cells (p63/Krt5+ cells) leads to prema-
ture differentiation into multiciliated and goblet cells [166]. These seemingly contradictory observations can be reconciled by a
stage-specific model in which YAP promotes progenitor identity under high mechanical tension but must be downregulated for
terminal multiciliated differentiation. Similarly, in the brain, YAP is involved in the specification and integrity of ependymal pro-
genitor cells in the aqueduct [167], and together with its paralogue WWTRI, it regulates the proliferative capacity and structural
organization of radial glial cells [168]. This suggests that, as in the airway, YAP/WWTRI plays a role in progenitor specification.

Downloaded from royalsocietypublishing.org/rsob/article-pdf/doi/10.1098/rsob.260101/6161789/rsob.260101.pdf
by guest
on 20 October 2026



«— ECM YAP
/ pAGl ~— Laminin
oA :
’ { ! |
2 i
! : H |
;o : ! — Specification
i v

/ NOTCH

,

\/ .@EZFS
; GEMCI =
y -

mTOR /

/
l ’
/
/
cel [/
Growth /
kN ' .
S /
"/ K
Actin ” » DNA Damage
‘_____, Initiation (:;f
__ Nuclear ____---"""" _#_ E2F4)5 differentiation
deformation // MCIDAS T
YAP
o’ . A
Phospho
RB

PIEZO1—> Ca’** —» ERK— YAP—> FOXJ1

Second wave of amplification ?

Figure 3. Hypothetical model integrating force-dependent pathways involved in multiciliated cell differentiation in different model organisms. Several factors involved
in force detection are known to be important for multiciliated cell differentiation. This includes ECM receptors such as DAG1, in the Xenopus epidermis and mouse brain,
as well as stretch-dependent receptors such as Piezo in the Xenopus epidermis. These signals may be transmitted to the cell interior through the actin cytoskeleton and
promote nuclear deformation that is important, at least for multiciliated cell differentiation in the brain. This may be followed by chromatin reorganization involving
factors such as Brd9, which are important for differentiation in the mouse airway, or by changes in the activity of the transcription factor YAP, as observed in the airway
and brain for progenitor specification and in the airway for the initiation of differentiation.

However, removal of YAP alone during embryonic development (E11.5, Nestin-Cre-mediated removal) does not prevent ependy-
mal differentiation [114]. Whether the depletion of both YAP and WWTRI affects later brain multiciliated cell differentiation re-
mains unknown. In the Xenopus epidermis, YAP may be involved in the control of centriole number following Piezo and calcium
signalling [169].

4.5. Notch

The canonical Notch pathway is described as a lateral inhibition mechanism. Notch ligands interact with Notch receptors on
juxtaposed cells, promoting Notch cleavage, translocation into the nucleus and regulation of transcription [170]. Notch proteolytic
activation depends on a mechanical pulling force exerted by the Notch ligand, either directly through endocytosis of the ligands or
indirectly through clustering of the receptors [171-175]. Mechanical forces also indirectly activate Notch through integrins, Piezo
or YAP/TAZ [176,177]. In turn, Notch regulates tissue mechanics by altering cell proliferation and influencing ECM expression
[176,177]. Whether mechanical forces regulate Notch during the specification of multiciliated cells or conversely is unknown.
Given the roles of the YAP/TAZ and Notch pathways in the specification of multiciliated cell progenitors, it would be of interest
to test whether YAP regulates the Notch pathway, as observed in other systems [178-183].

Collectively, these results suggest that mechanical forces influence multiple stages of multiciliated cell formation. They may
play a role in progenitor specification upstream or at the level of Notch inhibition, as well as in differentiation itself. This in-
cludes ensuring the correct developmental set-up for differentiation upstream of cell cycle initiation through actin dynamics,
nuclear deformation and YAP/WWTRI activity, as well as controlling centriole number according to cell size downstream of the
first centriolar amplification, via Piezo and calcium-dependent signalling (figure 3). Still, the linearity of the different molecular
players described in this section has not been fully investigated making it complex to associate them with the mechanical forces
observed during development. This would require investigating the players at precise developmental timing and might be quite
challenging. Overall, mechanical forces may act as key integrators across multiple stages of multiciliated cell development. How-
ever, the mechanisms at play are far from understood, and further research is required to elucidate the precise molecular and
mechanical interactions that govern these processes.

5. Forces applied on progenitors during differentiation

Mechanosignalling during epithelial differentiation results from physical forces acting on tissues. During development, differen-
tiating multiciliated cells are exposed to various physical forces. Below, we review the forces involved in the mammalian airway,
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Figure 4. Cellular morphological differences between progenitors and multiciliated cells. (a) Human lung tissue formalin-fixed and paraffin-embedded showing
progenitor basal cells (e.g. dashed line, ") and multiciliated cells (e.g. dashed line, a") stained for specific transcription factors (green, p63 for basal cells and
FOXJ1 for multiciliated cells), cilia (red, Arl13b) and DNA (blue, dapi). Arrowheads indicate cilia (either primary or motile). Scale bar, 5 pm. Adapted from [184].
(b) Coronal sections of the lateral wall of enhanced green fluorescent protein (eGFP) (Z/EG) mice infected with Cre adenovirus at birth on the ventrolateral striatum
to promote GFP expression in radial glial cells having their long processes in this region. (b) By P2, only radial glial progenitors (e.g. dashed line) are visible on the lateral
wall. Cell bodies appear to undergo interkinetic nuclear migration (arrow). (b”) By P30, multiciliated cells at the surface of the lateral ventricle are stained throughout
their cell bodies, including their cilia (arrowhead). Scale bars, 25 and 5 um. Adapted from [185]. (Panel (a) is reproduced with permission of the ERS 2026 [184]).

Xenopus epidermis and mammalian brain ventricular systems, the three principal model systems used for studying multiciliated
differentiation. Figure 4 illustrates the drastic morphological changes observed between progenitor cells and multiciliated cells
in the airway and brain ventricles.

The respiratory epithelium originates from the foregut endoderm and undergoes branching morphogenesis through reciprocal
signalling between the epithelium and mesenchyme [186]. The lumen of developing airways is filled with fluid, and the pressure
exerted by this fluid contributes to airway branching and tubulogenesis. Tissue tension and expanding mesenchyme are also
essential for branching morphogenesis. Within this framework, the pseudostratified airway epithelium differentiates from multi-
potent progenitors.

Basal cells, marked by p63, act as progenitor cells and give rise to multiciliated and secretory cells (goblet and club cells) [17].
Secretory lineage, which secretes mucus, generally emerges before multiciliated cell lineage [187-189]. After birth, the airway ep-
ithelium further differentiates in response to environmental cues, including those involved in gas exchange [186]. Cell homeostasis
is maintained throughout life [190]. Further differentiation of basal cells is also observed following injury [184,190]. Underlying
tissues, like smooth muscle or interstitial fibroblasts, support the regulation of this regenerative airway epithelium [186].

Thus, throughout development and adult life, the airway epithelium experiences multiple mechanical forces: tensile and com-
pressive forces from tissue growth and morphogenetic expansion, osmotic and hydrostatic forces from fluid secretion and mucus
production, stretch and deformation associated with breathing and airway expansion.

During epiboly, cells from the inner and outer layers spread and intercalate to form a thin bi-layered epithelium [191]. Some
inner cells then differentiate into basal precursors that give rise to multiciliated cells, ionocytes and small secretory cells (stages
12-14), while outer cells acquire goblet cell characteristics. The intercalation of differentiating basal precursors into the upper layer
is time-dependent, beginning with multiciliated cells, then ionocytes and finally small secretory cells (stage 16-35) [192,193]. It
relies on cytoskeletal dynamics and calcium bursts [148,194-197].

Cells change shape during the differentiation processes [153]. Multiciliated progenitors are already specified in the lower layer
before or at the onset of intercalation, as evidenced by alpha-tubulin expression [39]. However, the timing of centriole amplification
relative to intercalation remains unclear, and a second wave of centriole amplification may occur during apical extension [25].
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Multiciliated progenitors in the Xenopus epidermis are exposed to tensile and compressive forces inherent to morphogenetic [ 9 |
movements and tissue rearrangements during intercalation.

5.3. Mammalian brain ventricle morphogenesis

Mechanical forces influence brain development, including neural crest migration, neural progenitor proliferation and differenti-
ation into neurons or oligodendrocytes (for review, see [198]).

The brain ventricular system is located in the lumen of the neural tube and is initially filled with amniotic fluid that is progres-
sively replaced by the CSF [199]. CSF production transitions from the neuroepithelium itself to the embryonic vasculature and
choroid plexuses [200]. CSF exerts hydrostatic pressure on ventricular walls, influencing tissue deformation and growth during
development [201]. Following neural tube closure, the ventricular system expands and regionalizes into the lateral ventricles, the
third ventricle, the cerebral aqueducts and the fourth ventricle. This process is driven by the proliferation of neuroepithelial and
radial glial cells [202]. These proliferative events generate mechanical forces contributing to shaping the ventricular architecture.
The ventricular system continues to mature post-natally with the emergence of ependymal multiciliated cells. An increase in cell
apical surface that is not contributed by cell division [185] generates tensile forces. This size increase is dependent on the mTOR
pathway. Notably, blocking or overactivating mTOR respectively inhibits or enhances multiciliated differentiation [203]. Putative
mTOR candidates in the brain are RBL1, ROCK1 [203] or TFEB [65,204,205].

Thus, during ependymal multiciliated cell differentiation, progenitors experience tensile and compressive forces from mTOR-
dependent tissue expansion and fluid pressure.
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6. Conclusion and perspectives

In all three models, significant mechanical forces accompany multiciliated differentiation. These include tensile, compressive,
hydrostatic and shear forces. Mechanical forces appear to function as permissive and modulatory inputs, potentially licensing
the initiation of multiciliogenesis, defining its developmental timing and scaling centriole number. A major challenge for the field
is to determine how these mechanical cues are sensed and integrated with lineage-specific transcription factors and cell cycle
regulators.

For example, does the YAP/WWTR1 pathway control Notch inhibition at the specification stages? What are the targets of this
YAP pathway during differentiation in the airway, and is it conserved in other multiciliated cells? How does nuclear deformation
induce the variant cell cycle, through YAP/WWTR1 or by altering chromatin organization and the expression of relevant genes?
If so, what are the targets?

We could also check whether the mTOR-reported role in apical size extension is conserved beyond brain ventricles, and how
this mTOR pathway is induced, and whether and how it controls the underlying nuclear deformation.

Addressing these questions will require approaches that combine developmental genetics with quantitative biomechanics and
live imaging. Such efforts promise to uncover fundamental principles linking tissue mechanics to cell fate and may provide new
insights into diseases associated with defective multiciliation.
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