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ABSTRACT

ABSTRACT

Multiple motile cilia are present on specialized epithelial cells lining the airways,
reproductive ducts, and brain ventricles. Cilia beating contributes to fluid movement and
particle transport along the multiciliated surfaces. Dysfunction of motile cilia leads to
ciliopathies such as primary ciliary dyskinesia, which is mainly characterized by respiratory
infections, infertility, and - in rare cases - hydrocephalus. Due to the diverse vital functions
of matile cilia, multiciliogenesis must be tightly controlled at both the transcriptional and
post-transcriptional level. We recently identified the tumor suppressor and transcription
factor TAp73 as a central regulator of airway multiciliogenesis by activating the transcription
of several different pro-ciliogenic factors.

Here, we show that TAp73 elicits its pro-ciliogenic function not only in the airways but also
in other multiciliated tissues, albeit to different extents. Depletion of TAp73 results in a
profound loss of motile cilia accompanied by diminished expression of several pro-ciliogenic
factors including Foxjl, Rfx2, Rfx3, and axonemal dyneins Dnail and Dnalil in the murine
male and female reproductive tracts. As male and female TAp73 KO mice are infertile, we
propose that defective multiciliogenesis in these mice contributes to the infertility phenotype
by preventing proper gamete and zygote transport. Interestingly, multiciliated cells of the
brain ventricles of TAp73 KO mice maintain their multiciliogenesis program by upregulating
two well-established drivers of multiciliogenesis, namely E2F4 and miR449. Consistently,
mice depleted for both TAp73 and miR449 display defective brain multiciliogenesis as these
mice possess less and shorter motile cilia in the choroid plexus, which might contribute to
the observed hydrocephalus in these mice. In summary, our data show that the role of
TAp73 in multiciliogenesis is tissue-dependent and the interplay between transcriptional
and post-transcriptional regulators ensures the development of functional motile cilia.

As we have demonstrated that miR449 is involved in brain multiciliogenesis, we next aimed
to evaluate the role of miR449 in another multiciliated tissue, namely the airways.
Coordinated beating of airway cilia contributes to mucociliary clearance, thereby facilitating
airway defense and ensuring proper respiratory function. Moreover, multiciliated cells also
participate in bronchial epithelial regeneration, a process which is impaired in patients with
chronic obstructive pulmonary disease (COPD) in addition to a defective mucociliary
clearance. Here, for the first time, we report a link between cilia-related genes and miR449
in COPD patients using genome-wide transcriptome analysis. Since miR449 is strongly
upregulated during mucociliary differentiation and bronchial epithelial regeneration, miR449
depletion in mice results in an impaired ciliated epithelial regeneration upon exposure to
various damaging challenges. This shows that miR449 is an important contributor to
mucociliary regeneration and it does so by targeting Aurora kinase A (AURKA), a key player
in the ciliary disassembly pathway. Consequently, deficiency of miR449 in mice increases

AURKA levels, reduces airway cilia upon challenge and mucociliary clearance, which

a1



ABSTRACT

thereby triggers spontaneous emphysematous manifestations of COPD. Thus, our study
provides a connection between miR449, defective cilia maintenance, and COPD
development.

Altogether, our study shows that miRNAs and tumor suppressors form a gene regulatory
network to protect multiciliogenesis in different organs, thereby preventing the onset of

diseases.



1. INTRODUCTION

1.INTRODUCTION

1.1 Cilia

1.1.1 Cilia classification and structure

Cilia are highly conserved, microtubule-based surface organelles with important mechanical
and sensory functions. In vertebrates, cilia are present in diverse cell types and tissues with
varying length, motility, and number per cell. A common structural property observed in all
types of cilia includes a ring-shaped core consisting of alpha (a)- and beta (3)-microtubule
dimers arranged in a nine-fold symmetry that defines the ciliary axoneme (Figure 1a and b)
(Satir and Christensen, 2007b). Several post-translational modifications, including
acetylation of a-tubules, occur on the axoneme, and influence the stability of the cilia (Wloga
etal., 2017). The axoneme is nucleated by a specialized centriole composed of microtubule
triplets called basal body (BB) (Figure 1a).

a Cilium b Axonemal cross-sections
I Motile cilium Primary cilium
Ciliary tip
9+2 9+0
Ciliary
membrane Microtubule doublet

Outer dynein arm

Inner dynei

Plasma 2

membrane

Daughter_b

centriole ' ——Basal body/ Radial spoke Ciliary membrane
Mother centriole

Striated rootlet=——— Central microtubule pair

Figure 1:  Structure of motile and primary cilia.

a) Schematic representation of the core structures of motile and primary cilia. The BB with its appendages
nucleates the ciliary axoneme that consists of microtubules. b) Axonemal cross-sections from a motile (left)
and primary (right) cilium. A motile cilium consists of a 9+2 microtubule structure to which several motility-
related protein complexes are attached. A primary cilium lacks the accessory structures necessary for cilia
motility as well as the central pair and thus, comprises a 9+0 microtubule arrangement. Adapted from
(Ishikawa and Marshall, 2011).

The ciliary BB displays several appendages as mentioned below.
1) Ciliary rootlets - connect the BB to the nucleus of the cell and provide structural support
for the cilium.
2) Transition fibers - anchor the BB to the membrane and act as a docking platform for

ciliary proteins prior to their import into the ciliary compartment (Kobayashi and Dynlacht,
2011).
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3) Basal feet - are associated with cytoplasmic microtubules and are necessary for the
polarized alignment of BBs required for motile cilia beating (Kunimoto et al., 2012; Garcia
and Reiter, 2016).
Additional ciliary sub compartments are the ciliary tip, the ciliary plasma membrane, and the
transition zone (Figure 1a). The latter is characterized by Y-shaped linkers connecting the
outer axonemal microtubule doublets to the ciliary membrane, thereby forming a gate that
controls ciliary protein passage into the cilium (Kobayashi and Dynlacht, 2011).
Cilia can be classified into primary and motile cilia depending on their ability to move. Single,
immotile primary cilia are generated by almost all mammalian cell types, whereas only some
specialized epithelial cells lining the airways, reproductive ducts, and brain ventricles form
multiple motile cilia per cell (Satir and Christensen, 2007b). Moatile cilia and their function in
different organs are described in more detail in the following sections, as they represent the
main topic of this thesis.

1.1.2 Motile cilium

Depending on the organ, multiciliated cells (MCCs) assemble up to 300 motile cilia, which
beat rhythmically to facilitate fluid, gamete, and zygote transport (Satir and Christensen,
2007b). Planar cell polarity orients the BBs of matile cilia in each MCC and within the tissue,
thereby allowing a rhythmic unidirectional beating. Parallel alignment of multiple BBs within
each MCC and across the tissue are defined as rotational planar polarity and tissue-level
planar polarity, respectively. In MCCs of the airways and reproductive ducts, BBs cover the
entire apical cell surface. However, in the ventricles of the brain, cilia are clustered at one
side of the apical area, a feature termed translational polarity (Wallingford, 2010).

Motile cilia consist of two central single microtubules called the central pair, which is
surrounded by an outer ring composed of nine peripheral microtubule doublets (termed 9+2
structure) (Figure 1b). The 9+2 arrangement of microtubules also defines the core of a
flagellum, which is present for example on sperm cells. In most cases, flagellated cells
possess a single motile monocilium required for their movement (Satir and Christensen,
2007b). Several accessory structures are attached to the outer microtubule doublets
including nexin links, radial spokes, nexin-dynein-regulator complexes, and inner and outer
dynein arms (IDAs and ODAs respectively). These structures operate in unison to ensure
cilia motility. Axonemal dynein arms anchored to the a-tubule are large ATP-dependent
multiprotein complexes that move along the length of the B-tubule towards the minus end
of the axoneme (anchored in the BB), which results in microtubule sliding. Due to the
unidirectional movement of the dyneins, their activity is switched on only on one side of the
axoneme to induce microtubule sliding in one direction, while the dynein arms of the other
half are inactive and only become active during the recovery stroke into the opposite

direction. Thus, the activity of the dynein motors must be tightly regulated to generate an
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efficient ciliary beat. This regulation is achieved by other microtubule-associated structures,
namely the radial spokes and nexin-dynein-regulator complexes, which receive signals from
the central pair apparatus and subsequently transmit these to both dynein arms (Satir et al.,
2014). Thus, loss of function of one or more proteins of this complex network disrupts the
motility of cilia and triggers the onset of diseases in many different organ systems as
described in section 1.4 (Fliegauf et al., 2007).

1.1.3 Primary cilium

Primary cilia are composed of a 9+0 microtubule structural arrangement in comparison to
the 9+2 arrangement observed in motile cilia. Primary cilia lack the central pair and other
key protein complexes that are necessary for cilia motility (Figure 1b). Besides their sensory
function in detecting mechanical and chemical stimuli, primary cilia coordinate multiple
signaling pathways that play an important role during development and tissue homeostasis.
Typically, primary cilia are solitary. However, clusters of multiple immotile primary cilia are

found on some sensory cells such as the olfactory cells (Satir and Christensen, 2007b).

1.2 Location and function of motile cilia in diverse
tissues

Motile cilia are found in the respiratory tract, male and female reproductive system, as well
as in the ventricles of the brain. Location and function of MCCs in these diverse tissues are

discussed below.

1.2.1 Respiratory tract

The respiratory system is divided into the upper and lower respiratory tract. The nasal cavity,
pharynx, and larynx are part of the upper airway tract, whereas the trachea, bronchial tree,
and lungs belong to the lower airways. The trachea divides into two primary bronchi, each
leading into a lung, where they branch into smaller bronchi. As bronchi become narrower,
they are considered as bronchioles, which terminate into alveoli that are responsible for gas
exchange. The respiratory tract is lined with an epithelium that changes its cellular

composition along the proximal to distal axis (Figure 2a).
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Figure 2: Cellular composition of the murine airway epithelium.

a) The cellular composition of the airway epithelium differs along the proximal-distal axis. The epithelium of
the conducting airways mainly consists of basal, club, and ciliated cells. Rare cell types are goblet, brush,
ionocyte, and neuroendocrine cells. Notice that further down the bronchial tree, basal cells are absent in the
murine lung. b) Airway epithelial cells can regenerate the respiratory epithelium under homeostatic
conditions. Basal cells have the capacity of self-renewal and differentiate into all different kinds of airway
epithelial cells. Hence, basal cells are the stem cells of the large airways. Progenitor cells of the small airways
are club cells, which can transdifferentiate into ciliated and goblet cells. Adapted from (Rackley and Stripp,
2012; Schilders et al., 2016; Montoro et al., 2018).

The trachea and bronchi are covered by a pseudostratified columnar epithelium composed
of a variety of cell types, which mainly include basal, ciliated, and non-ciliated secretory
cells (club cells). In contrast, smaller airways are predominantly comprised of ciliated and
club cells that form the columnar epithelium (Rackley and Stripp, 2012). Moreover the
conducting airways are composed of goblet, brush, ionocyte, hillock (not shown in Figure
2), and neuroendocrine cells, which are quite rare cell type populations (Montoro et al.,
2018). Additionally, the alveolar epithelium contains alveolar type | and Il cells
(pneumocytes).

In general, these various cell types are found in human and mouse airways; however, the

distribution differs slightly between these two species. Basal cells are restricted to the
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tracheal region in mice, whereas in humans, they are found throughout the epithelium with
their amount declining with airway size (Rackley and Stripp, 2012).

Arrangement of the individual lung lobes is another pivotal difference between the human
and mouse respiratory tract. The human lung is segmented into three lobes on the right und
two lobes on the left, while the murine lung consists of four right lobes and a single left lobe
(Fox et al., 2006).

All cells of the respiratory epithelium function together to protect against the entry of foreign
pathogens or particles by not only acting as a physical barrier and mucociliary escalator but
also by contributing to the innate immune response. The innate immune response of the
respiratory epithelium is achieved by the secretion of soluble factors such as cytokines and
chemokines by airway epithelial cells. These inflammatory mediators recruit immune cells
and thereby activating the innate and adaptive immunity. Thus, the airway epithelium
contributes directly to the host defense. Due to the constant exposure of airways to external
stimuli, it is important that the airway epithelium is renewed upon injury to restore its
functions (Tam et al., 2011).

1.2.1.1 Respiratory epithelial cells and their function

The various respiratory epithelial cells including basal, club, multiciliated, goblet,
neuroendocrine, brush, ionocyte, and hillock cells are vital for maintaining airway
homeostasis and regeneration (Rackley and Stripp, 2012; Montoro et al., 2018; Plasschaert
et al., 2018).

Basal cells

Basal cells are a population of undifferentiated progenitor cells that cover the basement
membrane without being exposed to the airway lumen. These progenitor cells are
considered to be the stem cells of the airways due to their ability to differentiate into all the
distinct cell types that form the respiratory epithelium (Figure 2b). Hence, basal cells
contribute to the homeostasis and repair of the large airways of the epithelium due to their
predominant expression there. In contrast, in the lower respiratory tract, club cells are the

main progenitor cells (Rackley and Stripp, 2012).

Club cells

Club cells are predominantly found in the small airways. They can proliferate and
differentiate into ciliated and goblet cells (Figure 2b). Apart from their role as progenitor
cells, club cells secrete proteins such as the club cell 10 kDa protein (CC10) (Hiemstra and
Bourdin, 2014) and surfactant proteins (SP-A, SP-B, and SP-D) into the fluid lining the
respiratory bronchioles (Han and Mallampalli, 2015). Surfactant proteins are essential for

lowering the surface tension at the alveolar and bronchiolar air-liquid interface (ALI) (SP-B,
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SP-C), but also contribute to the host defense (SP-A, SP-D) (Han and Mallampalli, 2015).
Furthermore, club cells are the only cell type of the respiratory epithelium that express P450
monooxygenases necessary for the detoxification of substances, including the polycystic

aromatic hydrocarbon naphthalene (described in section 1.5.1.1) (Tam et al., 2011).

Multiciliated cells

MCCs are situated in the epithelium of the small and large airways and arise from club cells
and basal cells respectively (Tam et al., 2011; Montoro et al., 2018). Under homeostatic
condition, MCCs are differentiated columnar cells. However, ciliated cells can
transdifferentiate into goblet cells during inflammatory processes as ciliated/goblet cell
transdifferentiation is mediated by inflammatory cytokines (Tyner et al., 2006; Gomperts et
al., 2007; Turner et al., 2011).

The coordinated beating of multiple motile cilia on MCCs contributes to the mucociliary
clearance by transporting pathogens or particles trapped in the mucus out of the airways
(Tam et al., 2011). Consequently, defective motile cilia trigger the onset of airway diseases
such as primary ciliary dyskinesia (PCD) and reduced generation of multiple motile cilia,
which is another mucociliary clearance disorder (Boon et al., 2014; Wallmeier et al., 2014).
Moreover, dysfunctions of motile cilia are also involved in the pathogenesis of acquired
airway diseases such as chronic rhinosinusitis, chronic bronchitis, and chronic obstructive
pulmonary disease (COPD) (Tilley et al., 2015) (described in section 1.4).

Efficient mucaociliary clearance depends not only on the movement of motile cilia but also
on the amount and viscoelasticity of the periciliary layer and the overlying mucus. The
periciliary layer surrounds motile cilia, supports coordinated cilia movement, and serves as
a barrier between the mucus trapped particles and the cell surface. Impairment of the
periciliary layer (e.g. by dehydration) results in the collapse of the mucus layer, which in turn
leads to defective mucociliary clearance as observed in cystic fibrosis (described in section
1.2.1.1). The mucus layer is mainly composed of glycoproteins, which are secreted by

goblet cells and submucosal glands (Bustamante-Marin and Ostrowski, 2017).

Goblet cells

Goblet cells are present only in small numbers in the conducting airways and help in
regulating mucus production. In response to inflammatory signals (e.g. cytokines) the
number of goblet cells increase (metaplasia, hyperplasia), which results in hypersecretion
of mucus that in turn triggers airway obstruction associated with chronic airway diseases

such as chronic bronchitis (Rackley and Stripp, 2012).
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Neuroendocrine cells

Pulmonary neuroendocrine cells are present throughout the respiratory epithelium and are
commonly found at innervated airway branch points, where they often form clusters, which
are termed neuroepithelial bodies (Rackley and Stripp, 2012). Neuroendocrine cells
possess neuro-immunomodulatory functions and are required for allergen-induced
responses (Sui et al., 2018). Increased numbers of neuroendocrine cells have been found
in diseases associated with chronic inflammation such as COPD (Gu et al.,, 2014).
Moreover, the microenvironment of the neuroepithelial body functions in maintaining
progenitor cells capable of epithelial regeneration after injury for example by naphthalene
(described in section 1.5.1.1) (Reynolds et al., 2000).

Brush cells
Brush cells (also called tuft cells) are characterized by the presence of microvilli (Reid et
al., 2005). They have been less intensively studied. Until now, it has been shown that brush
cells line the entire airway and alveolar epithelium (Reid et al., 2005) and act as epithelial
chemosensors by detecting irritants via the canonical taste transduction cascade (Krasteva
et al., 2011).

lonocyte and hillock cells

Recently, two new cell types of the respiratory epithelium have been identified, named
ionocytes and hillocks (Montoro et al., 2018; Plasschaert et al., 2018). lonocytes represent
a rare population of pulmonary cells that function in fluid regulation at the airway surface
due to their high expression of the chloride channel called cystic fibrosis transmembrane
conductance regulator (CFTR) (Montoro et al., 2018; Plasschaert et al., 2018). Mutation in
CFTR gene are associated with the pathophysiology of cystic fibrosis. Cystic fibrosis is a
multiorgan disease, which is characterized amongst other things by chronic airway
infections. Dysfunction of CFTR leads to several changes in the airways, including
dehydration and acidification (Boucher, 2007; Shah et al., 2016). Dehydration of the airway
surface fluid caused by an increased fluid absorption into the cell is accompanied by a series
of consecutive events, including collapse of the periciliary fluid layer, increased mucus
viscosity, and impaired mucociliary clearance (Boucher, 2007).

The second newly identified cell type is the hillock cell, which is characterized by a high
cellular turnover that is linked to immunomodulation and barrier function (Montoro et al.,
2018).
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1.2.2 Male reproductive tract

The male reproductive system consists of the penis, epididymides, and testes. The last two
organs are connected by the efferent ducts (EDs) that are lined by MCCs (llio & Hess, 1994)
(Figure 3).

deferens

Production of Storage of
spermatozoa spermatozoa

Figure 3: Schematic representation of the male reproductive system.

The male reproductive tract consists of the testis, ED (red arrow), epididymis, and penis (not shown).
Spermatozoa produced in the testis are transported via the EDs to the epididymis where they further mature
and are stored until ejaculation. EDs highlighted in green contain MCCs, which are involved in the transport
of spermatozoa. Adapted from (Wildung et al., 2018).

The testis is made up of seminiferous tubules, which are lined by a germinal epithelium
consisting of multiple layers of varying cell types, including Sertoli cells and cells of the
spermatogenic cell lineage. The process by which functional spermatozoa are produced
within the germinal epithelium is referred to as spermatogenesis. Spermatogenesis
comprises several successive developmental stages including the formation of
spermatogonial germ cells, spermatocytes, spermatids, and spermatozoa via mitotic and
meiotic divisions. During the last developmental step, morphological changes occur
resulting in the formation of a flagellum on the spermatozoa. The nutritional and structural
support from the Sertoli cells help in the development of spermatozoa. Hence, these Sertoli
cells are also known as nurse cells. Sertoli cells in turn are regulated by testosterone
secreting Leydig cells, which are located in the interstitial tissue of the testis (Cooke and
Saunders, 2002). A transcription factor, which is expressed in germ cells (Hamer et al.,
2001; Holembowski et al., 2014; Inoue et al., 2014) and interferes with spermatogenesis, is
TAp73. Briefly, TAp73 is required for spermatogonia maintenance, spermatid maturation,
and germ cell adhesion to Sertoli cells (Holembowski et al., 2014; Inoue et al., 2014)
(described in section 1.3.4.2.2).
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Following spermatogenesis, the resulting spermatozoa, which are not yet motile, are
transported from the testis to the epididymis via the EDs (Tulsiani and Abou-Haila, 2012).
EDs are composed of a pseudostratified columnar epithelium containing ciliated, non-
ciliated, and basal cells. The epithelium of the EDs is surrounded by layers of connective
tissues and smooth muscles. The contraction of the smooth muscles is required for efficient
transport of the spermatozoa along this conduit (Hess, 2002). Furthermore, EDs are
involved in testicular fluid reabsorption, which is essential for spermatozoa concentration.
Fluid reabsorption might be facilitated by the beating of multiple motile cilia resulting in the
distribution of the luminal content. Thus, MCCs in the EDs are required for proper
spermatogenesis and male fertility. Of note, motile cilia of the EDs possess a rotational
beating pattern and thus, might be unable to push the spermatozoa towards the epididymis
(Hess, 2015). In contrast, motile cilia of the airways, fallopian tubes (FTs), and brain
ventricles are involved in the coordinated transport of substances towards one direction
(Spassky and Meunier, 2017).

After passing the EDs, spermatozoa undergo further maturation as they travel through the
epididymis yielding motile spermatozoa, which are stored in the cauda epididymis until
ejaculation. Once in the female reproductive tract, these spermatozoa undergo capacitation,
a process that creates a fully functional spermatozoa, which can fertilize an oocyte (Tulsiani
and Abou-Haila, 2012).

1.2.3 Female reproductive tract

The female reproductive tract includes the vagina, uterus, FT, and the ovary (Figure 4). The
ovary releases the oocyte into the abdominal cavity, where it is caught by the ciliated finger-
like fimbriae that extend from the FT. The FT is lined by a pseudostratified epithelium that
is mainly composed of secretory and ciliated cells. The beating of multiple motile cilia along
with smooth muscle contraction is responsible for the transport of the oocyte and the zygote
(fertilized oocyte) along the FT towards the uterus where implantation occurs. Since
impairment of smooth muscle contraction did not affect the velocity of oocyte movement,
ciliary activity seems to be the main driving force for tubal transport. Hence, ciliary function

is necessary for female fertility (Ezzati et al., 2014).
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Figure 4: Scheme of the female reproductive system.

The oocyte released from the ovary is caught by the fimbriae (red arrow) and transported along the FT
towards the uterus, where implantation of the zygote takes place. The transport along the FT is achieved by
coordinated cilia beating. Regions containing MCCs are highlighted in green. Adapted from (Wildung et al.,
2018).

1.2.4 Ventricular system of the brain

The ventricular system of the brain consists of four interconnected ventricles: two lateral
ventricles merging into the third ventricle, which is connected to the fourth ventricle by the
cerebral aqueduct (Figure 5). The fourth ventricle lies in the brain stem and continues to the
central canal of the spinal cord. The ventricular system as well as the central canal are
covered by a single-layered epithelium consisting of ependymal cells (Jiménez et al., 2014).
Ependymal cells are derived from radial glial cells and postnatally develop multiple motile
9+2 cilia (Spassky et al., 2005). In contrast to the airways and reproductive ducts where
MCCs are frequently regenerated, the brain MCCs are produced only once during
embryonic development and their regenerative capacity after injury is quite low (Spassky et
al., 2005; Kuo et al.,, 2006; Luo et al., 2015). Coordinated beating of ependymal cilia
contributes to the circulation of the cerebrospinal fluid, which is important for the removal of
harmful substances as well as distribution of nutrients within the ventricular system. The
cerebrospinal fluid is secreted by epithelial cells of the choroid plexus (CP), which protrudes
into the brain ventricles (Jiménez et al., 2014). The CP epithelial cells contain specialized
cilia, which display motility around the perinatal period but then shifts to the non-motile 9+0
cilia (Narita and Takeda, 2015).

Impairment of the cerebrospinal fluid flow, production, or absorption, but also obstructions
in the ventricular system leads to the accumulation of cerebrospinal fluid, resulting in the
development of hydrocephalus that is characterized by dilated ventricles. As efficient cilia

beating is required for the circulation of the cerebrospinal fluid, defects in cilia motility can

-12 -



1. INTRODUCTION

cause hydrocephalus. Thus, hydrocephalus is commonly observed in mouse models of
PCD, whereas it is rare among humans with PCD (Lee, 2013). The brain morphology of
mice with a longer and narrower aqueduct compared to humans, may explain the increased
vulnerability for the development of hydrocephalus in mice with ciliary defects (Ibafiez-
Tallon et al., 2002; Ibanez-Tallon, 2004).

Cerebrospinal fluid  Lateral ventricle
Aqueduct

Olfactory
bulb

3rd ventricle 4th ventricle

Figure 5: Sagittal view of the ventricular system of the murine brain.

The ventricular system consists of two lateral ventricles, the 3rd ventricle, the 4th ventricle, and the aqueduct
(red arrows), that are lined by multiciliated ependymal cells (green). MCCs are responsible for circulation of
the cerebrospinal fluid (blue) produced by multiciliated CP epithelial cells (yellow). Adapted from (Wildung et
al., 2018).

1.3 Regulation of multiciliogenesis - from centrioles to
cilia

Multiciliogenesis is the process of the formation of multiple motile cilia that is precisely
regulated at the transcriptional and post-transcriptional level. However, the complexity of
this regulatory network is not fully understood yet. Briefly, the onset of multiciliogenesis
requires the exit of the cells from the cell cycle to free the centrioles and allow for their
multiplication. Upon multiplication, the centrioles are modified and migrate to the apical site
of the membrane to become BBs that nucleate the ciliary axoneme. The subsequent
elongation of the axoneme requires the transport of ciliary proteins from the cytoplasm to
the ciliary tip, which is achieved by the intraflagellar transport (IFT) (Spassky and Meunier,
2017). IFT is not only responsible for the ciliary assembly but also for the disassembly by
transporting cargos back into the cytoplasm. Upon ciliary disassembly, BBs are freed and
converted to centrioles, thus allowing the cells to re-enter the cell cycle (Ishikawa and
Marshall, 2011). The different steps involved in multiciliogenesis and their regulation are

described below in more detail.

1.3.1 Centriole/basal body biogenesis

To nucleate multiple motile cilia, biogenesis of many centrioles/BBs is required. Centriole
expansion occurs via a poorly understood de novo pathway, also known as the
deuterosome dependent pathway (acentriolar pathway). In this pathway, electron dense

granules called deuterosomes serve as a platform for centriole nucleation. In contrast,
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formation of primary monaocilia requires the production of only one BB via the mother
centriole dependent pathway (centriolar pathway) (Dawe et al., 2007). In BBs as well as in
centrosomes, centrioles serve as microtubule-organizing platforms to enable the formation
of cilia and mitotic spindles, respectively. These two mutually exclusive functions of
centrioles require a precise regulation achieved by centriolar modifications yielding different
accessory structures (Avidor-Reiss and Gopalakrishnan, 2013).

One crucial modification during BB conversion from centrioles is the removal of the
centriolar coiled-coil protein 110 kDa (CP110) from the distal end of the mother centriole.
Thus, CP110 acts as a suppressor of primary and motile cilia assembly (Tsang and
Dynlacht, 2013; Song et al., 2014). However, it has been shown that CP110 also localizes
to cilia-forming BBs and rootlets, where it is involved in the formation of the ciliary adhesion
complex required for correct BB anchorage. Thus, besides being a repressor of ciliogenesis
at early steps, at later ciliogenic events CP110 promotes ciliogenesis (Walentek et al., 2016;
Yadav et al., 2016). Due to these two opposing roles of CP110 in ciliogenesis, its levels
must be tightly and timely regulated, for instance by microRNAs (miRNAs, miRs) of the miR-
34/449 family (Song et al., 2014) (described in section 1.3.5.2).

Following expansion and modification, centrioles migrate towards the apical cell surface,
where they dock to become BBs. The process of centriole migration is not fully resolved.
However, evidence indicate that the cytoskeleton with its actin-myosin network facilitates
this migration (Dawe et al., 2007). The subsequent anchorage of the BB to the plasma
membrane is promoted by the formation of a dense cortical actin meshwork (Avasthi and
Marshall, 2012). Apical actin formation is facilitated by members of the miR-34/449 family,
which repress the small guanosine triphosphate hydrolyzing enzyme (GTPase) R-RAS
(Chevalier et al., 2015). Upon proper BB docking, ciliary axoneme extension occurs (Avasthi
and Marshall, 2012).

1.3.2 Ciliary assembly is mediated by intraflagellar transport

The assembly of the axoneme depends on the transport of proteins from the cytoplasm to
the ciliary tip, since cilia cannot produce its own proteins owing to the lack of ribosomes.
The cargo transport along the axoneme requires IFT. IFT is a bidirectional, molecular motor-
driven process that is mediated by two multiprotein complexes termed IFT-A and IFT-B
(Figure 28c). These two IFT particles connect the cargos to different microtubule-based
molecular motors. The molecular motor for the transport of cargos bound to IFT-B patrticles
to the ciliary tip (anterograde) is powered by kinesin-2 motors. Once the ciliary axoneme is
established, it remains highly dynamic at steady state. The dynamic state occurs due to the
constant removal and synthesis of ciliary proteins including the a-and B-tubules. Ciliary
turnover products are returned to the ciliary base by IFT-A particles that are driven by

dynein-2 motors (retrograde). Thus, the IFT system regulates ciliary assembly and turnover,
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which thereby helps to determine the length of the cilia at steady state (Ishikawa and

Marshall, 2011). Therefore, IFT is required for the maintenance of functional cilia.

1.3.3 Ciliary disassembly

Ciliary disassembly is a pre-requisite for cell cycle re-entry and hence occurs prior to cell
proliferation. As cells represent a convenient model system to study primary cilia assembly
and disassembly in a controlled manner, a large volume of work has been carried out using
cell culture systems. The assembly of primary cilia in vitro can be induced by serum
starvation and subsequent disassembly through the addition of serum or growth factors,
which activate Aurora kinase A (AURKA) at the BB (Goto et al.,, 2013; Sanchez and
Dynlacht, 2016). AURKA induces ciliary disassembly, at least in part, through the activation
of histone deacetylase 6 (HDACG6) by phosphorylation (Figure 6).

Growth factor

Cytoplasm

Figure 6: Model illustrating primary cilia disassembly.

Upon growth factor stimulation, the Ca2+/calmodulin (CaM) complex together with Pitchfork (PIFO) and
human enhancer of filamentation 1 (HEF1) activate AURKA, which in turn activate HDAC6. HDAC6 promotes
deacetylation of axonemal tubulins, thereby triggering ciliary disassembly. In addition, the voltage-gated
potassium channel Kv10.1 induces primary cilia disassembly (Sénchez et al., 2016). Adapted from (Goto et
al., 2013).

Briefly, growth factor stimulation and inflammatory signals trigger the release of calcium
from the extracellular space and/or endoplasmic reticulum into the cytoplasm (Plotnikova et
al., 2012; Zhang et al., 2014). The intracellular calcium in turn, binds to calmodulin (CaM),
which then jointly activate a cascade of proteins driving ciliary disassembly. The first protein
in this cascade is AURKA, which gets activated by autophosphorylation at Thr288 upon
Ca?*/CaM binding (Pan et al., 2004; Plotnikova et al., 2012). However, this activation of
AURKA is only transient. Hence, additional stimulation is required, which is achieved by the
binding of human enhancer of filamentation 1 (HEF1) and Pitchfork (PIFO) to AURKA
(Pugacheva et al., 2007; Kinzel et al., 2010). At the next step, the elevated catalytic activity
of AURKA induces the phosphorylation of HDAC6 leading to HDACG6-mediated
deacetylation of axonemal a-tubulins. Deacetylation of a-tubulins destabilizes the ciliary

axoneme and thereby triggers ciliary disassembly (Pugacheva et al., 2007; Ran et al.,
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2015). Not only a-tubulin but also cortactin is a substrate of HDAC6. Deacetylation of
cortactin by HDACS6 triggers its interaction with filamentous F-actin resulting in actin
polymerization, which is another inducer of ciliary disassembly (Ran et al., 2015).

It has also been shown that the potassium voltage-gated channel subfamily H member 1
(Kv10.1, KCNH1) promotes primary cilia disassembly via a not yet identified mechanism.
One proposed mechanism is that Kv10.1 increases K* permeability, which results in a
hyperpolarization of the membrane, which in turn triggers Ca?* entry into the cell leading to
AURKA ativation (Sanchez et al., 2016).

Breakdown products arising during axoneme disassembly are tagged by the ubiquitin
system and are recognized by the retrograde IFT trains. This allows their transport back
into the cytoplasm (Huang et al., 2009a). The fate of ubiquitinated ciliary proteins is not yet
fully understood. One study hypothesizes that these proteins will be reused to build a new
cilium (Huang et al., 2009a). Another study showed that HDACG6 binds to these ubiquitinated
ciliary breakdown products and delivers them to autophagolysosomes, where they are
degraded or recycled (Kawaguchi et al., 2003; Lam et al., 2013).

After AURKA/HDACG6-mediated primary cilia resorption and subsequent cell cycle re-entry,
repression of cilia regeneration is required during cell cycle progression. This inhibition is
also mediated by AURKA, which then localizes to the centrioles, where it is activated by the
trichoplein-nuclear distribution element-like 1 pathway (Inoko et al., 2012; Inaba et al.,
2016).

So far, most studies have investigated the regulation of the disassembly of primary cilia
(Goto et al., 2013; Liang et al., 2016). Thus, little is known about the mechanisms triggering
motile cilia disassembly except one study conducted by Lam and colleagues (Lam et al.,
2013). They describe the shortening of cilia upon CS exposure to be mediated by an
HDACG6-dependent autophagy pathway. In brief, apart from its role as a deacetylase,
HDACSG6 contains a ubiquitin-binding as well as a dynein-interacting domain. The ubiquitin-
binding domain of HDACG6 interacts with ubiquitinated ciliary compounds. The dynein-
interacting domain of HDACG6 interferes with the cytoplasmatic dynein motor proteins,
thereby facilitating the transport of ubiquitinated ciliary proteins via the cytoplasmatic
microtubule network to the aggresomes, where ciliary proteins are degraded upon CS
exposure (Lam et al., 2013). Since CS-mediated repression of the deacetylase Sirtuin-1
(Rajendrasozhan et al., 2008; Yao et al., 2012) inhibits the deacetylase activity of HDAC6
by increasing its acetylation (Liu et al., 2012; Gal et al., 2013; Lam et al., 2013), it is still
likely that HDACG6 can regulate motile cilia disassembly via its deacetylase activity in the

absence of CS.
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1.3.3.1 Cell cycle-associated functions of Aurora family members

In mammals, the Aurora family of serine/threonine kinases consists of AURKA, Aurora B,
and Aurora C. Besides its role in primary cilia disassembly and repression of cilia
regeneration (Pugacheva et al., 2007; Plotnikova et al., 2012), AURKA is a well-known
centrosomal kinase involved in mitosis at different steps. Mitotic functions of AURKA include
the regulation of mitotic entry, centrosome maturation and separation, and bipolar spindle
formation. Although Aurora B shares high similarity with AURKA in protein sequence and
structure, its functions in cell cycle progression differs, most likely due to the recruitment of
other cofactors. The regulation of chromosome-microtubule interactions, chromatid
cohesion, spindle stability, and cytokinesis belong to the functions of Aurora B. The third
Aurora family member is Aurora C, which represents an exception due to its predominant

expression in male gametes, where it is involved in meiosis (Carmena et al., 2009).

1.3.4 Transcriptional regulation of multiciliated cell
differentiation

The decision of a cell to exit the cell cycle and subsequently form a motile cilium is highly
regulated at the transcriptional and post-transcriptional level (Figure 7). The first step
required for the initiation of MCC differentiation is the inhibition of Notch signaling, which
leads to the activation of two master regulators, Geminin coiled-coil domain containing
protein 1 (GEMCL1) and Multiciliate differentiation and DNA synthesis-associated cell cycle
protein (MCIDAS or Multicilin). GEMC1 as well as MCIDAS interact with E2F transcription
factor 4 and 5 (E2F4/5) to activate a regulatory network of downstream effectors.
Downstream effectors targeting the BB biogenesis are Cyclin O (CCNO) and v-myb avian
myeloblastosis viral oncogene homolog (MYB). Later steps such as BB docking, axoneme
assembly, and cilia motility are regulated by forkhead box J1 (FOXJ1) and regulator factor
X2 and X3 (RFX2, RFX3) (Spassky and Meunier, 2017). Recently, we and others identified
TAp73 as a central regulator of airway multiciliogenesis since it induces the expression of
several pro-ciliogenic factors necessary for motile cilia formation (see section 1.3.4.2 and O

for detailed information) (Marshall et al., 2016; Nemajerova et al., 2016).
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Figure 7: Transcriptional and post-transcriptional regulation of multiciliogenesis.
The onset of multiciliogenesis requires the inhibition of Notch signaling. At the transcriptional level, GEMC1
and MCIDAS, both bound to E2F4/5, regulate cell cycle exit, BB biogenesis and docking, and axoneme
assembly by targeting different pro-ciliogenic factors such as CCNO, MYB, FOXJ1, RFX2, and RFX3. At the
post-transcriptional level, the miR-34/449 family members repress cell cycle promoting genes, CP110, and
R-RAS and thereby promoting cell cycle exit, BB biogenesis, and BB docking. Adapted from (Nemajerova
etal., 2016).
1.3.4.1 Master regulators of multiciliogenesis - GEMC1, MCIDAS, and E2Fs
GEMC1 and MCIDAS, together with Geminin, belong to the Geminin superfamily and
represent central regulators of multiciliogenesis (Stubbs et al., 2012; Arbi et al., 2016; Terré
et al., 2016). When bound to E2F4/5, GEMCL1 transcriptionally activates a wide range of
pro-ciliogenic factors regulating BB multiplication (MYB, CCNO) and cilia formation (FOXJ1,
RFX3). Thus, the deficiency of Gemcl in mice causes defects associated with impaired
multiciliogenesis such as male and female infertility, reduced generation of multiple motile
cilia as well as hydrocephalus (Arbi et al., 2016; Kyrousi et al., 2016; Terré et al., 2016).
The second most upstream regulator of multiciliogenesis is MCIDAS, which is sufficient and
necessary to promote multiciliogenesis. Mcidas is flanked in the genome by two other pro-
ciliogenic factors, namely Ccno and Cdc20b (host gene of miR449). Due to the lack of a
DNA-binding domain, MCIDAS elicits its function by acting as a cofactor for E2F4/5 to
induce a similar transcriptional program as GEMCL1 (e.g. TAp73, FOXJ1, RFX2, RFX3, and

MYB) (Stubbs et al., 2012; Boon et al.,, 2014; Chung et al., 2014; Ma et al., 2014,
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Nemajerova et al., 2016). The importance of MCIDAS in regulating multiciliogenesis is
highlighted by the fact that mutations in the MCIDAS gene cause a disease termed reduced
generation of multiple motile cilia in humans (Boon et al., 2014).

Both MCIDAS and GEMC1 form a complex with E2F4/5 to activate transcription of pro-
ciliogenic factors. E2F4/5 belong to the E2F family, which consists of well-known
transcriptional regulators of the cell cycle (Trimarchi and Lees, 2002). While E2F4/5 repress
cell cycle genes and therefore promote cell cycle exit (Trimarchi and Lees, 2002), upon
binding to MCIDAS or GEMC1, E2F4/5 activate the transcription of pro-ciliogenic genes
(Ma et al., 2014). Deficiency of either E2f4 or E2f5 in mice causes defects related to
impaired multiciliogenesis but with distinct phenotypes. E2f4 knockout (KO) mice develop
defects in airway cilia with no hydrocephalus (Danielian et al., 2007), whereas E2f5 KO
mice display hydrocephalus (Lindeman et al., 1998). Neither KO mouse strain is infertile,
possibly due to their redundant functions. Infertility is only triggered by combined loss of
E2f4 and E2f5 due to defective ED cilia (Danielian et al., 2016).

1.3.4.2 P73 -anovel central regulator of multiciliogenesis

We identified TAp73 as a central regulator of airway multiciliogenesis (Marshall et al., 2016;
Nemajerova et al., 2016). In this chapter, background information regarding the structure of
the transformation-related protein 73 (Trp73) gene as well as a phenotypic description of
different p73 KO mouse models are listed. Regulation of multiciliogenesis by TAp73 is
described in the preliminary results section 0.

1.3.4.2.1 Structure of the Trp73 gene

P73 belongs to the p53 tumor suppressor family of transcription factors, along with p63. The
Trp73 gene encodes two different p73 isoform classes, TAp73 and DNp73, each arising
from a different promotor and exerting opposing cellular functions (Figure 8) (Melino et al.,
2002).

Trp73 gene

TA-promotor  dN-promotor

7 8 9 10 11 12

| Oligomerization domain |

vV \/
[ COOHterminus | dN'

dEx2 B
dEx2/3

Figure 8.
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Figure 8: Gene structure of murine Trp73.

The Trp73 genes encodes two main different isoforms, TAp73 and DNp73, each transcribed from a different
promotor. Alternative splicing of products generated from the TA-promotor give rise to distinct N-terminal
truncated p73 isoforms (dEx2, dEx2/3, and dN'). Alternative splicing at the 3'-end generates different
transcripts, while only the most relevant ones are depicted (a and B). Exons are displayed as boxes and
colored according to their different domains. Adapted from (Tomasini et al., 2008).

TAp73 is transcribed from the extrinsic promotor P1 and acts as the transcriptional active
form, since it contains the N-terminal transactivation (TA) domain. DNp73 representing the
N-terminal truncated isoform is transcribed from the intrinsic promotor P2 and lacks the TA
domain. In addition, other N-terminal truncated isoforms are generated by alternative
splicing of the transcript generated from the TA-promotor (dEx2, dEx2/3, and dN') (Melino
et al., 2002).

p73 isoforms act as tetramers, which consist either of homo- or heterodimers. Heterodimers
are generated either with other p73 splice variants, p63 or to a lesser extent with p53. The
TAp73 homotetramer transcriptionally activates proapoptotic genes and thereby acts as a
tumor suppressor, while the DNp73 isoforms are incapable of triggering gene expression
directly, as this isoform lacks the TA domain. However, DNp73 exhibits a dominant negative
effect on TAp73, which leads to the inhibition of the proapoptotic activity of TAp73. Thus,
DNp73 indirectly inhibits apoptosis and acts as an oncogene. The inhibitory function of
DNp73 is mediated either by the formation of heterodimers with TAp73 and thereby
sequestering TAp73 or by competing with the proapoptotic protein p53 for the same
promotor binding sites. Therefore, DNp73 regulates the activity of both proapoptotic
proteins (TAp73, p53). Moreover, TAp73 induces DNp73 expression, which creates a
dominant negative feedback loop (Melino et al., 2002).

Besides the N-terminal p73 isoform classes generated by alternative promoters (TAp73,
DNp73), alternative C-terminal (3’-end) splicing also occurs yielding at least seven distinct
C-terminal isoforms (a, B, v, 0, €, ¢, and n) (Figure 8). p73a is the most abundant isoform
under physiological conditions and represents the longest isoform containing a fully
functional sterile alpha motif (SAM) domain. All the other C-terminal isoforms lack the SAM
domain. Current data suggest that the SAM domain contributes to the stability of p73
tetramer, thereby influencing p73 transcriptional activity. In contrast, it has been shown that

p73B is the strongest proapoptotic transcriptional activator (Vikhreva et al., 2018).

1.3.4.2.2 Mouse models of p73

For the identification of the function of p73 during development, different mouse models
have been generated: global p73 KO mice and isoform specific KO strains for TAp73 and
DNp73. P73 KO mice deficient for TAp73 as well as DNp73 possess a deletion of exon 5
and 6 in the DNA binding domain, yielding a non-functional protein (Yang et al., 2000).
TAp73 KO mice lack exon 2 and 3, which encode the TA domain, while DNp73 isoforms
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can still be expressed using the intrinsic P2 promotor (Tomasini et al., 2008). In DNp73 KO
mice, the alternative 3’ exon is depleted from the gene locus (Tissir et al., 2009; Wilhelm et
al., 2010).

Analyses of the different p73 KO mouse models showed that the functions of p73 are
complex. Therefore, p73 deficiency results in various phenotypes characterized by infertility
as well as neurological and immunological defects (Yang et al., 2000; Tomasini et al., 2008;
Tomasini et al., 2009; Wilhelm et al., 2010; Holembowski et al., 2014; Inoue et al., 2014).
P73 and TAp73 KO mice are infertile (Yang et al., 2000; Tomasini et al., 2008), while DNp73
KO mice are fertile (Wilhelm et al., 2010). Hence, the infertility phenotype is attributed
primarily to the loss of the TAp73 isoform. Poor quality of eggs caused by impaired meiosis
contributes to female infertility in TAp73 KO mice. Moreover, oocytes from TAp73 KO mice
did not reach the FT, since they were trapped in the bursa (Tomasini et al., 2008; Tomasini
et al., 2009). Male infertility in TAp73 KO mice is associated with defective
spermatogenesis, as TAp73 KO mice possess an increased apoptotic rate in
spermatogonia, reduced adhesion of germ cells to Sertoli cells, and malformed spermatids.
Consequently, the seminiferous tubules of the testes are nearly empty. However, a few
spermatozoa can be found in the testes (Holembowski et al., 2014; Inoue et al., 2014). In
this study, we identified a new additional mechanism contributing the infertility phenotype in
male and female TAp73 KO mice (described in 4.1.2 and 4.1.3).

The neuronal phenotype differs between the three p73 KO mouse models. P73 KO mice
develop the strongest phenotype, including a variety of defects such as neuronal
degeneration (cortical hypoplasia), hippocampal dysgenesis, and hydrocephalus. The
neuronal degeneration phenotype has been primarily attributed to the loss of DNp73 due to
two reasons. Firstly, a similar neurodegeneration pattern was observed in DNp73 and p73
KO mice but not in TAp73 KO mice (Tissir et al., 2009; Wilhelm et al., 2010). Secondly, it
has been shown that DNp73 promotes the survival of mature neurons by counteracting
TAp73-mediated apoptosis (Pozniak, 2000; Pozniak et al., 2002; Talos et al., 2010). The
hippocampal dysgenesis defects of p73 KO mice are also observed in TAp73 KO mice but
not in DNp73 KO mice, implicating that TAp73 is the essential isoform for hippocampal
development (Tomasini et al., 2008). Of note, severe hydrocephalus is only observed in
p73 KO mice (Yang et al., 2000). In addition, p73 KO mice display ependymal denudation
and loss of ependymal cilia. Thus, p73 ensures ependyma maintenance and thereby helps
in regulating cerebrospinal fluid homeostasis (Medina-Bolivar et al., 2014). In sum, both
p73 isoforms contribute to different steps in the neuronal development as phenotypes from
the isoform-specific KOs are clearly different. However, TAp73 and DNp73 may also
possess some overlapping functions, since the p73 KO phenotype is much stronger than

the phenotype of the isoform-specific KOs.
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Besides infertility and impaired neuronal development, p73 KO mice are susceptible to
infections that lead to chronic inflammation due to defective airway multiciliogenesis
(described in 1.6). Due to all these impairments, most of the p73 KO mice die within the first
month (Yang et al., 2000). By contrast, TAp73 KO mice have a only slightly reduced life
span, while the DNp73 KO mice possess a hormal life span (Tomasini et al., 2008; Wilhelm
et al., 2010).

1.3.4.3 Downstream effectors of multiciliogenesis

MYB and CCNO

BB biogenesis is regulated by both MYB and CCNO. The transcription factor MYB has three
paralogs in mice: MYBL1, MYBL2, and MYB (in mammals: A-MYB, B-MYB, and C-MYB,
respectively). MYB has been shown to regulate BB amplification (Tan et al., 2013). Ccno,
found in the same genomic region as the other pro-ciliogenic factors (miR449 (Lizé et al.,
2010b; Lizé et al., 2010a; Song et al., 2014)]) and Mcidas (Stubbs et al., 2012; Boon et al.,
2014)]) is also necessary for de novo BB biogenesis (Funk et al., 2015). Mutations in CCNO
are observed in patients with the reduced generation of multiple motile cilia disorder
(Wallmeier et al., 2014).

FOXJ1 and RFX factors

FOXJ1 belongs to the forkhead box family of transcription factors and is expressed in
ciliated cells of multiciliated tissues (Hackett et al., 1995; Murphy et al., 1997; Blatt et al.,
1999). In MCCs, FOXJ1 activates the transcription of a variety of genes required for BB
docking and several subsequent steps essential for the formation of motile cilia. Examples
of FOXJ1 targets are genes required for IFT or IDA/ODA assembly. Hence, depletion of
Foxj1 in mice results in the complete loss of ciliary axonemes associated with an impaired
BB docking, while the production of BB is not influenced (Chen et al., 1998; Brody et al.,
2000; Gomperts et al., 2004; You et al., 2004).

Other important downstream effectors of multiciliogenesis are the transcription factors
RFX2 and RFX3. They belong to the RFX family consisting of eight members, while only
RFX2-4 are cilia-associated transcription factors. RFX2 and RFX3 activate multiple cilia
genes, which regulate ciliary assembly (e.g. IFT proteins) and cilia motility (e.g. dyneins).
Due to their partially redundant functions, deficiency of cilia-associated RFX factors in mice
only results in a mild ciliary phenotype (Chung et al., 2012; Choksi et al., 2014; Chung et
al., 2014).
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1.3.5 Post-transcriptional regulation of multiciliated cell
differentiation

1.3.5.1 miRNA biogenesis and mechanism of action

MiRNAs represent a class of small noncoding ribonucleic acid (RNA) sequences that

regulate gene expression post-transcriptionally. Post-transcriptional regulation by miRNAs

is achieved by its interaction with specific target mMRNA sequences resulting in translational

repression or mMRNA degradation. Biogenesis of the 20-25 nucleotide long miRNAs occurs

in the following steps:

1) Transcription of the miRNA gene by RNA polymerase Il yielding primary miRNAs
folded into hairpin structures.

2) Cleavage of primary miRNAs by the Drosha-Pascha (DGCR8 in mammals) complex
into approximately 70-nucleotide long precursor miRNAs (pre-miRNAS).

3) Nuclear export of pre-miRNAs into cytoplasm by the Ran-GTP dependent transport
receptor exportin-5.

4) Cleavage of pre-miRNAs into mature miRNA duplexes by Dicer and its cofactor HIV-
1 trans-activating response RNA binding protein.

5) Incorporation of one single mature miRNA strand into the multimeric protein-RNA
complex called miRNA-induced silencing complex. This complex contains proteins of
the Argonaute family that function in miRNA repression and endonucleolytic cleavage
of the mRNA, whereas Argonaute 2 is the only family member that can cleave
MRNAs. In most cases, the other miRNA strand is degraded.

Within the miRNA-induced silencing complex, miRNAs bind to their mRNA target sequence,
which is commonly located within the 3’ untranslated region (UTR) of the mRNA. The 6 to
8 nucleotide long sequence of miRNAs that usually binds with imperfect complementarity
to target mMRNAs is called the “seed sequence” and is located near the 5’ terminus (Bartel,
2018). Thus, the seed sequence of the miRNAs is used to predict targets. One individual
miRNA can target multiple mRNAs (Brennecke et al., 2005) and each mRNA in turn can be
controlled by several miRNAs (Doench and Sharp, 2004). miRNAs repress their target
transcripts through two different mechanisms, depending on the degree of mMiIRNA-MRNA
complementarity. Perfect complementarity and presence of the Argonaute 2 protein trigger
slicing of the mRNA (as observed in siRNA-mediated gene regulation). In plants, this slicing
mode of repression is commonly observed for miRNAs. In contrast, metazoan miRNAs bind
in most cases with imperfect complementarity to their target mMRNA and the repression
occurs without slicing the mRNA. The repression of metazoan mRNAs is mediated via
deadenylation-dependent target mRNA decapping. One important mediator of this process
is trinucleotide repeat containing 6 (TNRCG6), which recruits deadenylase complexes such
as CCR4-NOT. In addition to its deadenylase activity, CCR4-NOT recruits DEAD-box
helicase 6 (DDX6) and elF4E-Transporter (4E-T), which causes the inhibition of protein
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translation initiation. Thus, miRNAs can destabilize target mRNAs but can also inhibit

protein translation (Bartel, 2018).

1.3.5.2 The miR-34/449 family

The miR-34/449 family is strongly conserved in vertebrates and encodes six homologous
mMiRNAs (miR34a,b,c and miR449a,b,c) derived from three different genomic loci. They are
classified as one family due to their identical seed sequences and common targets (Figure
9a) (Bao et al., 2012b; Song et al., 2014).

5 3
mmu-miR449a-5p U AUUGUUAGCUGGU
mmu-miR449b-5p UUGUUAGCUGGC
mmu-miR449c-5p AUUGCUAGCUGG
mmu-miR34a-5p U CUUAGCUGGUUGU
mmu-miR34b-5p UAAUUAGCUGAUUGU
mmu-miR34¢-5p UAGUUAGCUGAUUGC

Seed sequence

Mouse chromosome 13 qD2.2

Ceno  Mecidas Cac200Yy Y
Ft——  H—H——H =
miR449

Figure 9: Seed sequence and genomic location of miR-34/449 family members.

a) miR-34/449 family members possess the same seed sequence (red box). b) miR449 is located in the
second intron of cell division cycle 20b (Cdc20b) on murine chromosome 13, which also harbors the genomic
regions of Ccno and Mcidas. Adapted from (Gallinas and Lizé, 2013).

In mice, miR34b and miR34c (miR34b,c from here on) are transcribed from one common
transcript of chromosome 9gA5.3 (in human: 11g23.1), located within the Btg Anti-
Proliferation factor 4 gene (Btg4). In contrast, murine miR34a is encoded separately on
chromosome 4gE2 (in humans 1936.22) (Hermeking, 2010). The miR449 cluster consisting
of miR449a, b, and ¢ (miR449 from here on) is located in the second intron of cell division
cycle 20b (Cdc20b) on chromosome 13gD2.2 in mice (5q11.2 in humans) and shares its
promoter (Figure 9b) (Lizé et al., 2010b) .

The miR34 and miR449 cluster are induced by p53 and E2F1, respectively, both of which
are two important DNA damage-responsive transcription factors (Yang et al., 2009;
Hermeking, 2010; Lizé et al., 2010b; Lizé et al., 2011). In addition, members of the miR-
34/449 family inhibit the activity of the retinoblastoma protein (Rb)-E2F1 pathway indirectly
e.g. by repressing CDK6 and CDC25A (Yang et al., 2000; Lizé et al., 2010b; Lizé et al.,
2011). Although it has not been shown experimentally, it can be assumed that both miRNAs

also repress E2F1 directly, as it is known that miR449 directly represses E2F2 and E2F3
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(Bao et al., 2012b), which are highly homologous to E2F1 (Trimarchi and Lees, 2002).
Moreover, miR-34/449 family members promote p53 activity by increasing its acetylation
(e.g. via Sirtuin-1 repression) and thereby facilitating the crosstalk between p53 and E2F1
(Lizé et al., 2010b; Lizé et al., 2011). The attenuation of E2F1 along with the activation of
p53 induces cell cycle arrest or apoptosis. Thus, miR-34/449 family members act as tumor
suppressors and are therefore often downregulated in various cancer entities (Yang et al.,
2000; Hermeking, 2010; Lizé et al., 2010b; Lizé et al., 2011).

Cell cycle arrest is also necessary for the onset of multiciliogenesis and thus, miR-34/449
family members are expressed in multiciliated organs and induced during mucociliary
differentiation (Lizé et al., 2010a; Marcet et al., 2011). Depletion of all miR-34/449 family
members in mice results in severe respiratory dysfunctions caused by defective mucociliary
clearance, early death from respiratory failure, and infertility (Song et al., 2014; Wu et al.,
2014; Otto et al., 2017). Different mechanisms on how miR-34/449 regulates
multiciliogenesis have been described. For example, in MCCs miR-34/449 initiates cell
cycle exit and entry into MCC differentiation by repressing cell cycle promoting genes (Lizé
et al., 2010b; Lizé et al., 2011; Otto et al., 2017) (Figure 7). It has also been proposed that
miR449 triggers multiciliogenesis by directly repressing Notch signaling. The validation of
Notch signaling as a target of miR449 was performed in xenopus embryonic epidermis
(Marcet et al.,, 2011). However, in the airway epithelium of miR-34/449 KO mice the
deregulation of the Notch pathway could not be confirmed (Otto et al., 2017). Thus,
regulation of Notch signaling by miR-34/449 might be species-dependent. In addition, miR-
34/449 promote multiciliogenesis at later steps by repressing Cp110 (Song et al., 2014) and
R-ras (Chevalier et al., 2015), thereby facilitating BB maturation and docking respectively
(Figure 7). However, Cpl1l0 remains a controversial miR-34/449 target as Otto and
colleagues could not reproduce the observed upregulation of Cp110 transcript and protein
levels in the respiratory epithelium of miR-34/449 KO mice (Otto et al., 2017).

Of note, miR34a represents an exception, as it is not specifically expressed in multiciliated
tissues and not upregulated during mucociliary differentiation (Lizé et al., 2010a; Song et
al., 2014). Moreover, miR34b,c x miR449 KO mice yield the same respiratory and infertility
phenotype as miR34a,b,c x miR449 KO mice. Thus, the presence of miR34a did not rescue
the ciliogenesis defects in mouse models of miR-34b,c/449 depletion. In contrast, one allele
of miR34b,c or miR449 was sufficient to rescue proper multiciliogenesis (Song et al., 2014).
Hence, miR34b,c and miR449, but not miR34a, seem to be the main drivers for
multiciliogenesis regulation. However, the contribution of a single miRNA of the miR-34/449
family to multiciliogenesis has not been studied in detail so far. Thus, in this thesis, the
involvement of miR449 alone in mucociliary differentiation and lung homeostasis was

addressed (see section 4.2).
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1.4 Diseases associated with motile cilia dysfunction
Dysfunction of motile cilia is associated with several disorders, which can be both inherited
and acquired. One classical inherited disorder primarily associated with airway cilia defects
is PCD. The term “primary” (primary ciliary dyskinesia) does not refer to primary cilia but is
used to distinguish the genetically triggered motile cilium defects from secondary, acquired
motile cilia disorders. Acquired cilia disorders are often characterized by airway mucociliary
dysfunction, which mainly occurs due to exposure to environmental pollutants e.g. cigarette
smoke (CS) or diesel exhaust particles (DEPs). Mucociliary clearance defects increase the
susceptibility to recurrent respiratory infections (exacerbations), thereby triggering chronic
lung diseases such as COPD (Tilley et al., 2015).

1.4.1 Primary ciliary dyskinesia - Inherited cilia dysfunction

PCD is an autosomal-recessive inherited disorder of motile cilia leading to frequent upper
and lower respiratory tract infections. Respiratory tract infections result from a defective
airway ciliary function leading to a highly dyskinetic cilia beating, which in turn impairs
mucociliary clearance. So far, mutations in more than 30 genes encoding proteins
associated with cilia structure or function have been linked to PCD. Components of the ODA
such as dynein axonemal heavy chain 5 (DNAH5) and dynein axonemal intermediate chain
1 (DNAI1) belong to the most frequently mutated genes found in PCD patients (Milla, 2016).
Besides respiratory cilia, motile cilia of other organs are affected in PCD as well. Hence,
clinical manifestations of PCD are heterogenous and include male infertility, situs inversus,
congenital heart disease, polycystic kidney disease, and in rare cases hydrocephalus. Of
note, male infertility caused by defective sperm motility occurs frequently, whereas only
some PCD-affected females show subfertility or ectopic pregnancies where the implantation

of the zygote takes place in the FT (Goutaki et al., 2016; Vanaken et al., 2017).

1.4.2 Chronic obstructive pulmonary disease - Acquired cilia
dysfunction

COPD is the third leading cause of death world-wide with increasing prevalence, morbidity,
and mortality, especially in the elderly population. A major characteristic of COPD is the
ongoing inflammation in the lung, which results in airflow limitation that is linked to a decline
in lung function. The inflammatory response is triggered upon exposure to noxious gases
such as CS, air pollution, and job-related fumes. Hence, harmful gases represent the main
risk factors for COPD. In addition, respiratory infections in childhood and genetic
determinants (e.g. deficiency of the antiprotease al-antitrypsin) are also associated with
increased COPD susceptibility. Chronic inflammation in the lungs and subsequent abnormal
repair and regeneration result in the destruction of the airway and alveolar compartment,
which leads to chronic bronchitis at one end and emphysema at the other end. Most COPD

patients present both features. In addition, repeated exacerbations together with the
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ongoing inflammation shorten the time required for proper tissue repair and regeneration.
Exacerbations defined as the worsening of symptoms are mainly triggered by respiratory
viral and bacterial infections, which intensify the inflammation. Thus, exacerbations increase
the tissue injury, thereby promoting disease progression and severity, which results in a
worse prognosis and repeated hospital admissions (Barnes et al., 2015).

Chronic bronchitis is characterized by airway inflammation and mucus secretion and
represent one hallmark of COPD. Excessive mucus production occurring in response to
inflammatory mediators is caused by goblet cell metaplasia as well as increased mucin
synthesis. Mucus hypersecretion triggers airway mucociliary dysfunction, which is
intensified by an impaired transport of mucus out of the airways. Under healthy conditions,
mucus is transported by the coordinated beating of cilia. However, upon inflammation, cilia
are damaged and thus, mucus transport is hampered leading to the accumulation of
respiratory pathogens such as Haemophilus influenzae in the airways (Rogers, 2005).
Haemophilus influenzae, an opportunistic bacterium commonly found to be accumulated in
the lower airways of COPD patients, is known to reduce cilia beat frequency (Johnson and
Inzana, 1986; Janson et al., 1999; Bailey et al., 2012). Many other pathogens such as
pseudomonas (Wilson et al., 1985; Read et al., 1992), fungi (Pieckova and Jesenska, 1996;
Bafadhel et al., 2014), and viruses (Zhang et al., 2005) have developed ciliostatic factors
that abrogate mucociliary clearance, which also typically colonize the lungs of COPD
patients (Sethi and Murphy, 2008; Bafadhel et al., 2014).

Another hallmark of COPD is emphysema. The underlying pathogenic mechanism of
emphysema is based on the accumulation of inflammatory cells in response to harmful
environmental agents. Inflammatory cells secrete destructive mediators (such as matrix
metalloproteinases (MMPs) or neutrophil elastase (NE), which degrade the elastin fibers
leading to the destruction of the alveolar parenchyma (emphysema) (Barnes et al., 2015).
Under healthy conditions, proteases are counterbalanced by antiproteases (e.g. tissue
inhibitors of metalloproteinases (TIMPs) or al-antitrypsin). However, continuous elevated
levels of proinflammatory mediators result in protease-antiprotease imbalance, causing
tissue damage. In COPD, NE, MMP9, and MMP12 are considered the main contributors to
the pathogenesis of emphysema (Houghton, 2015).

Cilia beating is important to ensure effective mucociliary clearance. In COPD, cilia beating
(Piatti et al., 2005; Yaghi et al., 2012) and cilia length (Hessel et al., 2014) are reduced.
However, the latter one remains controversial as cilia length seems to be unaffected in
some COPD patient cohorts (Yaghi and Dolovich, 2016). Despite these data, little is known
about the underlying signaling pathways leading to cilia dysfunction in COPD as most data
are descriptive and only deal with the correlation between ciliary structure and function.
Moreover, the role of defects in motile cilia in initiation and progression of COPD is not well

studied. Thus, more research on cilia and mucociliary dysfunction in COPD is needed to
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identify underlying mechanisms and develop therapeutic approaches to correct mucociliary
dysfunction and avoid frequent exacerbations, the driver of COPD progression (Yaghi and
Dolovich, 2016). The present study builds on this issue and provides a novel link between
cilia maintenance and the onset of COPD. The urgent need for understanding the
underlying disease process is highlighted by the fact that till date there is no treatment
strategy to cure COPD. Current treatments such as bronchodilators and anti-inflammatory

drugs only reduce the symptoms (Barnes et al., 2015).

1.5 Airway epithelial regeneration - a process impaired
in COPD

The lung is a quiescent tissue under homeostatic conditions. However, upon injury it is
capable of extensive repair and regeneration due to the presence of several progenitor
cells. Progenitor cells of the airway epithelium are basal and club cells (described in section
1.2.1.1), which can re-enter the cell cycle and proliferate in response to epithelial damage.
Upon proliferation, progenitor cells differentiate into various airway epithelial cells, thereby
repopulating the lost cells. Hence, a tightly regulated balance between proliferation and
differentiation is required for proper airway regeneration. As the airways are constantly
exposed to noxious gases, which damage the airway epithelium, proper airway epithelial
regeneration is necessary to maintain lung function. Furthermore, regeneration is important
to ensure healthy lung aging. Disruption of the regeneration process leads to airway
remodeling, which is one of the characteristic feature of COPD that is caused by chronic

inflammation as well as repeated exacerbations (Beers and Morrisey, 2011).

1.5.1 Murine models of airway epithelial regeneration

Airway epithelial regeneration can be studied by using various murine models, which target
distinct regions within the airways. Distal airway regeneration is primarily mediated by
variant club cells that can be triggered by naphthalene treatment (Plopper et al., 1992; van
Winkle et al., 1995). In contrast, the regeneration of the proximal airways can be monitored
in ALl cultures, where basal cells are responsible for the reconstitution of the
pseudostratified epithelium (You et al., 2002). Both model systems were applied in this
study to investigate the airway epithelial regeneration potential in a genetically modified

mouse strain.

1.5.1.1 Naphthalene-induced distal airway regeneration

Naphthalene is a toxic and ubiquitous air pollutant that is commonly found indoors and
outdoors due to multiple emission sources. Some of the emission sources include diesel
exhaust, CS, moth and pest repellents. Naphthalene is both a polycyclic aromatic
hydrocarbon and a volatile organic compound. It is converted into naphthalene-1,2-epoxide,

which is further metabolized into cytotoxic and reactive compounds. The initial bioactivation
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of naphthalene is mediated by cytochrome P450 (CYP) monooxygenases (Buckpitt et al.,
2002). One of the main P450 monooxygenase responsible for the conversion of
naphthalene in mice is CYP2F2 (human ortholog CYP2F1) (Buckpitt et al., 1995; Li et al.,
2011). In the airways, club cells express high levels of CYP2F2. Thus, club cells are very
sensitive for naphthalene-induced cytotoxicity. Of note, CYP2F2 is also expressed in the
liver, however to a much lesser extent (Baldwin et al., 2004).

Lung injury and repair processes occurring after naphthalene exposure by intraperitoneal
(i.p.) injection have been extensively studied in mice (Buckpitt et al., 2002). Naphthalene-
induced injury is characterized by a massive exfoliation of club cells occurring within the
first 24 hours (h) after treatment (Figure 10) (van Winkle et al., 1995).

Bronchial epithelium
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= _E @ . CYP2F2
Q| T
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8% | . .
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Figure 10: Naphthalene-induced airway epithelial injury.

Naphthalene is converted into a toxic intermediate product by P450 monooxygenases (mainly CYP2F2) that
are specifically expressed in club cells. Thus, naphthalene treatment leads to exfoliation of injured club cells.
Subsequent regeneration is mediated by ciliated cells and a small subset of surviving club cells, termed
variant club cells. Ciliated cells, on the one hand, disassemble their motile cilia and spread out to cover the
denuded epithelium. Variant club cells, on the other hand, proliferate and differentiate and thereby help to
re-establish the pseudostratified epithelium within 14 days. Adapted from (Volckaert et al., 2011).

To cover the resulting denuded bronchial epithelium, MCCs undergo squamous metaplasia
accompanied by ciliary disassembly (van Winkle et al., 1995; van Winkle et al., 1999;
Lawson et al., 2002; Rawlins et al., 2007). Thus, the naphthalene model not only provides
useful insights into club cell injury but also into the regulation of disassembly and assembly
of matile cilia upon epithelial damage.

Upon club cell exfoliation in the distal airways, subsequent proliferation and repopulation of
the airway epithelium is mediated by naphthalene-resistant club cells, termed variant club
cells. Variant club cells are located in two different stem cell niches (neuroepithelial bodies
and bronchoalveolar duct junction) and lack CYP2F2, rendering them naphthalene-resistant
(Reynolds et al., 2000; Giangreco et al., 2002). As variant club cells represent a rare

population, it is unlikely that the rapid repair after naphthalene injury is only mediated by
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variant club cells. However, the ability of MCCs to proliferate and transdifferentiate post
naphthalene treatment and thereby contributing to the repair process is controversial (Park
et al., 2006; Rawlins et al., 2007).

The extent of naphthalene injury is dose-dependent and differs between gender, strain, and
age (Buckpitt et al., 2002). Lower naphthalene doses (< 200 mg/kg) injure distal airways,
while only higher concentrations (= 300 mg/kg) additionally affect proximal airways (West
et al., 2001). Moreover, the gender-based difference results from a distinct naphthalene
metabolism between females and males rendering females more susceptible to

naphthalene-induced injury (van Winkle et al., 2002).

1.5.1.2 Air-liquid interface cultures - Model for proximal airway regeneration

ALI cultures represent an in vitro method for studying mucociliary differentiation, a process
required during airway regeneration. For the establishment of ALI cultures, mouse tracheal
epithelial cells (MTECs) or human airway epithelial cells are isolated and cultured under
submerged conditions on permeable membranes of specialized cell culture inserts (Figure
11). Under submerged conditions, the main population that survives and expands are the
basal cells. Once the basal cells reach full confluence, the apical medium is removed to
create an ALl that initiates mucociliary differentiation. After approximately 14 (murine) or 21
(human) days, mucociliary differentiation is completed yielding a pseudostratified
epithelium. The pseudostratified epithelium contains mostly ciliated and secretory cells,
which closely mimics the in vivo situation (You et al., 2002; Ross et al., 2007).

14/21 days

>

Tissue culture insert Pseudostratisfied
epithelium

Submerged culture Air-liquid interface (ALI) culture

' i
.
® Basal cell Secretory cell . Ciliated cell Mucus

Figure 11: Schematic illustration of ALl cultures.

Isolated human/murine basal cells are grown on a permeable membrane under submerged conditions. Upon
confluency, the apical medium is removed to establish an ALI, which allows basal cells to differentiate into a
pseudostratified epithelium within 14 (mouse)/21(human) days. Adapted from (Tam et al., 2011).
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1.6 Preliminary results - TAp73 is a central
transcriptional regulator of airway multiciliogenesis
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adapted from Genes Dev. 2016 Jun 1;30(11):1300-12

http://www.genesdev.org/cgi/doi/10.1101/gad.279836.116

Contribution to the results presented in this section:

Experiments and data analysis for Figure 12 in this thesis were conducted as indicated
below:

M. Wildung: Figure 12a-c, h, i, and |

C. Herr: Figure 12d, e, and f

H. Steffen: Figure 12g

M. Alevra: Figure 12i and j (data analysis)
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Results

MCCs play a key role in several processes including mucociliary clearance and fertility,
hence defective MCCs are involved in the development of several human diseases such as
PCD. However, the transcriptional regulation of multiciliogenesis is poorly understood. To
get insights into the pathogenesis of ciliopathies, it is of great importance to elucidate the
regulation of multiciliogenesis.

p73 and TAp73 KO mice develop typical characteristics of PCD (hydrocephalus,
rhinitis/otitis, and infertility) (Yang et al., 2000; Tomasini et al., 2008; Tomasini et al., 2009;
Holembowski et al., 2014; Inoue et al., 2014). Thus, we hypothesized that TAp73 is a novel
transcriptional regulator of multiciliogenesis. We specifically aimed to study the role of
TAp73 in airways multiciliogenesis in order to explain the chronic airway inflammation
observed in p73 KO mice.

First, we studied whether isoform-specific TAp73 KO mice (Figure 12a) possess a reduced
lung function as an indicator for chronic airway inflammation. Indeed, TAp73 KO mice
developed an impaired pulmonary function accompanied with an increased macrophage
infiltration, and emphysema (Figure 12b - f). The impaired lung function along with the
chronic inflammation is caused by a reduction in airway ciliation, as indicated by reduced
levels of the cilia markers Ac-a-TUB and dynein axonemal light intermediate chain 1
(DNALI1) (Figure 12g and h). The functional consequence of the reduced ciliation is a
marked decline in mucociliary clearance in p73 and TAp73 KO mice compared to wild type
(WT) mice (Figure 12i and j, for data on TAp73 KO see online publication (Nemajerova et
al., 2016)]).
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Figure 12: TAp73 deficiency impairs pulmonary function due to a reduced airway ciliation and
mucociliary clearance.

a) Immunoblot of total lung lysates from WT, p73, and TAp73 KO mice stained for TAp73 and B-ACTIN as
loading control. b) Macrophage infiltration in TAp73 KO lungs stained with CD68 (red) and 4°, 6-Diamidin-2-
phenylindol (DAPI, blue). ¢) Quantification of CD68 immunostaining, n = 4 mice per genotype. d)
Quantification of mean chord length as indicator for emphysema in WT and TAp73 KO mice, n = 4 per
genotype. e and f) Assessment of pulmonary function by measuring forced vital capacity (e) and tissue
elastance (f) in WT and TAp73 KO mice by spirometry. g) Immunostaining for the axonemal cilia marker Ac-
a-TUB (red) on lung sections from WT and TAp73 mice. Nuclei were counterstained with DAPI (blue). h)
Immunoblot of total lung lysates from WT and TAp73 KO mice stained for DNALI1, a marker for the IDA of
motile cilia. i and j) Fluorescence beads were applied to tracheal explants and tracked by high-speed
confocal microscopy. i) Bead trajectories aggregated from 2,000 images over 32 seconds of movie. Red
arrow indicates direction of bead transport. j) Bead transport velocity over WT and p73 KO trachea. Passive
diffusion over dead trachea of both genotypes serves as control. n = 4 mice per genotype. 18,186, 22,838,
and 14,970 tracks for WT, p73 KO, and diffusion control, respectively.
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To identify the mechanism by which TAp73 influences multiciliogenesis, we used genomic
analyses and subsequently validated potential TAp73 targets by targeted chromatin
immunoprecipitation (ChlIP) analysis and reporter-based assays. These analyses
established TAp73 as a central regulator of airway multiciliogenesis, since TAp73 directly
activated key players of multiciliogenesis such as Foxjl, Rfx2, Rfx3, Myb, miR34b,c, and
structural and functional ciliary genes (Figure 13). Thus, TAp73 is necessary for proper BB
docking, axoneme extension, and cilia motility in the respiratory system.

Whether TAp73 also contributes to the regulation of multiciliogenesis in other multiciliated
organs such as FTs, EDs, and brain ventricles remains unknown. However, a quick look
into the phenotype of TAp73 KO mice provides some clues: 1) Female and male TAp73 KO
mice are infertile (Tomasini et al., 2008). 2) In females, the oocytes of TAp73 KO mice do
not reach the FT, as they are trapped in the bursa (Tomasini et al., 2008; Tomasini et al.,
2009). 3) TAp73 KO mice do not develop a hydrocephalus (Tomasini et al., 2008). Proper
gamete and zygote transport are achieved by beating of multiple motile cilia and thus,
required for fertility (Hess, 2002; Ezzati et al., 2014; Hess, 2015). Hence, it is likely that
TAp73 is also necessary for multiciliogenesis in the reproductive systems. Since
hydrocephalus, which results from dysfunction of ependymal and CP cilia (Ibanez-Tallon,
2004; Banizs et al., 2005; Banizs et al., 2007), is not observed in TAp73 KO mice, TAp73
might not be a major contributor to brain multiciliogenesis. Due to these indications, we
investigated the role of TAp73 on multiciliogenesis in the reproductive tracts and the

ventricles of the brain (see section 4.1).
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Figure 13: TAp73 is a central regulator of airway multiciliogenesis.

TAp73 acts upstream of known key regulators of multiciliogenesis like Foxj1, Rfx2, Rfx3, Myb, and miR34b,c.
In addition, TAp73 directly activates structural and functional ciliary genes. TAp73 targets are indicated with

asterisks. Adapted from (Nemajerova et al., 2016).
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2.0BJECTIVES

We identified TAp73 as a central regulator of airway multiciliogenesis as it directly activates
the expression of several pro-ciliogenic factors (described in section 1.6) (Nemajerova et
al., 2016). The first aim of this thesis is to examine whether TAp73 also regulates
multiciliogenesis in other multiciliated tissues, including the female and male reproductive
tracts as well as the ventricles of the brain.
Multiciliogenesis is not only regulated at the transcriptional level but also at the post-
transcriptional level by miRNAs of the miR-34/449 family. Depletion of all family members
results in a severe impairment of mucociliary clearance, leading to early lethality (Song et
al., 2014, Otto et al., 2017). However, previous reports showed that the expression of
miR449 is greatly increased in comparison to miR34 during mucociliary differentiation,
highlighting the importance of miR449 (Lizé et al., 2010, Marcet et al., 2011). This brings
me to the second aim of this thesis, which is to elucidate the specific function of miR449
alone in mucaociliary regeneration and lung homeostasis.
In summary, the overall aim of this thesis is to examine the role of the transcription factor
and tumor suppressor TAp73 and the post-transcriptional regulator miR449 in
multiciliogenesis to understand the underlying molecular pathology of diseases associated
with cilia dysfunction such as PCD and COPD. To achieve that, the specific objectives are
the following:

1. Determination of the role of TAp73 in diverse multiciliated tissues. To achieve

this purpose, we analyzed TAp73 KO mice focusing on the following aspects:
- Analysis of the expression pattern of TAp73 in different multiciliated tissues.

- Examination of the multiciliated epithelia of the female and male reproductive
tracts, and brain ventricles in the absence of TAp73 in mice.

- Identification of pro-ciliogenic target genes of TAp73 in the female and male
reproductive system.

- Characterization of the transcriptional regulation of multiciliogenesis in the brains
of TAp73 KO mice.

- Analysis of the multiciliated epithelium in the ventricles of TAp73xmiR449 KO
mice to support the observed findings in ventricles of TAp73 KO mice.

2. Assessment of the specific function of miR449 in mucociliary regeneration
and lung homeostasis. To accomplish this objective, we characterized miR449 KO
mice focusing on the following specific points:

- Analysis of expression of miR449 during mucociliary differentiation in vitro and
after environmental toxicant exposure in vivo.

- Examination of the airway ciliation under homeostatic and challenged conditions
in WT and miR449 KO mice.

- Characterization of the effect of miR449 loss on pulmonary function.

- Identification and validation of a new miR449 target that is required for the
maintenance of the multiciliated airway epithelium.
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3.METHODS

3.1 Cell Biology

3.1.1 Cell culture, Transfection of human cells

H1299 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS), 2 nM
L-glutamine, and 10 pg/ml Ciprofloxacin 500. H1299 cells were reverse-transfected with 12
nM (RNA analysis) or 20 nM (protein analysis) synthetic pre-miRNAs (Ambion, Thermo
Fisher Scientific) of the miR449 family using Lipofectamine 2,000 (Invitrogen, Thermo
Fisher Scientific). Scrambled RNA oligonucleotide (negative control (ctrl) #2) and pre-miR-
302* were used as controls. Cells were harvested for protein and RNA isolation 48 h after

transfection.

3.1.2 Analysis of primary cilia assembly and disassembly

Mouse embryonic fibroblasts (MEFs) were isolated from embryos at E13.5 from pregnant
female WT and miR4497 mice and cultured in DMEM-high glucose (DMEM, Gibco, Thermo
Fisher Scientific) supplemented with 10% heat inactivated FCS, 100 ug/ml streptomycin,
and 100 U/ml penicillin (Invitrogen, Thermo Fisher Scientific). For the analysis of primary
cilia assembly freshly isolated WT and miR4497 MEFs were plated on fibronectin (Merck,
Darmstadt, Germany) coated coverslips and exposed to serum-free medium
(DMEM supplemented only with 100 ug/ml streptomycin and 100 U/ml penicillin) for 60 h to
induce primary cilia assembly. Afterwards, serum was reintroduced for 6 h to trigger ciliary
disassembly. To quantify the percentage of ciliated cells at ciliary assembly and
disassembly, MEFs were fixed with 2% formaldehyde (Merck) at room temperature (RT) for
8 minutes (min) and blocked with 10% bovine serum albumin (BSA) (Merck) in phosphate-
buffered saline containing 0.1% Triton X-100 (PBS-T) for 1 h 30 min at RT. First, MEFs
were incubated with primary antibodies diluted in blocking solution overnight at 4°C (List of
primary antibodies in Table 1) and subsequently stained with secondary antibodies for 1 h
30 min at RT (List of primary antibodies in Table 2). Nuclei were counterstained with 4°, 6-
Diamidin-2-phenylindol (DAPI). Stainings were visualized using a Leica SP2 laser scanning
confocal microscope (Leica Microsystems, Wetzler, Germany). For the quantification of the
percentage of ciliated cells only cells, which were positively stained for both Pericentrin and

Ac-a-TUB were counted as ciliated cells. Experiment was performed by N. Movsisyan.
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Table 1:  Primary antibodies.

Antibodies Dilution Company Catalog [clone]
(Application)

Mouse monoclonal 1:1,000 (IF-P) Merck T6793 [6-11B-1]
anti-Ac-a-TUB 1:4,000 (IF-Fr)
mouse monoclonal 1:250 (ICC) Santa Cruz (Dallas, sc23950
anti-Ac-a-TUB TX, USA)
Mouse monoclonal 1:500 (IF-P) UC Davis/NIH 75-287 [N295B/66]
anti-ARL13B NeuroMab Facility

(Davis, CA, USA)
Rabbit polyclonal 1:500 (IHC-P) Proteintech 17711-1-AP

anti-ARL13B

Mouse monoclonal

1:1,000 (IHC, IF-P)

(Rosemont, IL, USA)
Abcam (Cambridge,

ab9566 [1/22]

anti-AQP1 UK)
Rabbit polyclonal 1:1,000 (IF-P) Merck AB2219
anti-AQP1
Rabbit polyclonal 1:10,000 (WB) Abcam ah8227
anti-B-ACTIN
mouse monoclonal 1:700 (WB) Santa Cruz sc56881
anti-Aurora A
Rabbit polyclonal 1:100 (IHC) Agilent 20622
anti-Cytokeratins Technologies, Santa

Clara, CA, USA)
Goat polyclonal 1:750 (WB) Novus Biological AF2535
Anti-CD206 (Littleton, Colorado,

USA)
Rabbit polyclonal 1:500 (IF-P), 1:300 Merck HPA021649
anti-DNAI1 (IF-Fr), 1:700 (WB)
Goat polyclonal 1:300 (WB) Santa Cruz sc-160296
anti-DNALI1
Mouse monoclonal 1:300 (WB) Santa Cruz sc-6851 [D-3]
anti-E2F4
Rabbit polyclonal 1:500 (WB) Merck HPA005714
anti-FOXJ1
Mouse monoclonal 1:20,000 (WB) Santa Cruz sc-7298 [B-6]
anti-HSC70
Rabbit anti-mouse 2 ug (ChipP) Abcam Ab46540
IgG H&L
Rabbit monoclonal 1:100 (IF-P) Abcam ab16667 [SP6]
anti-Kl1-67
Rabbit polyclonal 1:500 (IHC-P) Merck AB9566
anti-OTX2
Rabbit polyclonal 1:1,500 (ICC) Abcam ab4448
anti-Pericentrin
Rabbit monoclonal 1:300 (WB) Abcam ab188224
anti-p21 [EPR18021]

Rabbit monoclonal
anti-P73

1:100 (IF-P, IHC-P), Abcam

1:300 (WB)
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Antibodies Dilution Company Catalog [clone]
(Application)

Rabbit polyclonal 2 ug (ChiP) Abcam Ab14430]
anti-P73

Mouse monoclonal 1:500 Invitrogen, Thermo  MA1-773
anti-TIMP1 Fisher Scientific

Rabbit polyclonal 1:100 (IHC-P) Proteintech 1189-1-AP
anti-TTR

Rabbit polyclonal 1:400 (WB) Merck T5192

anti-y-Tubulin

ChlP="Chromatin immunoprecipitation, ICC= Immunocytochemistry, IF= Immunofluorescence, IHC=
Immunohistochemistry, Fr: Frozen cryosections, P=Paraffin embedded sections, WB= Western blot

Table 2:  Secondary antibodies.

Alexa Fluor 488 donkey anti-mouse 1:500 (IF-P) Invitrogen, A21202
Thermo Fisher
Scientific
Alexa Fluor 488 goat anti-mouse 1:1,000 (ICC) Invitrogen, A-11001
Thermo Fisher
Scientific
Alexa Fluor 488 chicken anti- 1:200 (IF-Fr) Invitrogen, A-21200
mouse Thermo Fisher
Scientific
Alexa Fluor 594 goat anti-rabbit 1:500 (IF-P) Invitrogen, A11012
Thermo Fisher
Scientific
Alexa Fluor 633 goat anti-rabbit 1:1,000 (ICC) Invitrogen, A-21071
Thermo Fisher
Scientific
Rhodamine Red-X™ donkey 1:200 (IF-Fr) Jackson 711-295-152
anti-rabbit Immunoresearch
(West Grove, PA,
USA)
Peroxidase-conjugated donkey 1:10,000 (WB) Jackson 715-036-150
anti-mouse Immunoresearch
Peroxidase-conjugated donkey 1:10,000 (WB) Jackson 705-036-147
anti-goat Immunoresearch
Peroxidase-conjugated donkey 1:10,000 (WB) Jackson 711-036-152
anti-rabbit Immunoresearch
Biotin-SP-conjugated AffiniPure 1:1,000 (IHC-P) Jackson 111-065-144
Goat Anti-Rabbit IgG ImmunoResearch
Biotin-SP-conjugated AffiniPure 1:1,000 (IHC-P) Jackson 715-065-151
Donkey Anti-Mouse ImmunoResearch

ICC= Immunocytochemistry, IF= Immunofluorescence, IHC= Immunohistochemistry, Fr: Frozen cryosections,
P=Paraffin embedded sections, WB= Western blot
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3.1.3 Air-liquid interface cultures

MTECs were isolated and cultivated using ALI conditions as described previously (You et
al., 2002). Note, minor changes regarding the culture and differentiation medium were
applied as highlighted below. Briefly, tracheae from WT and miR4497 mice (10-16 weeks
old) were excised and after pronase digestion (Merck), epithelial cells were seeded onto
collagen coated transwell culture inserts (12 mm diameter, 0.4 pum pores, polyester,
Corning, New York, USA). Cells were cultured under submerged conditions in airway
epithelial cell growth medium supplemented with growths factors (Promocell, Heidelberg,
Germany), 100 U/ml penicillin, and 100 pg/ml streptomycin to allow proliferation. Upon
confluence, ALI condition was generated by removing the apical chamber medium and
changing the basolateral medium to the differentiation medium consisting of DMEM/F-12
(Gibco) supplemented with 2% Ultroser G (Pall, Port Washington, New York, USA). At
differentiation day (d) 6, the entire ALl culture membrane was fixed with 4%
paraformaldehyde (PFA) and embedded in paraffin. For one ALI culture, MTECs pooled
from three mice were used. Human ALls were performed in a former study (Lizé et al.,

2010a) and only RNA was recovered to complete the presented work.

3.1.4 Luciferase assay

Luciferase assay was performed as previously described (Nemajerova et al., 2016). Briefly,
Saos?2 cells were transfected with pcDNA3.1 empty vector, or pcDNA3.1 vector carrying
P73 isoforms, E2F4, or MCIDAS. Moreover, a firefly luciferase reporter construct containing
the putative E2F-binding sequences of miR449 genomic region (WT) or the P73-binding
sequence of MLCK genomic region (WT) were transfected (Table 3). In addition, the same
sequences lacking the predicted binding motifs (mutant) were transfected (Table 3).
Moreover, a Renilla TK luciferase vector was co-transfected. At 24 h after transfection, cells
were harvested, and the luciferase activities were measured using the dual luciferase
assay. Firefly luciferase activities were determined relative to those of the Renilla TK
luciferase vector and normalized to the mean value of samples from the control vector. As
described in (Wildung et al., 2018). E2F4/Cdc20b luciferase assay was performed by M.

Lizé.

-40 -



3. METHODS

Table 3:  Luciferase constructs.

GCCAGAAAGCTGAGCACACTGGGGA
m|R449/Cdc20b CTCCGTGATAAAGGGGEAGAGEAAE pGL4.23 Nhel EcoRV
BRTATTGAGGGTTGAGGAAGAGGTCTG
WT E2F GCGGGAAATERGABEEAABEAGATG
binding site  GGCTGTGCAGCCTTAGCTGCCCATCT
GAGCTGCCAAGAGAGCCGAGTTGTG
CCATATGGCAGGAG

Mut GCCAGAAAGCTGAGCACACTGGGGA
miR449/Cdc20b CTCCGTGATAAAGGGGEBAGAGEAAE pGL4.23 Nhel EcoRV

TTGAGGGTTGAGGAAGAGGTCTG

Mut E2F hAGATGGGCTGTGCA

binding site GCCTTAGCTGCCCATCTGAGCTGCCA

AGAGAGCCGAGTTGTGCCATATGGCA
GGAG

CACAGGGAACCTGTAATCCCAGCACT

WT MLCK  TTGGGAGGCCAAGGCAAGTCGACCA pGL4.23 Nhel  Hindlll
CTTGAGCCCAGGAGGTCGAGACAAG
WT p73 CCTGGACAACACGGCAAACCACAAC
binding site  TCTACAAAAAAACACAAAAATTAACTG

GGAATGGTGGTGCATGCCTGTGGTCT

CAGCCACTCAAGGGGCTGAGGCAG

CACAGGGAACCTGTAATCCCAGCACT

Mut MYLK TTGGGAGGCCAAGGCAAGTCGACCA pGL4.23 Nhel  Hindlll
CTTGAGCTCGAGAGAACGGCAAACCA

Mut p73 CAACTCTACAAAAAAACACAAAAATTA

binding site ACTGGGTGGTGCCTGTGGTCTCAGC
CACTCAAGGGGCTGAGGCAG

The strongest E2F binding site is depicted in yellow and the removed sequence in bold underlined. Two
consensus sequences with lower score were retained in the mutant (Biflk and [8). RS: Restriction site. p73
binding sites in yellow, bold underlined and gfeen respectively; deleted bases in red)

3.2 Mouse Work, Mouse Models

3.2.1 Mice

TAp73 mutant mice with targeted deletion of exons 2 and 3 of the Trp73 gene were a
generous gift from Dr. Tak Mak (Princess Margaret Cancer Centre, Toronto, Canada)
(Tomasini et al., 2008). miR449 mutants were previously described (Song et al., 2014). Both
strains were maintained in C57BI/6 background (n8) at the animal facility of the European
Neuroscience Institute Goéttingen, Germany in full compliance with institutional guidelines.
The study was approved by the Animal Care Committee of the University Medical Centre
Goettingen and the authorities of Lower-Saxony under the number 16/2069
(TAp73xmiR449 KO mice) and G12/963 (naphthalene). As described in (Wildung et al.,
2018).
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WT (C57BL/6) mice used for DEP experiments were obtained from Harlan Laboratories
(Horst, The Netherlands) and maintained in the animal facility of the Ghent University. The
Animal Ethical Committee of the Faculty of Medicine and Health Sciences of Ghent
University approved the in vivo manipulations using DEP.

Experiments including the exposure to CS and nontypeable Haemophilus influenzae (NTHi)
were approved by the “Landesamt fiir Soziales, Gesundheit und Verbraucherschutz” of the
State of Saarland following the national guidelines for animal treatment. During the
experiment WT and miR449”" mice were maintained under specific pathogen-free
conditions in the animal facility of the Institute for Experimental Surgery of the Saarland

University Homburg.

3.2.2 Naphthalene-induced injury model

Naphthalene (Merck) was dissolved in sunflower oil to a concentration of 30 mg/ml in a
sterile environment on the day of use.12-14 weeks old male WT and miR449" mice were
injected with naphthalene (200 mg/kg) or with oil (vehicle control) i.p. in the morning on dO.
Changes in body weight were monitored every day during the first week and then again at

the endpoint (d14). Lung analysis was performed at d1, d3, d7, and d14.

3.2.3 DEP-induced acute inflammation model

DEP instillation was performed as described previously (Provoost et al., 2016). Briefly, DEP
(standard reference material (SRM) 2975) was obtained from the National Institute for
Standards and Technology (Gaithersburg, MD, USA) and suspended in saline containing
0.05% Tween 80 to a concentration of 2 mg/ml. 6-8 weeks old anesthetized mice (i.p.
ketamine (70 mg/kg; Ketamine 1,000 CEVA, Ceva Sante Animale, Libourne, France) -
xylazine (7 mg/kg; Rompun 2%, Bayer, Leverkusen, Germany) were held vertically and 50
ul saline or DEP solution (100 pg) was pipetted just above their vocal cords. By grasping
the tongue, the mice were prevented from swallowing. Mice were instilled at d1, d4, and d7
and sacrificed at d9 by a lethal dose of i.p. pentobarbital (Ceva Sante Animale). Experiment

was performed by S. Provoost.

3.2.4 NTHi-induced chronic inflammation model

A clinical isolate of NTHi was grown on selective chocolate agar supplemented with 300 pl
IsoVitaleX per 10 cm plate (Becton Dickinson, Heidelberg, Germany) for 24 h at 37°C in 5%
CO:.. After harvesting, bacteria were incubated for 24 h in brain-heart infusion (700 ml) broth
(Becton Dickinson) supplemented with 3.5 mg/ml B-Nicotinamide adenine dinucleotide
(Merck) and 5% Fildes enrichment (Becton Dickinson). After a centrifugation step at 2,500 g
for 15 min at 4°C, the culture was washed, resuspended in PBS (20 ml), and heat
inactivated at 70°C on a shaker for 45 min. Following sonication (three times for 30

seconds), the protein concentration was determined and adjusted to 2.5 mg/ml using the
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Pierce BCA-protein assay (Thermo Fisher Scientific). For bacterial challenge, 4 months old
WT and miR449" mice were transferred to a plexiglass box connected to a Pari MASTER®
nebulizer (Pari GmbH, Starnberg, Germany) and treated with the inactivated NTHi lysate

for 1 h per day and 5 times per week for 3 months. Experiment was performed by C. Herr.

3.2.5 Cigarette smoke-induced COPD model

4 months old WT and miR4497 mice were exposed to CS (3R4F cigarettes, College of
Agriculture, Reference Cigarette Program, University of Kentucky, Lexington, Kentucky,
USA) using a TE-10 smoking machine (Teague Enterprises, Woodland, California, USA).
The concentration of CS was 120 mg/m? total suspended particles. Mice were subjected to
CS for 5 h per day and 5 days per week over a period of 6 months. The daily smoking
protocol consisted of three smoking phases each with 87 min, which were interrupted by
room-air exposures for 40 min. Experiment was performed by C. Herr.

3.2.5.1 Pulmonary function

Pulmonary function analysis was carried out using the FlexiVent system (Scireq, Montreal,
Canada). Mice were anesthetized by a mixture of xylazine (Rompun, 7 mg/kg, Bayer) and
ketamine (Ursotamin, 100 mg/ml, Serumwerk Bernburg, Bernburg, Germany).
Subsequently, the trachea was exposed and cannulated using the 18 G cannula supplied
with the FlexiVent system. Data acquisition was performed with the flexiWare 7.1 software

(Scireq, Montreal, Canada). Experiment was performed by C. Herr.

3.2.5.2 Bronchoalveolar lavage

Prior to bronchoalveolar lavage (BAL) the animals were deeply anesthetized with a mixture
of ketamine (Ursotamin, 105 mg/ml, Serumwerk Bernburg) and xylazine (Rompun, 7 mg/kg,
Bayer). After reaching anesthesia the trachea was exposed and cannulated. The BAL was
performed by rinsing the lungs 3 times repeatedly with 1 ml sterile PBS containing protease
inhibitors (cOmplete ULTRA Tablets, Mini, Roche Diagnostic, Mannheim, Germany). The
collected BAL fluid (BALF) was centrifuged for 5 min at 300 g. The number of viable cells
was determined by resuspending the cell pellet in 1 ml of sterile PBS and counting on an
improved Neubauer chamber after trypan blue staining. For the cellular composition of the
BALF a cytospin was stained with DiffQuik (Medion Diagnostic, Grafelfing, Germany) and
at least 200 cells were counted and differentiated based on their morphology. Experiment

was performed by C. Herr.

3.2.5.3 Stereology
For stereological analysis, the lung was prepared for uniform random sampling as described
previously (Knust et al., 2009). Briefly, fixation of the lung was performed by instillation of

freshly prepared PBS-buffered 4% formalin under a constant hydrostatic pressure of 20 cm
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for 20 min. After that, the trachea was ligated to preserve intrapulmonary pressure. For
additional fixation, the lung was incubated in PBS-buffered 4% formalin for 24 h. The lung
volume used as reference for stereological measurements was determined by fluid
displacement. After embedding in agar, the lung was cut into regular slices prior to paraffin
embedding. Stereological analysis was performed on hematoxylin and eosin (H&E) stained
lung sections. The mean chord length (mean linear intercept, Ln) was determined using the
Visiopharm Integrator System package (Visiopharm, Hoersholm, Denmark) on an Olympus
BX51 microscope equipped with an 8-position slide loader (Olymus, Tokio, Japan).

Experiment was performed by C. Herr.

3.2.6 Tissue sample preparation for protein and RNA analyses

Mice were euthanized with CO- followed by cervical dislocation. Afterwards, tissues were
isolated, washed in cold PBS, and directly snap-frozen in liquid nitrogen until use. For the
analyses of the ventricles of the brain coronal slices with an enrichment of the lateral
ventricle were used, as indicated by the blue dotted lines in Figure 14e. EDs were isolated
by cutting the EDs at connection to the testis on the one end and to the caput epididymis at
the other end. Blue dotted lines in Figure 14a indicate the ED cutting sites. FTs were cut at
the distal and proximal part to remove the ovary and uterus, respectively (Figure 14c). For
the analysis of the airways, the lobus cranialis and the lobus caudalis were used for protein

and RNA, respectively. The entire trachea until the bifurcation was used for the analyses.

3.3 Human samples

3.3.1 Human samples of the male reproductive duct

Human epididymis samples were procured with informed consent from two patients (42 and
41 years of age, respectively). All experimental procedures were approved and performed
in accordance with the requirements set forth by Ethics Committee of the University Medical
Centre Goettingen (application number: 18/2/16). As described in (Wildung et al., 2018).

3.3.2 Human COPD bronchial biopsy samples, mRNA and miRNA
profiling, and correlation studies

Bronchial biopsy specimens were collected from 57 COPD patients who were part of the
Groningen Leiden Universities and Corticosteroids in Obstructive Lung Disease
(GLUCOLD) study (Lapperre et al., 2006). In the current study, only the patients at baseline
were included. All patients were stable, either current or ex-smokers, and not on
corticosteroid therapy. They had irreversible airflow limitation (post-bronchodilator forced
expiratory volume in 1 second (FEV 1) and FEV l/inspiratory vital capacity (IVC)<90%

confidence interval of the predicted value) and chronic respiratory symptoms. The local
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medical ethics committee approved the study and all patients gave their written informed
consent.

MRNA and miRNA profiling were performed at Boston University Microarray Resource
Facility using GeneChip® Whole Transcript Sense Target Labeling Assay (Affymetrix,
Santa Clara, CA, USA) and FlashTag™ Biotin HSR Labeling Kit (Affymetrix), respectively.
Detailed methods on the profiling and processing of microarray data were described
previously (Tasena et al., 2018). Using the matched mRNA and miRNA profiles of the same
patient, Pearson correlation coefficient was used to identify genome-wide mRNAs of which
expression was correlated with miR-34/449 expression. Benjamini-Hochberg procedure
was applied for multiple test correction. Significant correlation was defined using false
discovery rate adjusted p-value false discovery rate (FDR)<0.05.

To assess the role of miR449a in cilia development and function, the list of mRNAs
positively correlated with miR449a was compared to the previously reported list of cilia-
associated genes (Nemajerova et al., 2016). Moreover, gene-set enrichment analysis
(GSEA, v3.0) (Subramanian et al., 2005) was performed to identify biological processes
(Gene Ontology, v6.1) in which miR-34/449 positively correlated genes plays a role.
Genome-wide mRNAs were ranked based on their t-statistics representing the strength of
their correlation with miR449a expression. A p-value was calculated after 1,000
permutations were performed. Described and performed by H. Tasena.

3.4 Biochemistry

3.4.1 Western blot

Samples were homogenized in RIPA buffer (20 mM TrisHCI pH 7.5, 150 mM NacCl, 9.5 mM
EDTA, 1% Triton X100, 0.1% SDS, 1% sodium deoxycholate) supplemented with urea (2.7
M) and protease inhibitors (Complete Mini EDTA-free, Roche). Equal amounts of protein
extracts were separated by SDS-polyacrylamide gels prior to transfer onto a nitrocellulose
membrane and incubated with primary antibodies (List of antibodies in Table 1). The
membrane was washed and incubated for 1 h with horse radish peroxidase (HRP)-
conjugated secondary antibodies (List of antibodies in Table 2) followed by
chemiluminescence detection. B-ACTIN or heat shock cognate 70 kDa protein (HSC70)

were used as protein loading controls. As described in (Wildung et al., 2018).

3.4.2 Histology and Immunostaining

For histology, PFA-fixed, paraffin-embedded 3-um tissue sections were stained with H&E.
For immunostaining, PFA-fixed, paraffin-embedded tissue sections (mouse and human
tissues: 3 um, ALl membranes: 7 um) were dehydrated and treated with heat-induced
epitope retrieval (sodium citrate, pH 6.0). Cryosections were directly fixed with 4% PFA for

10 min at RT. For immunohistochemistry (IHC), endogenous peroxidase activity was
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quenched with 3% H>O- for 10 min after antigen retrieval. Subsequently tissue sections
were blocked with 10% FCS in PBS-T (for cryosections: 1% BSA in PBS-T) and incubated
with primary antibodies (List of antibodies in Table 1).

For IHC, biotinylated secondary antibodies were applied for 1 h at RT (List of antibodies in
Table 2), after which avidin enzyme complex and substrate/chromogen were used for color
development (Vector laboratories, Burlingame, CA, USA). Stained tissue sections were
counterstained with hematoxylin.

For IF, sections were stained with fluorescently labelled secondary antibodies (List of
antibodies in Table 2) for 1 h at RT. Nuclei were counterstained with DAPI.

Images were acquired on a ZEISS AxioScope Al microscope (ZEISS, Oberkochen,
Germany), except tracheae images, which were viewed on a ZEISS confocal LSM 510 and
880 microscope. As described in (Wildung et al., 2018).

3.4.2.1 Quantification of cilia markers

The expression of cilia markers in immunofluorescence (IF) images (converted to 8-bit) was
quantified using the ImageJ software (Schindelin et al., 2012). Briefly, after selecting the
region of interest, unspecific signals were removed, and a threshold was set to identify the
positive signal. To measure the area of the positive cilia staining the Analyze Patrticle tool
was applied. Values of the cilia area were normalized to the length of the respiratory
epithelium measured. As described in (Wildung et al., 2018). For length measurements of
motile cilia (ALI cultures, CP) the line tool from the ImageJ software was used. Cilia length

was defined by the area positive for both cilia markers used.

3.5 Molecular Biology

3.5.1 RNA extraction, quantitative PCR

Total RNA from murine tissues was isolated by Extrazol (7BioScience, Hartheim,
Germany)/Chloroform extraction followed by 80% ethanol precipitation at -20°C. The
miRVana kit (Invitrogen, Thermo Fisher Scientific) was used for RNA isolation from human
ALl cultures. For cDNA synthesis, 1 ug of RNA was incubated with the M-MuLV reverse
transcriptase and a mix of random nonameric and polyA tail primers at 42°C for 1 h in a
total volume of 50 pl. For reverse transcription guantitative polymerase chain reaction (RT-
gPCR) all reactions were set up in triplicate with self-made SYBR Green qPCR Mix (Tris-
HCI [75 mM], (NH4)2S0O4 [20 mM], Tween-20 [0.01% v/v], MgCl, [3 mM], Triton X-100
[0.25% v/v], SYBR Green | [1:40,000], dNTPs [0.2 mM] and Tag-polymerase [20 U/ml])
using 250 nM of each gene-specific primers (List of primers in Table 4). Standard curve or
AACt method were used to assess relative transcript content. Transcript of interests were
normalized to the reference transcript of ribosomal phosphoprotein PO (Rplp0, or 36b4) and

normalized to the mean value of control samples. The results for each sample were
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obtained by averaging transcript levels of technical triplicates. No RT controls and dilution
curves as well as melting curves and gel electrophoresis assessment of amplicons were
performed for all primer combinations. As described in (Wildung et al., 2018).

Copy number in RNA samples was determined by qPCR using a murine TAp73 plasmid
(MC219984, Origene, Rockville, USA) with a known copy number as standard curve. Copy
number of the TAp73 plasmid was determined using the following formula:

number of copies = (plasmid amount [ng] * 6.022x10?% [molecules/mole]) / (plasmid length
[bp] * 1x10° [ng/g] * 650 [g/mol]). As described in (Wildung et al., 2018).

For miRNA quantification, TagMan MicroRNA Assays (Applied Biosystems, Thermo Fisher
Scientific) for murine and human members of the miR-34/449 family were performed
according to the manufacturer’s instructions with U6 small nuclear RNA (snRNA) as

reference gene. As described in (Wildung et al., 2018).

3.5.2 Small RNA sequencing

The libraries for small RNA samples were prepared using TruSeq Small RNA Library Prep
Kit -Set A (24 rxns, Set A: indexes 1-12; Cat N°: RS-200-001, lllumina, San Diego, CA,
USA) using 1 ug of total RNA according to manufacturer's recommendations. Samples were
sequenced on the lllumina HiSeq 4,000 using a 50 bp single-end approach. Mapping,
prediction of novel miRNAs, quality control, and differential expression (DE) analysis were
carried out using Oasis2.0 (Oasis: online analysis of small RNA deep sequencing data)
(Capece et al., 2015). In brief, FASTQ files were trimmed with cutadapt 1.7.1 (Martin, 2011)
removing Truseq adapter sequences (TGGAATTCTCGGGTGCCAAGG) followed by
removing sequences smaller than 15 or larger than 32 nucleotides. Trimmed FASTQ
sequences were aligned to mouse sRNAs using STAR version 2.4.1d (Dobin et al., 2013)
with a mismatch of 5% of the sequence length and by utilizing the following databases:
Mirbase version 21 for miRNAs, piRNAbank V.2 for piwiRNA, and Ensembl v84 for small
nuclear RNA (snRNA), small nucleolar RNA, and ribosomal RNA. Counts per small RNA
were calculated using featureCounts v1.4.6 (Liao et al., 2014). Novel miRNAs were
searched for using miRDeep2 version 2.0.0.5 (Friedlander et al., 2012). DE of small RNA
was determined by DESeqg2 (Love et al., 2014), where small RNAs were considered
differentially expressed with an adjusted p-value <0.05 and absolute log2 fold-change >1.
The small RNA-sequencing (RNA-seq) data sets were submitted to Gene Expression
Omnibus (GEO), accession number GSE108385. As described in (Wildung et al., 2018).

Experiment was performed by O. Shomroni.
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Table 4: Sequence information for primers used in RT-qPCR.

Forward primer (5" to 3°) Reverse primer (5 to 3°)

hsaAURKA TTCTTCCCAGCGCATTCCTT TTCCTTTACCCAGAGGGCGA
mmuCdc20b CTCGCCAACGGCATGAAGCAG CTCCGCAGACAGCCTCTTCACG
Cdknla GTGGCCTTGTCGCTGTCTT GCGCTTGGAGTGATAGAAATCTG
Cdknlb AGTGTCCAGGGATGAGGAAGCGAC TTCTTGGGCGTCTGCTCCACAGTG
mmuDnah5 CTGACGGACGCTGGGGACAC CACTGGGGTGGTCGCCGAAG
mmuDnalil TTTGGCATGAGGAAGGCACT CTGGTTGGTCCGTTTCAGGA
mmuE2F1 AACTGGGCAGCTGAGGTGC CAAGCCGCTTACCAATCCC
mmuE2F3 AAACGCGGTATGATACGTCCC CCATCAGGAGACTGGCTCAG
mmuE2f4 GCACTGGACACTCGGCCT TGCACTCTCTCGTGGGGTCG
mmuFoxj1 CCATGCAGACCCCACCTGGCA GGGCAAAGGCAGGGTGGATGT
mmuMcidas AACAACGAAAAGGAGCCTGGA GCCGCTTAGGGTCACGATTG
mmuMmp9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
mmuMmpl2 GGGCTGCTCCCATGAATGAC CCAGAGTTGAGTTGTCCAGTTG
mmuRfx2 GACGGCACAAGACACTCTCTG AGAGTCTCAATCGCCATTTCAAG
mmuRfx3 ATGCAGACTTCAGAGACGGGT ACTGGCACTTGCTGTACCAC
mmuTAp73  AGCAGAATGAGCGGCAGCGTT TGTTGGACTCCTCGCTGCCTGA
mmu36b4 GCAGATCGGGTACCCAAC CAGCAGCCGCAAATGCAG
hsa36B4 TKGCCAGTGTSTGTCTGCAG CCRCAAAKGCAGATGGATCAG

3.5.3 Chromatin immunoprecipitation

Chromatin was harvested from Saos2 cells transiently overexpressing TAp73a, TAp738,
and the control vector pcDNA3.1. ChIP and gPCR was performed as previously described
(Nemajerova et al., 2016). Briefly, transfected Saos2 cells were cross-linked with 1.1% PFA
for 30 min. For stopping the cross-linking, 0.125 M glycine was added. After cell lysis using
1% Triton X-100, 0,15 M NaCl, 1 mM EDTA, 0.1% SDS, and protease inhibitors, cells were
sonicated for 10 min (BioRuptor, Diagenode, high power setting, 30 seconds on/off). An
aliquot of chromatin was de-crosslinked as described below and used as input control.
Afterwards, chromatin was incubated with Protein A/G plus agarose beads (Santa Cruz)
and 2 ug of TA-specific p73 antibody or IgG overnight (List of antibodies in Table 1).
Following immunoprecipitation, ChlIP samples were washed and eluted from beads via a
20 min rotation incubation in 1% SDS and 0.1 M NaHCO3, and de-crosslinked by the
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addition of 0.2 M NacCl for 4 h at 65°C. Subsequently, DNA was purified by the MinElute
PCR Purification Kit (Qiagen) and analyzed by realtime PCR using specific primers (List of
primers in Table 4). Enrichment levels were determined as the number of PCR products for

each gene relative to total input. As described in (Wildung et al., 2018).

Table 5:  Sequence information for primers used in ChIP-qPCR.

Forward primer (5" to 3°) Reverse primer (5 to 3°)

DNAI1 CCCAAGCGGGGTAATCTCT CTTGAGGTTGTGGGACTTCAC
DNALI1 CACGCCCGGCAAATTTCTG CAAGGTGGGCAGATCATGTG
FOXJ1 down CAGCATGCCCAGAAGCTTTG TCAGGGGCTGCATTCTTCC
FOXJ1 end AGGGCACACTTAGCCTTTG AGGAGACAAAGGGAGGAGG

3.5.4 In situ hybridization, RNAscope

Tissue cryosections from mouse embryos were fixed with 4% PFA for 10 min, acidified
(1.3% Triethanolamine, 0.000065% HCI, 0.25% Acetic Anhydride) and digested with
Proteinase K (0.5 pg/ml). After pre-incubation of slides with hybridization buffer (50%
Formamide, 25% 20x saline-sodium citrate buffer (SSC) pH 4.5, 1% 0.5 M EDTA, 0.1%
Tween-20, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS),
0.1 mg/ml Heparin, 1% yeast transfer RNA) for 4 h at RT, a dioxigenin-labelled LNA-probe
(5 pM) against miR449a diluted in hybridization buffer was added for 24 h at 50°C in a
chamber humidified with 50% formamide and 25% 20x SSC buffer. Following two washing
steps with pre-warmed 5x SSC buffer for 5 min and 0.2x SSC buffer for 1 h at 50°C, slides
were incubated with Buffer B1 (0.1 M TRIS pH 7.5, 0.15 M NaCl) for 10 min at RT and
blocked (10% FCS, 0.05% Tween-20, 90% B1 buffer) for 1 h at RT. The alkaline
phosphatase-conjugated anti-dioxigenin antibody (Roche Diagnostics) diluted in blocking
solution (1:2,000) was incubated on the slides overnight at 4°C. After washing with B1
buffer, the slides were incubated with buffer B2 (0.1 M TRIS pH 9.5, 0.1 M NaCl, 50 mM
MgCl,, 0.1% Tween-20, 2 mM Levamisole) for 10 min. To visualize the in situ hybridization
(ISH) signal, slides were incubated with nitroblue tetrazolium chloride (75 mg/ml)/ 5-bromo-
4-chloro-3-indolyl-phosphate (50 mg/ml) in B2 buffer for up to 3 days and subsequently
mounted with fluorescence mounting medium. As a control, slides were treated the same,
but without addition of LNA-probe. Anti-miR449a (ACCAGCUAACAAUACACUGCCA)
LNA-probe was purchased from Qiagen.

For RNAscope, TAp73 (probe no. 475741), Mcidas (probe no. 510401-C2), Hes1 (probe
no. 417701) and Hes5 (probe no. 400991-C2) were visualized using RNAscope 2.5 HD
Duplex Reagent Kit (#322430, Advanced Cell Diagnostics, Hayward, CA, USA) according
to manufacturer’s instructions. As described in (Wildung et al., 2018). Experiments were

performed by M. Lizé and members of the group from H. Zhao).
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3.6 Microscopy, Video Microscopy

3.6.1 Transmission electron microscopy

For fixation, freshly isolated tissue samples were incubated in 2% glutaraldehyde in 0.1 M
cacodylate buffer (Science Services, Minchen, Germany) at pH 7.4 overnight at 4°C. Post-
fixation was performed using 1% osmium tetroxide diluted in 0.1 M cacodylate buffer.
Following pre-embedding staining using 1% uranyl acetate, and dehydration, tissue
samples were embedded in Agar 100 (Plano, Wetzler, Germany). To rule fixation artefacts
out, a second embedding technique was performed (only for trachea samples from WT and
miR449" mice). For this, samples were transferred to aluminium platelets of 150 um depth
filled with 1-hexadecen (Studer et al., 1989), which were subsequently frozen using a Leica
EM HPM100 high pressure freezer (Leica Microsystems). Afterwards, the vitrified samples
were placed into an Automatic Freeze Substitution Unit (Leica EM AFS2) and substituted
at -90°C in the following solutions: anhydrous acetone, 0.1% tannic acid (for 24 h), and in
anhydrous acetone, 2% 0OsO,4, and 0.5% anhydrous glutaraldehyde (EMS Electron
Microscopical Science, Hatfield, PA, USA) for 8 h. After an additional incubation step for 20
h at -20°C, tissue samples were brought back to +4°C, washed with anhydrous acetone,
and embedded at RT in Agar 100 at 60°C for 24 h. Thin tissue sections (100 nm) were
analyzed with a Philips CM 120 BioTwin transmission electron microscope (Philips,
Amsterdam, The Netherlands) and micrographs were acquired using a TemCam F416
CMOS camera (TVIPS, Gauting, Germany). As described in (Wildung et al., 2018).
Longitudinal- and cross-sections from motile cilia were evaluated and grouped in normal
and abnormal cilia. Abnormal cilia were defined as cilia with a detachment of the ciliary
plasma membrane. Images were taken and quantified from at least two different tissue

locations from each sample. Experiment was performed by D. Riedel.

3.6.2 Mucociliary transport assay

Freshly isolated vital tracheae were longitudinally cut using a microtome (VT1200S, Leica
Microsystems) and rinsed with Ringer's solution containing 98 mM NacCl, 2 mM KCI, 1 mM
CaClz, 2 mM MgClz, 5 mM glucose, 5 mM sodium pyruvate, 10 mM Hepes (230 mOsm, pH
7.8). Fluorescent microspheres (FluoSpheres®, 0.17 ym, PS-Speck, Invitrogen, Thermo
Fisher Scientific) diluted in Ringer’s solution were added onto the multiciliated epithelium of
the tracheae. In areas of 280x280 um (512x512 pixels) the movement of the fluorescent
microspheres was recorded using a custom-built confocal line illumination microscope
(Junek et al., 2009) at 61 Hz for 2,000 frames. Note that only areas with beating cilia were
imaged. For each frame, particles were detected and tracked using functions previously
described (Crocker, J. C., et al., 1996). Absolute full-trajectory velocities along the focal
plane were combined within one measurement. Averaged velocities of independent

measurements from different tissue areas and different mice were assigned into the
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following groups: WT, miR4497, and diffusion. Diffusion measurements were obtained from
non-living dried tracheae and pooled from WT and miR449" mice, since they were identical.
Individual trajectory velocities from all measurements within the respective group were
included to obtain particle velocity distributions. All data evaluation was carried out using a
custom software written in Matlab (MathWorks, Natick, MA, USA). Age-matched WT and

miR449” mice (12 weeks) were used. Data evaluation was performed by Mihai Alevra.

3.6.3 Video microscopy of spermatozoa and smooth muscle
contraction of fallopian tubes

The murine FT and testis connected to the epididymis were dissected and transferred to
DMEM. To image spermatozoa, the epididymis was separated from the testis and vas
deferens. An incision was made at the distal end to release spermatozoa. Spermatozoa as
well as the peristaltic contraction of the FT was imaged with an inverse microscope. As
described in (Wildung et al., 2018).

3.6.4 Imaging of cilia-generated bead-flow and cilia beating in the
brain ventricular system

Mouse brains were dissected and transferred to DMEM 21063 (Gibco, Thermo Fisher
Scientific). Coronal slices containing the lateral ventricle, ventral third ventricle, aqueduct,
and fourth ventricle were prepared by using a coronal adult brain matrix (ASI Instruments,
Warren, Ml, USA). The ventral third ventricle was processed further as previously described
(Faubel et al., 2016). The tissue explant was placed in DMEM containing fluorescent latex
beads (Fluoresbrite Multifluorescent 1.0 micron Microspheres, Polysciences, Warrington,
PA, USA). Movement of fluorescent beads along the ventricular wall and within the
ventricular lumen was observed by fluorescence microscopy using a DMR (Leica
Microsystems) upright microscope with an epifluorescence lamp. Ciliary beating was
observed by differential interference contrast microscopy using the same set-up. Bead
movement was recorded using a high-speed camera operated by MultiRecorder Software
(Cascade 11-512, Photometrics, Tucson, AZ, USA) and analyzed using the ImageJ software
(Schindelin et al., 2012). As described in (Wildung et al., 2018). Described and performed
by A. Guenther.

3.7 Statistical Analysis

For the data used in the manuscript “Transcription factor TAp73 and microRNA-449
cooperate in multiciliogenesis”, a one-tailed, unpaired Student’s test assuming normal
distribution was used to calculate statistical significance for pairwise comparisons.
Luciferase assay statistics were assessed using one-way ANOVA assuming normal
distribution followed by Dunnett's multiple comparison tests. Statistical analyses were

carried out using the GraphPad Prism software. The following indications of significance
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were used throughout the manuscript: *p<0.05, **p<0.01, ***p<0.001. Results are shown

as the mean  standard error of the mean (SEM).

For the data used in the manuscript “miR449 protects airway cilia and healthy lung aging,
thereby preventing COPD”, a two tailed, unpaired or paired t-test with Welch-correction
(used only for unequal variances) was used to calculate statistical significance for pairwise
comparisons. Except for Figure 5d and 6¢ were a one tailed unpaired t-test and a two tailed
paired t-test were applied, respectively. Normal distribution was assumed for all analyzed
data. Statistical analyses were carried out using the GraphPad Prism software.

The following indications of significance were used throughout the manuscript: *p<0.05,

**p<0.01, ***p<0.001. Results are shown as the mean * standard error of the mean (SEM).
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4.1.1 TAp73is expressed in diverse multiciliated epithelia

We and others previously showed that TAp73, which is expressed in respiratory epithelia,
controls airway multiciliogenesis (Marshall et al., 2016; Nemajerova et al., 2016). However,
little is known about the expression and function of TAp73 in other MCC types. To address
this, we performed immunostaining and in situ hybridization studies and demonstrated
TAp73 expression in EDs, FTs, and ependymal and CP epithelial cells in the brain as well
as the testis as previously described (Hamer et al., 2001; Holembowski et al., 2014; Inoue
et al., 2014) (Figure 14a - f, Supplemental Figure 1a).
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Figure 14: TAp73 is expressed in diverse multiciliated epithelial cells.

a) Schematic illustration of the EDs (arrows) that connect the testis with the epididymis. Blue dotted lines
indicate the region used for protein and RNA analyses. b) Expression of P73 (green) and the axonemal cilium
marker acetylated-alpha-tubulin (Ac-a-TUB, red) is shown in the human ED. White bracket circles delineate
P73 staining. DAPI staining (blue) marks nuclei. ¢) Schematic illustration of the FT that connects ovary and
uterus. Green dotted line illustrates the region used for IF analysis. Blue dotted lines display cuttings site for
protein and RNA analyses. Arrow points to ciliated fimbriae. d) Expression of P73 is shown in the human FT.
Upper panel depicts a magnification of the boxed region in the lower panel. Arrowheads mark P73+ cells.
Images were obtained from Human Protein Atlas:
(https://www.proteinatlas.org/ENSG00000078900-TP73/tissue/fallopianttube). e) Schematic illustration of
murine brain ventricles (arrows). Blue dotted lines indicate the position of coronal brain slices used for protein
and RNA analyses. f) Expression of TAp73 is shown in the lateral and 4th ventricle of WT mice. Red dotted
lines demarcate ventricles lined with ependymal cells. Notice that both ependymal and CP epithelial cells
express TAp73.
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RT-gPCR and western blot analyses showed that, among different multiciliated epithelia,
FTs and EDs exhibited higher levels of TAp73 expression than the ventricles of the brain
(Figure 15a - c). Together, our results demonstrate robust TAp73 expression in different

multiciliated epithelia.
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Figure 15: Expression levels of TAp73 vary within different multiciliated tissues.

a) Absolute quantification of the expression of TAp73in the testis, FT, epididymis (Epi), and the brain ventricle
of WT mice using a murine TAp73 plasmid standard curve. Expression levels are shown relative to TAp73
expression in testis (testis: n = 3, FT: n = 4, ED: n = 6, ventricle: n = 4). b) Western blot analysis of the
expression of TAp73, and P73 isoform lacking N-terminal (ANp73) in Epi, FT, and brain ventricle of WT mice.
HSC70 serves as a loading control. Of note, TAp73 was not detected in testis. ¢) Quantitation of the
immunoblot bands shown in (b). Data are presented as the mean + SEM. Confer (Cf.) Figure 14a, ¢, and e
for cutting area of ED, FT, and ventricle, respectively.

4.1.2 TAp73is crucial for the molecular circuit of
multiciliogenesis in efferent ducts

Loss of TAp73 leads to male infertility that has been attributed to defective germ cell
maintenance during spermatogenesis, which results in a massive reduction of germ cells in
the testis (Holembowski et al., 2014; Inoue et al., 2014). Interestingly, we detected
spermatozoa in the testis of TAp73 KO mice, though at a markedly reduced level
(Supplemental Figure 2a). However, spermatozoa did not reach the cauda epididymis
(Figure 16a), indicative of a defect in the conduit (EDs) connecting the testis and the
epididymis. The multiciliated epithelium of the EDs contributes to spermatozoa transport
from the testis to the epididymis by facilitating testicular fluid circulation, fluid reabsorption,
and spermatozoa concentration (Hess, 2002; Hess, 2015), all essential aspects of male
fertility (Mendive et al., 2006; Dacheux and Dacheux, 2013; Danielian et al., 2016). As
TAp73is expressed in MCCs of the ED epithelium we analyzed the EDs in TAp73 KO mice.
Indeed, although no gross morphological differences were observed between WT and
TAp73 KO EDs (Figure 16a), immunofluorescent staining of the cilia components

acetylated-alpha-tubulin (Ac-a-TUB) and the axonemal dynein DNAI1 showed a dramatic
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reduction in the number and length of motile cilia in the EDs of TAp73 KO mice (Figure 16b
and c), resembling the loss of airway cilia in these animals (Nemajerova et al., 2016).
Ultrastructural studies supported the observation of a ciliary defect in TAp73 KO EDs and
additionally indicated an increased BB mislocalization (Figure 16d, Supplemental Figure
2b).
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Figure 16: TAp73 deficiency results in loss of motile cilia in the efferent ducts.

a) Representative images of H&E staining of ED and epididymis (Epi) sections in WT and TAp73 KO mice.
Bracket lines demarcate the border of ED and Epi. Notice the lack of mature spermatozoa in the cauda Epi
in TAp73 KO mice (arrowhead). b) Expression of the cilia markers Ac-a0-TUB (green) and axonemal dynein
DNAI1 (red) in EDs of WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. Boxed regions are
magnified in the bottom panel. Notice that TAp73 KO mice have less abundant and shorter cilia (white bars)
compared to their WT counterparts. ¢) Quantitation of Ac-a-TUB and DNAI1 signals normalized to epithelial
length (WT: n = 6 images from 3 mice; TAp73 KO: n = 11 images from 4 mice). Data are presented as the
mean = SEM and relative to WT group. d) Representative photomicrographs of transmission electron
microscopy (TEM) of a MCC in the ED from WT and TAp73 KO mice. BB = basal body, aCi = axoneme of
cilium, cCi = cross section of cilium, Mv = microvilli.

We and others previously demonstrated that TAp73 promotes multiciliogenesis by
transcriptionally activating a network of pro-ciliogenic genes (e.g. Foxjl) (Marshall et al.,
2016; Nemajerova et al., 2016). Here, we confirmed this interaction and identified two new
TAp73 targets as ChIP followed by gPCR revealed a significant enrichment of TAp73 in
genomic loci of the axonemal dyneins DNALI1 and DNAIL, and as previously reported
FOXJ1 (Figure 17a, Supplemental Figure 3a) (Nemajerova et al., 2016). Accordingly,
transcript levels of Dnalil, Foxjl, Rfx2, and Rfx3 and protein levels of DNAI1 and DNALI1
were strongly reduced in male reproductive ducts of TAp73 KO animals (Figure 17b and c,
Supplemental Figure 2c and d).

In summary, our results indicate that TAp73 directs Dnalil and Dnail in addition to known
critical nodes including Foxjl, Rfx2, and Rfx3 to mediate multiciliogenesis in EDs (Figure
27a and b). Thus, these additional defects in the multiciliated epithelium of the EDs may
contribute to male infertility in TAp73 KO mice.
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Figure 17: TAp73 controls multiciliogenesis in the male reproductive tract.

a) ChIP was performed in Saos2 cells transfected with TAp73a, TAp736, and empty control vector. Binding
of TAp73a and TAp73p to genomic regions of FOXJ1, axonemal dyneins DNALI1 and DNAI1 was compared
to that of the empty vector using RT-gPCR (n = 3 for each antibody/gene pair, except for DNALI1 [n = 4]).
Genomic regions examined are illustrated in Supplemental Figure 3 (Koeppel et al., 2011). b) RT-gPCR
analysis of Dnali1, Foxj1, Rfx2, and Rfx3 expression in EDs from WT and TAp73 KO mice relative to the WT
group (WT: n = 4 for Dnali1, Foxj1, and Rfx3, n = 3 for Rfx2; TAp73 KO: n = 3). ¢) Immunoblot analysis of
the expression of TAp73, ANp73, DNALI1, and DNAI1 in epididymis of WT and TAp73 KO animals. HSC70
serves as a loading control. Cf. Figure 14a for cutting area of EDs. Data are presented as the mean £ SEM.

4.1.3 TAp73-driven transcriptional network regulates
multiciliogenesis in fallopian tubes

Infertility in female TAp73 mutant mice is associated with defects of oocyte release from the
ovary and progression along the FTs (Tomasini et al., 2008; Tomasini et al., 2009).
However, it remains unclear how TAp73 loss affects gamete transport in the female
reproductive tract. Gamete transport along the FT epithelium depends on efficient motile
cilia beating and smooth muscle contraction (Ezzati et al., 2014), whereas the latter one
was not affected by TAp73 loss (video not shown). As TAp73 is expressed in MCCs of the
FT epithelium (Figure 14d, Supplemental Figure la), we examined the multiciliated
epithelium of the FTs in TAp73 KO animals to identify the mechanism behind the impaired
gamete transport. Despite normal tubal morphology (Figure 18a), analysis of Ac-a-TUB and
DNAI1 expression showed reduced cilia coverage of the oviduct epithelium in TAp73 mutant

mice (Figure 18b and c). Consistently, transmission electron microscopy (TEM)
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demonstrated ciliary defects including mislocated BBs in the FTs of TAp73 KO mice (Figure

18d, Supplemental Figure 4a).
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Figure 18: Loss of TAp73 results in reduced ciliation in the oviducts.

a) Representative H&E images of the FT of WT and TAp73 KO animals. b) Expression of Ac-a-TUB (green)
and DNAI1 (red) in the FT of WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. Boxed regions are
magnified in bottom panel. In contrast to multiciliated FTs in WT, TAp73 KO mice exhibit segments devoid
of cilia (arrowheads). ¢) Quantitation of Ac-a-TUB and DNAI1 IF signals normalized to epithelial length (WT:
n = 6 images from 4 mice; TAp73 KO: n = 6 images from 3 mice). Data are presented as the mean + SEM
and relative to the WT group. d) Representative photomicrographs of TEM of a MCC in the FT from WT and
TAp73 KO mice.

Similar to the EDs of TAp73 KO mice, mRNA expression levels of Dnalil, Foxjl, Rfx2, and
Rfx3 were reduced in TAp73 KO FTs (Figure 19a), which was accompanied by declined
protein expression of FOXJ1, DNAI1, DNALI1 (all expressed in the human FTs, cf.
Supplemental Figure 4b), and gamma-tubulin (y-TUB, BB marker) (Figure 19b). Of note,
the loss of the TAp73-driven multiciliogenesis program in FTs was less pronounced as in
the EDs.

Taken together, these data strongly suggest that loss of TAp73 leads to reduced
multiciliogenesis in the oviducts that may contribute to defective oocyte transport and

infertility (Tomasini et al., 2008) (Figure 27a and c).

-59.



4. RESULTS - CHAPTER 1

Fallopian tube Fallopian tube
WT TAp73 KO KDA
2.0
OwT 100
< TAP73 - a9
2 . E 7Ap73 KO |! [;8
2 154 — ANp73|- - _-_.—-l'
o * *
>
O L | M -
2 104 FOXJ1 S s S Lo
% DNA|1|-— PR — - |-100
2 054
g 0.5 I ' DNALI [ e e |35
4 55
0.0 . .i LI T Y-TUBl"——‘-—-— — st I-40
Dnali1 Foxj1 Rfx2 Rfx3
HSC?Ol-—--—-——-—--——-‘FU

Figure 19: TAp73 controls multiciliogenesis in the oviducts.

a) RT-gPCR analysis of Dnali1, Foxj1, Rfx2, and Rfx3 expression in oviducts from WT and TAp73 KO mice
(n = 3). Data are presented as the mean £ SEM and relative to the WT group. b) Immunoblot analysis of the
expression of TAp73, ANp73, FOXJ1, DNALI1, DNAI1, and y-TUB in oviducts from WT and TAp73 KO
animals. HSC70 serves as a loading control. Cf. Figure 14c for cutting sites used to isolate FTs.

4.1.4 Ciliary function in the brain is unaltered in the absence of
TAp73

Given TAp73 expression in ependymal and CP epithelial cells in adulthood (Figure 14f), we
further evaluated TAp73 expression during brain development. Immunofluorescent studies
showed that proliferative progenitors (KI-67*) are present in the hindbrain roof plate,
whereas post-mitotic cells expressing Aquaporin 1 (AQP1) (Huang et al., 2009b; Li et al.,
2016) are detected in CP epithelium (KI-67/AQP1*) (Figure 20a). Notably, a portion of the
roof plate exists between the progenitors and CP epithelium that remains undifferentiated
after cell cycle exit (KI-67/AQP1°) (Figure 20a). In contrast to progenitors with a solitary
primary cilium, the “transition” zone is comprised of MCCs that exhibit P73 expression at
day E14.5 (Figure 20b).
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Figure 20.
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Figure 20: TAp73is expressed during brain development.

a) The expression of KI-67 (green, red), Aquaporin (AQP1, green), and ADP-ribosylation factor-like 13b
(ARL13B) (red) in WT hindbrain roof plate/CP at embryonic day (E) 14.5. Notice that KI-67* roof plate
progenitors, and AQP1* CP epithelial cells are spatially separated. ARL13B labels monociliated roof pate
progenitors and multiciliated CP epithelial cells. White lines demarcate roof plate epithelium (KI-67+/AQP1-,
arrows), CP epithelium (KI-67-/AQP1+, asterisks), and “transition zone” (KI-67-/AQP1-, arrowheads) in which
MCCs appear. Dotted lines mark apical surface with cilia. DAPI staining (blue) labels nuclei. b) Expression
of TAp73 (green, red), AQP1 (green), and ARL13B (red) in WT hindbrain roof plate/CP at day E14.5. Dotted
lines mark apical surface of roof plate (TAp73-, arrow) and transition zone (TAp73*, arrowhead). White lines
mark transition zone (TAp73*/AQP1-, arrowhead) and CP epithelium (TAp73*/AQP1*, asterisk). DAPI
staining (blue) labels nuclei.

The expression of TAp73 in the ventricles of the brain, together with recent studies
suggesting the role of E2F4/MCIDAS (which activate the transcription of TAp73
(Nemajerova et al., 2016)]) in brain multiciliogenesis (Kyrousi et al., 2015; Kyrousi et al.,
2016), led us to examine the function of TAp73 in MCCs in the ependyma and CP. Gene
expression studies confirmed loss of P73 expression in ependymal cells and the CP from
TAp73 KO mice (Figure 21a), whereas morphological analysis revealed no apparent defect
in these cells (Supplemental Figure 5a). Next, we performed immunostainings for the cilia
markers ADP-ribosylation factor-like 13b (ARL13B; (Caspary et al., 2007)]), Ac-a-TUB, and
DNAIL in the 4th and lateral ventricle to assess the effect of TAp73 deficiency on brain
multiciliogenesis. In contrast to FTs and EDs, the number and length of cilia from ependymal
and CP cells in TAp73 KO mice were similar to those of WT mice (Figure 21b and c,

Supplemental Figure 5b - d).
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Figure 21: Ablation of TAp73 does not results in loss of cilia in the ventricles of the brain.

a) Representative images of TAp73 expression in ependymal and CP epithelial cells in the 4th and lateral
ventricle from WT and TAp73 KO mice. Red dotted lines mark ventricles lined with ependymal cells. Notice
that TAp73 expression is lost in TAp73 KO animals. b) Expression of the cilia marker ARL13B (red) in CP
epithelial cells in WT and TAp73 KO mice. DAPI staining (blue) labels nuclei. Quantitation of average cilia
length is shown in the lower graphs (WT: n = 12 cells [4th] and 9 cells [lateral ventricle] from 2 mice; TAp73
KO: n = 17 cells [4th] and 15 cells [lateral ventricle] from 3 mice). Data are presented as the mean £ SEM
and relative to the WT group. ¢) Immunoblot analysis of the expression of Ac-a-TUB in brain ventricles from
WT and TAp73 KO animals. Cf. Figure 14e for brain cutting area. f-ACTIN serves as a loading control.

Moreover, transcript analysis demonstrated comparable expression of Dnalil and Foxj1,
whereas increased Rfx2 and Rfx3 mRNA levels were observed in brain ventricles of TAp73
KO mice (Figure 22a). Consistently, ciliary beating and bead flow in the cerebrospinal fluid
appeared unaffected in TAp73 KO animals (Figure 22b, video not shown). In addition, no
significant difference was observed in expression markers for CP epithelial differentiation
between control and TAp73 KO animals (Supplemental Figure 6a - d). To conclude, our

results indicate that the function of MCCs in the brain remains intact despite TAp73 loss.
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Figure 22: TAp73 is dispensable for brain multiciliogenesis.

a) RT-gPCR analysis of Dnali1, Foxj1, Rfx2, and Rfx3 expression in brain ventricles from WT and TAp73 KO
mice (WT: n=3; TAp73 KO: n=4). Cf. Figure 14e for cutting sites used for brain analysis. Data are presented
as the mean £ SEM and relative to the WT group. b) Quantitation of the movement of fluorescent beads
along the ventricular system. Images of maximum intensity projections of representative movies of the lateral
and the ventral 3rd ventricles (WT: n = 2; TAp73KO: n = 3, TAp73 heterozygous: n = 1). Red arrows mark
the direction of the bead flow. Bracket lines depict ependymal layer lining the ventricles.

4.1.5 TAp73 regulates miR-34/449 family members in diverse
multiciliated tissues

In addition to the direct transcriptional regulation, TAp73 influences post-transcriptional
mechanisms via miRNAs (Nemajerova et al., 2016). Sequencing of small RNA species from
brain ventricles in TAp73 KO mice revealed a significant reduction in miR34b,c (Figure 23a),

reminiscent of findings in the airways of these animals (Nemajerova et al., 2016).
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Remarkably, our analysis also showed a strong induction of the miR449 cluster (Figure 23a)
that works together with miR34b,c to regulate multiciliogenesis in different tissues across
species (Lizé et al., 2010a; Marcet et al., 2011; Song et al., 2014; Otto et al., 2017) and is
predominately detected in the CP (Redshaw et al., 2009) (Figure 23b). RT-gPCR analysis
confirmed the deregulation of the miR-34/449 family members and revealed a 10-fold
increase of miR449 upon TAp73 loss in the ventricles (Figure 23c). The interaction between
TAp73 and the miR-34/449 family members was further validated in other multiciliated
tissues, namely the ED, FT, and trachea (Figure 23d, Supplemental Figure 7a). Taken
together, these results demonstrate a conserved reaction from the pro-ciliogenic miR-
34/449 family following TAp73 loss in MCCs.
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Figure 23: TAp73 functions through miR-34/449 family in brain multiciliogenesis.

a) Hierarchical clustering of differentially expressed miRNAs in brain ventricles of WT and TAp73 KO mice
(WT: n=3; TAp73 KO: n = 4, one-way ANOVA, FDR<0.05, fold change is shown). log. values for miRNAs
are plotted. b) ISH hybridization analysis of the expression of miR449a in roof plate/CP at day E14.5
(http://www.eurexpress.orglee/, (Diez-Roux et al., 2011)]). €¢) RT-gPCR analysis of miR-34/449 family
members in brain ventricles from WT and TAp73 KO mice (WT: n=3; TAp73KO: n=4. d) RT-gPCR analysis
of miR449a in ED, FT, and trachea from WT and TAp73 KO mice (WT: ED, n=3; FT, n=7; trachea, n = 4;
TAp73 KO: ED, n = 4; FT, n = 8; trachea, n = 4). Cf. Figure 14a, c, and e for cutting area of ED, FT, and
ventricle, respectively. Data are presented as the mean £ SEM and relative to the WT group.

To identify the mechanism for miR449 upregulation upon TAp73 loss, we analyzed the p21-
pRb/E2F pathway. Briefly, TAp73 induces the expression of cyclin-dependent kinase
inhibitor 1 (P21, Cdknla) (Lee and La Thangue, 1999), thereby inhibiting cell cycle
progression via the Rb/E2F pathway (Henley and Dick, 2012). As miR449 can be activated
by E2F1 (Yang et al., 2009; Lizé et al., 2010b), miR449 upregulation in the absence of
TAp73 might be due to the downregulation of P21 followed by an upregulation of E2F1.
However, the expression levels of P21 (Cdknla) and its downstream effectors were not
altered in the ventricles of TAp73 KO mice (Supplemental Figure 8a and b). Interestingly,
transcript and protein expression levels of another E2F family member, namely E2F4, which
is a potent inducer of multiciliogenesis (Stubbs et al., 2012; Boon et al., 2014; Ma et al.,
2014; Kyrousi et al., 2015; Kyrousi et al., 2016; Kim et al., 2018), was markedly increased
in TAp73 KO ventricles, despite only a mild increase of its cofactor Mcidas (Figure 24a and
b). In contrast, E2F4 expression remained mostly unaltered in FTs and EDs, and
downregulated in trachea upon TAp73 ablation (Supplemental Figure 7b - e). Therefore,
increased E2F4 levels concurrent with a miR449 increase is restricted to the brain in TAp73
KO mice (Figure 27d).

E2F1 is capable of directly stimulating miR449 expression (Yang et al., 2009; Lizé et al.,
2010b). Due to the conserved binding motif of E2F transcription factors, we hypothesized
that the upregulation of E2F4 might contribute to the elevation of miR449 in the ventricles
of TAp73 KO mice. Thus, we isolated the genomic region of miR449 (miR449 is embedded
in CDC20B gene) containing putative E2F4 binding sites to assess the interaction between
E2F4/MCIDAS and miR449 in a reporter-based assay (Table 3). Indeed, E2F4 in
combination with MCIDAS elicited a strong transcriptional response from the miR449 locus,
a reaction almost abolished by mutating a strong E2F consensus motif within the region
(Figure 24c, Table 3). Altogether, these data indicate that the increased E2F4/MCIDAS
activity stimulates miR449 expression in the ventricles of TAp73 KO mice, thereby creating

a robust network ensuring multiciliogenesis in the brain upon TAp73 loss (Figure 27d).
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Figure 24: E2F4 levels are upregulated in the ventricles of the brain in TAp73 KO mice.

a) RT-gPCR analysis of E2f4/Mcidas in brain ventricles from WT and TAp73 KO mice (WT: n = 3; TAp73
KO: n=4. b) Immunoblot analysis of the expression of E2F4 in the ventricles of the brain from WT and TAp73
KO animals. B-ACTIN serves as a loading control. Cf. Figure 14e for cutting sites used for brain analysis. ¢)
Luciferase assay of miR449 regulatory regions containing E2F binding motifs. Three consensus E2F binding
sites in miR449 locus (http://jaspar.binf.ku.dk/) were placed in front of a luciferase cassette. A deletion mutant
lacking the strongest consensus site was also created (Table 3). WT or mutant luciferase vector was co-
transfected with empty vector (control), or vectors expressing E2f4, Mcidas, or both. Fold changes in
luciferase activities relative to those of the control vector are shown (n = 5). Non-significant (n.s.). Data are
presented as the mean + SEM.

4.1.6 Combined deletion of TAp73 and miR449 impairs brain
multiciliognesis

Our data suggest that the crosstalk between E2F4 and miR449 partially compensates for
the loss of TAp73 in brain multiciliogenesis. To address this, we generated mice with a
deletion of the miR449 cluster in addition to TAp73. Strikingly, TAp73xmiR449 KO mice
developed severe hydrocephalus (Figure 25a, Supplemental Figure 9a). Since defective
ependymal and CP cilia contribute to the development of hydrocephalus (Ibanez-Tallon,
2004; Banizs et al.,, 2005; Banizs et al., 2007), we next assessed the ciliation in the
ventricles of TAp73xmiR449 KO mice. Analysis of ARL13B expression revealed that,
although miR449 loss alone resulted in a significant decrease in the number and length of
cilia in CP epithelia, a more pronounced reduction in cilia was observed in TAp73xmiR449
KO mice (Figure 25b and c, Supplemental Figure 9b). Despite CP ciliary defects, the
expression of CP epithelial differentiation markers including cytokeratins, AQP1, and
Orthodenticle homeobox 2 (OTX2) was similar between WT, miR449 KO, and
TAp73xmiR449 KO animals (Supplemental Figure 10a - c). Moreover, we observed mild
defects in apical docking of BBs in ependymal cells in TAp73 KO and TAp73xmiR449 KO
mice revealed by TEM (Figure 25d, Supplemental Figure 9d). In contrast, TAp73xmiR449
KO mice showed similar numbers of motile cilia on ependymal cells compared to WT mice
(Supplemental Figure 9c). In agreement, ciliary beating of ependymal cilia and bead flow in
cerebrospinal fluid were unaffected in TAp73xmiR449 KO mice (Supplemental Figure 9e).

Therefore, additional loss of miR449 strongly impairs ciliogenesis in the CP, but only slightly
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affects ependymal cilia, which is consistent with its prominent expression in the CP. Despite
the role of Notch signaling in CP development and tumorigenesis (Bill et al., 2008; Li et al.,
2016), RNAscope studies revealed similar expression of Notch pathway targets Hesl and
Hes5 in the roof plate of TAp73xmiR449 KO and miR449 KO, compared to WT embryos at
day E14.5 (Supplemental Figure 11a), indicating normal Notch pathway activity in both KO
strains.

In summary, our study suggests that combined depletion of TAp73 and miR449 disrupts the
robust multiciliogenesis program in the brain by impairing CP ciliogenesis, and thereby

contributes to the development of hydrocephalus (Figure 27d and e).

We next analyzed other multiciliated tissues in TAp73xmiR449 KO mice to evaluate whether
mMiR449 loss intensifies the ciliary defects already present upon TAp73 deficiency.
Immunofluorescent staining revealed a significant reduction in the expression of Ac-a-TUB
in trachea of TAp73xmiR449 KO compared to WT animals (Figure 26a and b). Consistently,
ultrastructural studies showed that BB were not properly docked to the apical cell surface
and consequently less cilia were formed in TAp73xmiR449 KO mice (Figure 26c,
Supplemental Figure 12a). However, the deletion of the miR449 cluster failed to exacerbate
multiciliogenesis defects in the absence of TAp73 as the observed ciliary defect was similar
to the one we previously described in TAp73 KO mice (Nemajerova et al., 2016). Similarly,
immunostainings for the cilia marker Ac-a-TUB revealed that additional loss of miR449 did
not further enhance cilia reduction in EDs compared to TAp73 KO mice (Supplemental
Figure 12b and c), despite a strong upregulation of miR449 in TAp73 KO EDs (Figure 23d).

To conclude, our data indicate that TAp73 utilizes the unique topology of its transcriptional
network to communicate with the miR-34/449 family members and other crucial regulators
of multiciliogenesis e.g. E2F4/MCIDAS to regulate brain multiciliogenesis (Figure 27d and
e). This contrasts with the reproductive ducts, where loss of TAp73 severely impairs

multiciliogenesis (Figure 27b and c).
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Figure 25: TAp73 functions through miR-34/449 family in brain multiciliogenesis.

a) Coronal brain slices from WT (40 weeks), TAp73 KO (12 weeks), miR449 KO (7 weeks), and
TAp73xmiR449 KO, 12 weeks) mice. Notice the enlarged lateral ventricles in TAp73xmiR449 KO mice. b)
Expression of ARL13B (red) in CP epithelial cells of the 4th and lateral ventricle in WT, miR449 KO, and
TAp73xmiR449 KO animals. DAPI staining (blue) labels nuclei. ¢) Quantitation of cilia length of CP epithelial
cells (4th ventricle: WT: n = 4 cells from 2 mice; miR449 KO: n = 18 cells from 4 mice; TAp73xmiR449 KO:
n = 8 cells from 3 mice Lateral ventricle: WT: n = 4 cells from 2 mice; miR449 KO: n = 14 cells from 4 mice;
TAp73xmiR449 KO: n = 8 cells from 3 mice). Data are presented as the mean + SEM and relative to the WT
group. d) Representative photomicrographs of TEM of multiciliated ependymal cells in WT, TAp73 KO, and
TAp73xmiR449 KO mice. Notice the presence of mislocated BBs in TAp73 KO and TAp73xmiR449 KO mice
(arrows).
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Figure 26: miR449 cluster fails to exacerbate airway multiciliogenesis defects in the absence of
TAp73.

a) Expression of Ac-0-TUB (green) in trachea of WT and TAp73xmiR449 KO mice. DAPI staining (blue)

labels nuclei. b) Quantitation of Ac-0-TUB signal normalized to epithelial length (n = 4 samples/genotype).

Data are presented as the mean + SEM and relative to WT group. ¢) Representative TEM images of trachea

of WT and TAp73xmiR449 KO mice.
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Figure 27: Schematic diagram of the molecular mechanisms of TAp73-driven multiciliogenesis in
diverse tissues.

a) TAp73-dependent transcriptional network, including dyneins, miR34b,c, Foxj1, Rfx2, and Rfx3 factors,
critically regulates multiciliogenesis in various ciliated tissues downstream of E2f4/Mcidas. b and c) In
reproductive ducts, TAp73 ensures the generation of MCCs and proper gamete and zygote transport,
whereas loss of TAp73 impairs fertility in male (b) and female (c) mice. d) TAp73 is not essential for
multiciliogenesis in the brain. However, TAp73loss leads to upregulation of pro-ciliogenic E2F4 and its target
miR449. e) Removal of miR449 in addition to TAp73 loss leads to reduced moatile cilia formation in the CP
epithelium and severe hydrocephalus, indicating that miR449 partially compensates loss of TAp73 in brain
ciliogenesis.
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4.1.7 Supplemental Figures

a
WT TAp73 KO
Testis Efferent duct Fallopian tube Fallopian tube
] P T . g ¢ '
R
Cod” « " E
P IT NEe ) 4
%
4 %.f&* z
t 3FY 5
-
‘il
W
- o 2
- R
_—
Choroid plexus Choroid plexus Choroid plexus
Lateral Ventricl ‘ 4th Ventricle)
ateral ventricle en nfaﬁ‘k .
[ F
\fb,
(2] iy - - X
g oy Qé& x
(3] . R <
= S A R
E e »
< ‘
& .
.
"
P
Ependyma Ependyma Ependyma
Lateral Ventricle Ventricle © . 4th Ventricle
)
o, < 50 um

Supplemental Figure 1:

Expression of TAp73 in multiciliated tissues.

'-5pm

a) RNAscope analysis of TAp73 (blue) and Mcidas expression (red) in testis, efferent duct, fallopian tube,
FT, trachea, lung, ependymal and choroid plexus cells in lateral and 4th ventricle in adult mice. Boxed regions
are magnified below each image and show TAp73-positive cells. In contrast to WT cells, TAp73 mRNA is

absentin TAp73 KO cells.
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Supplemental Figure 2:  Loss of TAp73 impairs multiciliogenesis in the male reproductive duct.

a) Representative images of the expression of Ac-0-TUB (green) are shown in testis of WT and TAp73 KO
mice. DAPI staining (blue) labels nuclei. Notice the presence of spermatozoa (Ac-a-TUB*) in TAp73 KO testis
(arrowheads). b) TEM of MCCs in EDs of WT and TAp73 KO mice. Red arrowheads indicate mislocalization
of BBs. ¢) Expression of P73 in testis of WT and TAp73 KO mice. Notice that P73-positive cells are absent
in TAp73 KO testis. d) Immunoblot analysis of the expression of DNAI1 and DNALI1 in the testis from WT
and TAp73 KO animals. B-ACTIN serves as a loading control. Notice that DNAI1 and DNALI1 levels are
reduced in TAp73 mutant testis compared to WT animals.
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Supplemental Figure 3:  Binding of TAp73 is enriched at genomic loci from ciliary genes.

a) TAp73 binding at FOXJ1, DNALI1, and DNAI1 genomic loci is shown in results from ChIP-seq (Koeppel
etal., 2011), Geo accession no. GSE15780. Boxed regions mark genomic loci enriched with TAp73 binding
and validated by ChIP-qPCR (Figure 17a).
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Supplemental Figure 4:  TAp73 KO mice show defective motile cilia in fallopian tubes.

a) TEM of MCCs in FTs from WT and TAp73 KO mice. Red arrowheads indicate mislocalization of BBs. b)
Human FT epithelia express DNALI1, FOXJ1, and DNAI1. Images were retrieved from the Human Protein
Atlas:

DNALI1: http://www.proteinatlas.org/ENSG00000163879-DNALI1/tissue/fallopian+tube,

FOXJ1: http://www.proteinatias.org/ENSG00000129654-FOXJ1/tissue/fallopian+tube,

DNAI1: http://www.proteinatlas.org/ENSG00000122735-DNAI1/tissue/fallopian+tube.
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Supplemental Figure 5:  TAp73 loss does not affect multiciliogenesis in the brain.

a) Representative H&E images of ependymal and CP epithelial cells in the 4th and lateral ventricle from WT
and TAp73 KO mice. b) Expression of ARL13B in CP epithelium of the 4th and lateral ventricles from WT
and TAp73 KO animals. Arrowheads mark cilia and red dotted lines mark the boundary of lateral ventricles
lined with ependymal cells. ¢ and d) Expression of Ac-a-TUB (green) and DNAI1 (red) is shown in ependymal
cells of the lateral (c) and 4th ventricle (d) from WT and TAp73 KO animals. DAPI staining (blue) labels nuclei.
Boxed regions are magnified and display similar cilia number in WT and TAp73 KO mice.
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TAp73 KO animals.
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Epithelial differentiation of CP cells is not affected upon TAp73 loss.
a - d) Representative images of the expression of Cytokeratins (a), AQP1 (b), Transthyretin (TTR, c), and
Orthodenticle homeobox 2 (OTX2, d) are shown in CP epithelium of the 4th and lateral ventricles of WT and
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Supplemental Figure 7: Expression analysis of pro-ciliogenic factors in multiciliated tissues of
TAp73 KO mice.

a) RT-gPCR analysis of miR34b expression in trachea from WT and TAp73 KO mice (WT: n = 3; TAp73 KO:
n = 4). b) RT-qPCR analysis of £2f4 expression in ED, FT, and trachea from WT and TAp73 KO mice (WT:
ED, n=5; FT, n = 7; trachea, n = 4; TAp73 KO: ED, n = 4; FT, n = 8; trachea, n = 4). ¢ - ) Inmunoblot
analysis of the expression of E2F4 in FT (c), ED (d), and trachea (e) in WT and TAp73 KO animals. -ACTIN
or HSC70 serve as a loading control. Quantitation of the signal intensity of E2F4 bands normalized to that of
the loading ctrl is shown below each immunoblot (n = number of bands per genotype). Cf. Figure 14a and ¢
for cutting area of ED and FT, respectively. Non-significant (n.s.). Data are presented as the mean + SEM
and relative to the WT group.
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Supplemental Figure 8:  pRb/E2F pathway activity is not deregulated in TAp73 KO ventricles.
a) RT-gPCR analysis of Cdkn1a (P21), Cdkn1b, E2f1, and E2f3 in the ventricles of WT and TAp73 KO
animals (n = 4). b) Immunoblot analysis of P21 expression in the ventricles of WT and TAp73 KO animals.
Graph shows quantification of the signal intensity of P21 bands relative to that of B-ACTIN (n = 3). Non-
significant (n.s.). Data are presented as the mean £ SEM. and relative to the WT group.
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Supplemental Figure 9: TAp73xmiR449 KO mice possess reduced numbers of CP cilia, but not of
ependymal cilia.

a) Representative H&E images of sagittal brain sections from WT, TAp73 KO, miR449 KO, and
TAp73xmiR449 KO mice. Arrows point at the lateral ventricles. Notice the enlarged lateral ventricle in
TAp73xmiR449 KO animals. b) Representative images of the expression of ARL13B (arrowheads mark cilia)
of the CP of the 4th and lateral ventricles from WT, miR449 KO, and TAp73xmiR449 KO mice. ¢) Expression
of Ac-a-TUB (green) in the lateral ventricle of WT and TAp73xmiR449 KO mice. DAPI staining (blue) labels
nuclei. Boxed regions are magnified and illustrate similar cilia number in WT and TAp73xmiR449 KO animals.
d) TEM of ependymal cilia from WT, TAp73 KO, and TAp73xmiR449 KO mice. Red arrowheads indicate
mislocalization of BBs. e) Analysis of the movement of fluorescent beads along the ventricular system.
Images of maximum intensity projections of representative movies of the 4t ventricle, lateral ventricle, and
aqueduct are shown (n = 2). Red arrows mark the direction of bead flow. Bracket lines delineate ependymal
layer lining the ventricles.
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Supplemental Figure 10: Combined loss of TAp73 and miR449 does not affect epithelial
differentiation of CP cells.

a - ¢) Representative images of the expression of Cytokeratins (a), AQP1 (b), and Orthodenticle homeobox

2 (0OTX2, ¢) in CP epithelium of the 4th and lateral ventricles from WT, miR449 KO, and TAp73xmiR449 KO

mice.
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Supplemental Figure 11: Notch signaling is unaltered in developing ventricles of miR449 KO and
TAp73xmiR449 KO mice.

a) RNAscope analysis of the expression of Notch targets Hes1 (blue) and Hes5 (red) in roof plate of 4th and
lateral ventricles of WT, miR449 KO, and TAp73xmiR449 KO mice.
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Supplemental Figure 12: Additional loss of miR449 does not exacerbate ciliary defect in the
absence of TAp73 in the airways and efferent ducts.

a) TEM of airway cilia from WT and TAp73xmiR449 KO mice. Red arrowheads indicate mislocalization of

BBs. b) Representative images of the expression of Ac-a-TUB (green) are shown in EDs of WT and

TAp73xmiR449 KO mice. DAPI staining (blue) labels nuclei. ¢) Quantitation of Ac-a-TUB signals shown in

(a) was normalized to epithelial length (n = 7 images from 4 WT mice; n = 6 images from 3 TAp73xmiR449

KO mice). Data are presented as the mean + SEM and relative to the WT group.
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Supplemental Figure 13: Binding of TAp73 is enriched at the genomic locus from MLCK.

a) TAp73 binding at myosin light chain kinase (MLCK) genomic locus is shown in results from ChlP-seq
(Koeppel et al., 2011), Geo accession no. GSE15780. Boxed regions mark genomic loci enriched with TAp73
binding. b) Luciferase reporter assay of MLCK regulatory regions containing TAp73 binding motifs. Mutant
vector lacks TAp73 binding site (Table 3). WT or mutant luciferase vectors were co-transfected with empty
vector (control), or vectors expressing different p73 isoforms. Fold changes in luciferase activities relative to
those of the control vector are shown (n = 3). Data are presented as the mean + SEM.
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4.2 Chapter 2: miR449 protects airway cilia and healthy
lung aging, thereby preventing COPD
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4.2.1 Cilia-associated genes positively correlate with miR449 in
COPD patients

Using genome-wide mRNA and miRNA expression profiles of bronchial biopsies collected
from 57 COPD patients (Figure 28a, Supplemental Table 1), we identified 1,444 genes
positively correlated with miR449a (FDR<0.05) (data not shown). To identify biological
processes in which miR449a-correlated genes play a role, GSEA (Subramanian et al.,
2005) was performed on a list of genome-wide genes ranked by the strength of their
correlation with miR449a. Several gene sets related to ciliogenesis were significantly
enriched among the miR449a-positively correlated genes, including the top 5 processes
depicted in Figure 28b. As expected from earlier observations (Lizé et al., 2010a; Song et
al., 2014; Wu et al., 2014; Otto et al., 2017), genes positively correlated with the other
members of the miR-34/449 family including miR34b,c but not miR34a also showed an
enrichment for cilia-associated processes (Supplemental Table 2 - 4). To identify specific
genes through which miR449a regulates ciliogenesis, we compared 1,444 miR449a-
positively correlated genes with a previously published list of 581 cilia-associated genes
(Nemajerova et al.,, 2016) and found 135 overlapping genes associated with structure,
maintenance, and function of cilia (Figure 28c). One of the most significant gene was
DNAI1, a component of the outer dynein arm, which is involved in cilia beating (Guichard et
al., 2001; Zariwala et al., 2006; Chhin et al., 2009) (Figure 28c). To conclude, miR449a is
positively correlated with cilia-associated genes in COPD patients.
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Figure 28: miR449 expression is positively correlated with the ciliation status in COPD patients.

a) lllustration of the GLUCOLD study design. Bronchial biopsies from 57 COPD patients “with moderate to
severe symptoms” were taken and microarray analysis was performed for mMRNA and miRNA profiling. b)
Top 10 significant biological processes enriched among miR449a-positively correlated genes in COPD
patients. GSEA was performed using the list of genes ranked based on the strength of their correlation with
miR449a and the Gene Ontology dataset for biological processes. All gene sets are significant with
FDR<0.001. Green bars highlight cilia-associated processes. ¢) 135 genes, which are positively correlated
with miR449a expression in COPD patients, are cilia-related genes (Nemajerova et al., 2016). Left panel:
Table shows the top 20 significant overlapped genes (out of 135). Right panel: Schematic illustrations of the
IFT, cross section of a motile cilium, and the microtubule doublet structure highlight the location of some of
the genes positively correlated with miR449a. Lower right panel: Positive correlation of miR449a and DNAIT.
Significance was defined by FDR<0.05.

4.2.2 miR449 is upregulated during airway epithelial
differentiation and upon bronchial challenges

The positive correlation between miR449 and ciliary genes in COPD patients matches well
with the expression of miR449 in multiciliated epithelia (Lizé et al., 2010a; Marcet et al.,
2011; Song et al., 2014). To confirm miR449 expression during the formation of multiciliated
epithelia, we assessed its expression by ISH on mouse embryos (E18.5) and found an
enrichment of miR449a in multiciliated organs, notably in the developing bronchial
epithelium (Figure 29a). Previous studies already demonstrated that miR449 cluster
members are far more strongly upregulated than the miR34 loci during mucociliary
differentiation (Lizé et al., 2010a; Marcet et al., 2011). We confirmed this in our present
study using human airway epithelial cells from healthy donors, which were cultured at ALI
for 23 days (Figure 29b). This is further supported by the result of RNA-seq data from ALI
cultures of MTECs (Nemajerova et al., 2016) (Figure 29c). The onset of miR449 expression
was accompanied by the expression of other well-known regulators of multiciliogenesis
such as Gemcl, Mcidas, and Foxjl (Spassky and Meunier, 2017), whereby miR449 total
read counts were most strongly induced compared to other pro-ciliogenic regulators

including miR34b,c and peaked between d4 and d7 (Figure 29c).
Altogether, this suggests a much stronger contribution of miR449 to mucociliary

differentiation than its homologues, and we thus, focused our subsequent analyses on

elucidating the role of miR449 in the regeneration of the multiciliated airway epithelium.
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Figure 29: miR449 is induced upon mucociliary differentiation in vitro.
a) ISH of sections from mouse embryos (E18.5) with a miR449a probe (left) and a secondary antibody ctrl
(right). Arrowheads indicate positive staining for miR449a in multiciliated organs. Magnification highlights the
expression of miR449a in the lung and trachea. cp=choroid plexus, Eu=Eustachian tube, lu=lung,
sc=supranasal cavity, and tr=trachea. b) Mature miR-34/449 levels in human airway epithelial cells
undergoing multiciliated differentiation at ALI. dO serves as reference. n = 3 per time point. Data points for
miR34a and miR449a were previously published (Lizé et al., 2010a). ¢) Total read counts from RNA-seq
data (Nemajerova et al., 2016) for miR-34/449 and ciliated cell fate markers (Gemc1, Mcidas, and Fox;j1)
during differentiation of MTECs at ALI. d0 serves as reference. mRNA species: n = 3 ALls per time point;
miRNA species: n = 2 per time point. Data are presented as the mean + SEM.
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One widely used airway regeneration model consists of the exposure of rodents to

naphthalene, which causes extensive club cells exfoliation (van Winkle et al., 1995) and

ciliated cell squamation accompanied by motile cilia disassembly (Lawson et al., 2002).

Therefore, we treated WT mice with naphthalene and analyzed the lungs at different phases

during the regeneration process, which is usually completed after two weeks (Figure 30a).

miR449a levels immediately increased on d1 after naphthalene treatment and accumulated

further until d7, where miR449a reached its highest expression (Figure 30b).

Pollutants such as DEPs, which are the main component of traffic-related particulate matter,

also represent environmental challenges for the airway epithelium. DEPs are known to
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cause acute airway inflammation, reduced cilia beat frequency (Grove et al., 2018), as well
as changes in the epithelial composition by reducing ciliated and non-ciliated cells (Harrod
et al., 2005). The link between DEPs and ciliated epithelial regeneration prompted us to
analyze miR449 expression after exposure to DEPs in WT mice (Figure 30c). Indeed,
transcript levels of the miR449 host gene Cdc20b and miR449a itself were strongly
upregulated in DEP-treated WT mice (Figure 30d).

Overall, the data show an upregulation of miR449 during differentiation and upon
regenerative challenges of multiciliated airway epithelia, indicating a potential role in the

regulation of these processes.
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Figure 30: miR449 is elevated in the lungs upon regenerative challenges.

a) Schematic overview of naphthalene-induced airway injury and the regeneration timeline. Mice were
injected (i.p.) once with naphthalene (200 mg/kg) or oil (ctrl). b) Mature miR449a levels were quantified in
WT lungs at different time points after naphthalene treatment. n = 3 (ctrl), n =2 (d1), and n =5 (d3, d7, d14)
mice per group. Ctrl levels serve as reference. ¢) Overview of DEP-induced acute lung inflammation. Mice
were instilled intratracheally with DEPs (100 pg) or saline (ctrl) on d1, d4, and d7, and analyzed at d9. d)
Cdc20b as well as mature miR449a levels were quantified in ctrl and DEP-treated lungs, and normalized to
36b4 or U6, respectively. Ctrl levels serve as reference. n = 6 (ctrl), n = 8 (DEP) mice per group. Data are
presented as the mean + SEM.
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4.2.3 miR449 deficiency reduces ciliation in Air-liquid interface
cultures

To further elucidate the role of miR449 in mucociliary differentiation and lung homeostasis,
we used the miR449 KO (miR449™" from here one) mouse model, where only miR449a, b
and ¢ (miR449 from here on) are depleted, but not miR34a nor miR34b,c (Song et al., 2014)
(Figure 31a and b). It was shown that miR34b,c are upregulated upon miR449 depletion
and can compensate for loss of miR449 in testis (Bao et al., 2012a; Wu et al., 2014).
Consistently, miR449" mice are fertile, while miR34b,c” x miR4497" mice are infertile (Song
et al., 2014; Wu et al., 2014; Otto et al., 2017). In contrast to testes, lungs of miR449” mice
did not show elevated levels of miR34 members (Figure 31b), as previously reported (Wu
et al.,, 2014). Thus, it is possible to study miR449-mediated ciliated regeneration and

respiratory function without effects attributable to miR34 changes in these mice.
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Figure 31: miR34 expression is not induced in lungs from miR449" mice.

a) Schematic representation of murine chromosome 13, harboring the genomic region of Ccno, Mcidas,
Cdc20b, and miR449 (plus strand). The miR449 cluster is located within the second intron of Cdc20b. Seed
sequences are highlighted in red. miR449a, b, and c are depleted in miR449 mice without impairing Cdc20b.
b) Relative mature miR-34/449 species expression in lungs from WT and miR449+ mice. Tagman qPCR, n
= 5 mice per genotype. Data are presented as the mean + SEM.

We analyzed cilia quantity and length in ALI cultures derived from WT and miR449”7 mice
at d6, where miR449 levels reached its highest expression in WT cells (Figure 29c). IF
staining for the axonemal cilia markers Ac-a-TUB and DNAI1 revealed a strong reduction
in the number and length of motile cilia in miR449” compared to WT cultures (Figure 32a -
d, Supplemental Figure 14a). Thus, miR449 deficiency impairs the generation of a

multiciliated epithelium in vitro.
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Figure 32: miR449 depletion reduces ciliation in airway cell cultures.

a) WT and miR449 ALI cultures (d6) were stained for axonemal cilia markers Ac-a-TUB (green) and DNAI1
(red). Nuclei were counterstained with DAPI (blue). For more images see Supplemental Figure 14a. b)
Quantification of IF signal of cilia markers per epithelial length of ALIs shown in (a) relative to WT. n = 63
(WT) and n = 99 (miR449+) images from 3 WT and 3 miR449+ cultures (3 mice per culture), respectively. ¢)
Representative magnifications from (a) highlighting cilia length (white bars). d) Relative cilia length measured
from (c). Data are presented as the mean £ SEM.

4.2.4 miR449 is required for bronchial epithelial regeneration

Generation and balanced regeneration of the multiciliated airway epithelium is of utmost
importance to respiratory function since the airways are constantly exposed to
environmental insults. As mucociliary differentiation is impaired in ALl-differentiated
epithelial cells from miR4497" mice and miR449 is upregulated upon environmental
challenges, we assessed the ciliated bronchial epithelial regeneration potential of miR449 -
" mice after naphthalene treatment (Figure 30a). Airway ciliation was assessed by IF and
immunoblot staining for Ac-a-TUB and DNAIL, respectively, at different regeneration
phases. Both axonemal cilia markers were strongly decreased after injury by naphthalene
(d1-d7) and even in the fully regenerated bronchial epithelium (d14) ciliation remained
reduced in miR449" mice (Figure 33a - c). Microscopy did not reveal any obvious
differences in the histology between WT and miR4497 lungs after naphthalene treatment
(Supplemental Figure 15a), but miR449” mice did not recover to the same extent as WT
mice as indicated by their weight loss (Supplemental Figure 15b). These findings indicate

that miR449 is required for efficient bronchial epithelial regeneration.
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Figure 33: Multiciliated airway regeneration is impaired in miR449--mice.

a) Lung sections of ctrl and naphthalene-treated WT and miR4497- mice were stained for the cilium marker
Ac-0-TUB (green) and counterstained with DAPI (blue). Cf. Figure 30a for experimental setting. b)
Quantification of IF signal of Ac-a0-TUB per epithelial length in WT and miR449 lungs at d3 and d14 after
naphthalene. WT d3 levels serve as reference. d3: n = 6 mice/genotype; d14: WT n = 5 and miR449+ n = 3.
Data are presented as the mean + SEM. ¢) The motile cilium marker DNAI1 was quantified in lung lysates
from naphthalene-treated WT and miR449- mice by immunaoblot analysis with B-ACTIN as loading control.

In addition to toxicants, the airway epithelium is continuously exposed to pathogenic
bacteria. We next studied whether miR4497 mice are more susceptible to NTHi (Figure
34a), an opportunistic respiratory pathogen affecting cilia beating and often associated with
airway diseases such as COPD (King and Sharma, 2015). Moatile cilia were indeed reduced
in lungs from NTHi-exposed miR449" mice compared to NTHi-exposed WT mice, as shown
by immunostaining of Ac-a-TUB, immunoblot analysis of DNAI1, and transcript levels of the

outer dynein arm component Dnah5 (Figure 34b - d).
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Figure 34: Exposure to NTHi results in a loss of airway cilia in miR449- mice.
a) Schematic overview of NTHi-induced chronic lung inflammation. WT and miR449-- mice were nebulized
with NTHi for 1 h/d and 5 d/week (w) over a period of 3 months. b) Lung sections from NTHi-treated WT and
miR449/ mice were stained for Ac-a-TUB (green) and counterstained with DAPI (blue). ¢) Motile cilium
marker DNAI1 was quantified in lung lysates from NTHi-treated WT and miR449- mice by immunoblot
analysis with B-ACTIN as loading control. d) Transcript levels of Dnah5 were quantified by gPCR and
normalized to 36b4 in NTHi-treated WT and miR449 lungs. n = 4/genotype. Data are presented as the
mean + SEM.
As airway challenges never stop as long as we breathe, epithelial regeneration is constantly
required during aging. We therefore hypothesized that miR449 depletion might impair
airway cilia in aged mice. We stained tracheal sections from 6 months old WT and miR449
"mice for axonemal Ac-a-TUB and DNAI1. The comparison showed reduced Ac-a-TUB and
a nearly complete loss of DNAI1 in aged miR449" mice (Figure 35a and b), despite being
barrier-maintained under specific pathogen-free conditions including autoclaved cage
content and air filtration. Further analysis of protein levels of DNAI1 in total lung lysates
from WT and miR449” mice confirmed the strong reduction in ciliation with age upon
miR449 depletion (Figure 35c). By contrast, ciliation was not altered in 10 weeks old

miR449™7 mice (Supplemental Figure 16a and b).

In summary, our data indicate a supportive effect of miR449 on bronchial epithelial

regeneration upon various challenges including aging.
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Figure 35: Motile airway cilia are strongly reduced in aged miR449- mice.

a) Tracheal sections from 6 months old WT and miR449"- mice were stained for the cilia markers Ac-a-TUB
(green) and DNAI1 (red). Nuclei were counterstained with DAPI (blue). b) Quantification of the IF signal of
Ac-a-TUB per epithelial length of tracheal sections shown in (a). WT serves as reference. n = 3. ¢) Total lung
lysates from 6 months old WT and miR4497 were analyzed by immunaoblot using DNAI1 as a motile cilia
marker and the constitutive protein HSC70 as a loading control. Data are presented as the mean £ SEM.

4.2.5 miR4497- mice develop spontaneous COPD accompanied by
an increased inflammatory response upon challenge

Pulmonary tissue and airway regeneration are impaired in COPD, resulting in reduced lung
function in the long-term (Kotton and Morrisey, 2014; Staudt et al., 2014), and miR449 has
an important positive effect at least on airway epithelial regeneration. Hence, we tested next
whether loss of miR449 affects lung function. Spirometry was performed on aged WT and
miR4497 mice inhaling ambient air (AA). As a positive control to induce emphysematous
COPD manifestations, WT mice were exposed to CS over a period of 6 months (Shu et al.,
2017) (Figure 36a). miR449" mice exposed to AA displayed impaired pulmonary function
to a similar extent as CS-exposed WT mice, as indicated by a reduced tissue elastance and
an increased total lung capacity (Figure 36b and c). This phenotype was not observed in
young miR449” mice (Supplemental Figure 17a and b) and did not further increase upon

CS exposure of miR449" mice (data not shown).
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Figure 36.
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Figure 36: miR449 deficiency impairs pulmonary function to a similar extent as overserved in CS-
exposed WT mice.

a) Schematic overview of the CS-induced COPD model. 4 months old WT miR449" mice were left at AA or

exposed to CS for 5 h/d and 5d/w over 6 months. CS-exposed WT mice were used as a positive ctrl for the

COPD phenotype. b and ¢) Pulmonary function was assessed in 10 months old WT, miR449+, and CS-

exposed WT mice by measuring tissue elastance (b) and total lung capacity (c) using the FlexiVent system.

n = 4-5 mice/genotype. Data are presented as the mean £ SEM.

We assessed the mean chord length of serial histological lung sections by stereology and
confirmed that aged miR449”" mice develop spontaneous emphysematous changes
characterized by airspace enlargements (Figure 37a), one of the hallmarks of COPD
(Barnes et al., 2015). This is usually accompanied by increased infiltration of macrophages
and neutrophils, potentially contributing to an imbalance between proteases and
antiproteases in the lungs (Houghton, 2015). Therefore, we counted inflammatory cells in
the bronchoalveolar lavage fluid (BALF), which mainly consisted of macrophages under
specific pathogen-free conditions. Macrophages were significantly increased in miR4497
compared to WT mice, although it was obviously and logically not as strong as in CS-
exposed WT mice (Figure 37b). To further study pulmonary inflammatory response upon
miR449 deficiency, mice were treated with NTHi to boost inflammation (as described in
Figure 34a). Upon NTHi treatment, protein levels of the M2A macrophage marker CD206
were elevated in lungs of miR449" compared to WT mice (Figure 37c). Accordingly,
transcript levels of the COPD-associated matrix metalloproteinases Mmp9 (gelatinase) and
Mmp12 (macrophage elastase), both expressed by macrophages (Houghton, 2015), were
significantly upregulated in NTHi-treated miR449” mice (Figure 37d). Conversely, the
antiprotease level, as measured by the protein expression of tissue inhibitor of
metalloproteinases 1 (TIMP1), remained unchanged upon miR449 depletion (Figure 37e

and f), thus it is not counteracting the observed increase in protease content.
Together, these results strongly suggest that miR449” mice develop spontaneous

manifestations of COPD with age, which are associated with increased inflammatory

response.
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Figure 37: miR449- mice develop spontaneous emphysema with increased inflammatory response.
a) Emphysema was determined by measuring the mean chord length in 10 months old WT, miR449+, and
CS-exposed WT mice. n = 4 mice/genotype. b) Macrophages were counted in BALF of 10 months old WT,
miR449+, and CS-exposed WT mice. n = 5 mice/genotype. ¢) CD206 levels, as marker for M2A
macrophages, were analyzed by immunoblot in WT and miR449 mice after NTHi treatment using HSC70
as a loading control. Graph shows quantification of immunoblot bands. WT serves as reference. d) Transcript
levels of matrix metalloproteinases Mmp9 and Mmp12 in NTHi-treated WT and miR4497 mice normalized to
36b4. WT levels serve as reference. n = 4 mice/genotype. e) TIMP1 levels were analyzed by immunoblot
using HSC70 as a loading control. f) Quantification of immunoblot shown in (e). Data are presented as the
mean £ SEM.

4.2.6 Aurora kinase A is a key player in miR449-regulated ciliary
homeostasis and epithelial regeneration processes

Next, we aimed to elucidate the mechanism involved in the defective mucociliary
regeneration in mMiR4497 mice. Airway regeneration requires a balance between
proliferation and differentiation to avoid pathologies and is coupled to ciliary disassembly
and re-assembly (Beers and Morrisey, 2011; Goto et al., 2013). Due to a lack of convenient
models for quantifying motile cilia assembly and disassembly, we studied the functions of
mMiR449 in these key processes using a simplified in vitro model. Primary cilia assembly and
disassembly can be monitored and measured on MEFs by serum withdrawal causing cell
cycle exit and by subsequent serum addition leading to cell cycle re-entry, respectively
(Sanchez et al., 2016) (Figure 38a). WT and miR449” MEFs were analyzed at the assembly
and disassembly time point by IF staining for cilia components of the axoneme (Ac-a-TUB)
and BB (Pericentrin). Surprisingly, there was no change in the assembly rate between the

genotypes (Figure 38b and c). However, ciliary disassembly was significantly increased
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resulting in reduced ciliation in miR449” MEFs (Figure 38b and c). High structural
similarities between motile and primary cilia imply common mechanisms for ciliary assembly
and disassembly (Satir and Christensen, 2007a). Hence, the increased primary cilia

disassembly rate could explain the reduction in motile cilia in miR449” mice.

WT miR4497- WT miR449™"
B WT Em miR4497" B
60 A
50 Merge
404
30 1
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O .
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Assembly E%
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Figure 38: miR449 depletion increases primary cilia disassembly.

a) Schematic view of the experimental design for primary cilia assembly and disassembly in MEFs. Assembly
of a primary cilium is induced by the removal of serum for 60 h. Subsequent addition of serum for 6 h triggers
ciliary disassembly. b) WT and miR4497 MEFs were stained with Ac-a-TUB (green) and Pericentrin (red) to
visualize the ciliary axoneme and BB, respectively. Nuclei were counterstained with DAPI (blue). Arrowheads
indicate primary cilia. Boxed regions are shown in higher magnification in the lowest panel for highlighting
primary cilia. ¢) Quantification of the percentage of ciliated cells in WT and miR449* MEFs at the assembly
and disassembly time point. Data are presented as the mean + SEM.

Given the increased disassembly rate in miR449" MEFs, we asked whether miR449
interferes with key players of the ciliary disassembly pathway (Goto et al., 2013; Sanchez
et al., 2016) (Figure 39a). Trough analysis of published data (Lin et al., 2011b; Song et al.,
2014; Mercey et al.,, 2017; Otto et al., 2017) and in silico prediction tools (TargetScan
(Agarwal et al., 2015), PITA (Kertesz et al., 2007)), we identified human and murine AURKA,
HDACSG, and KCNHL1 as potential miR449 targets (Supplemental Figure 18a). Of note, when
targeting several nodes within a pathway, it is likely that miRNAs elicit a profound effect on

this pathway, since each individual miRNA target is typically only repressed to a modest
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degree (Baek et al., 2008). For detailed analysis, we focused on AURKA as a miR449
target, because of its pivotal role in HDAC6-mediated ciliary disassembly (Pan et al., 2004,
Pugacheva et al., 2007; Lam et al., 2013), and its up-regulation in miR34" x miR4497" mice
(Song et al., 2014; Otto et al., 2017). To verify the regulation of AURKA by miR449, we
overexpressed miR449 in human lung carcinoma cells (H1299). Upon overexpression of
miR449, protein as well as transcript levels of AURKA strongly declined (Figure 39b and c).
In confirmation, AURKA levels were upregulated in lungs from aged and naphthalene-
treated miR4497 mice compared to WT controls (Figure 39d - f).

Taken together, these findings suggest that miR449 deficiency reduces airway ciliation by

increasing the ciliary disassembly rate, probably through the upregulation of AURKA.
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Figure 39: miR449 represses ciliary disassembly by targeting Aurora kinase A.

a) Schematic overview of the ciliary disassembly pathway (adapted from (Goto et al., 2013)]). Growth factor
stimulation leads to Ca?* influx into the cytoplasm. Ca?* binds to CaM, which subsequently binds to and
activates AURKA by autophosphorylation. Activated AURKA phosphorylates HDAC6, which removes acetyl
groups from a-tubulin and thereby triggering ciliary disassembly (Goto et al., 2013). Kv10.1 (KCNH1)
promotes ciliary disassembly via an unknown mechanism (Sénchez et al., 2016). b and ¢) miR449a and
miR449b pre-miRNAs were transfected into H1299 cells using a synthetic ctrl sequence (NC#2) and a natural
miRNA with no predicted binding site on AURKA (miR302%) as references. Lysates harvested at 48 h post-
transfection were analyzed by immunoblot for AURKA protein levels (b) or by gPCR for transcript levels (n =
3) (c). d) Immunoblot analysis of AURKA levels in lungs from 6 months old WT and miR449" mice with f3-
ACTIN as loading control. e) Quantification of n = 4 mice per genotype of AURKA immunoblot bands from
aged WT and miR449- mice. f) AURKA levels in lung lysates from naphthalene-treated WT and miR449"
mice (d7) using B-ACTIN as a loading control. Data are presented as the mean + SEM.
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4.2.7 miR449- mice accumulate ultrastructural cilia defects
associated with reduced mucociliary clearance

Increased ciliary disassembly caused by AURKA upregulation has been associated with
primary cilia instability due to altered ultrastructure (Jacoby et al., 2009; Plotnikova et al.,
2015). Indeed, electron microscopy revealed an altered ultrastructure of motile airway cilia
characterized by an accumulation of ciliary plasma membrane detachments in tracheal
sections from miR449" mice (cilia with detachments are named abnormal cilia from here
on), while the typical 9+2 arrangement of microtubules was maintained (Figure 40a and b).
Defects in structural components of motile cilia impair the highly coordinated cilia beating
process, resulting in mucociliary clearance disorders (Horani and Ferkol, 2016). Thus, we
assumed that the observed abnormal airway cilia of miR449” mice would result in reduced
mucociliary transport. To assess mucociliary transport, the velocity of fluorescently labelled
beads over WT and miR4497 tracheae was recorded, whereby only areas with beating cilia
were analyzed. Indeed, bead transport was significantly diminished in miR449" mice
(Figure 40c and d), indicating reduced clearance. Taken together, these results
demonstrate that miR449 depletion impairs cilia structure and function.

Altogether, loss of miR449 in mice impairs bronchial epithelial regeneration upon
environmental insults and aging, reduces airway cilia, and increases emphysematous and
inflammatory manifestations, all consistent with a COPD phenotype. This is at least partially
mediated by an upregulation of AURKA and increased ciliary disassembly and instability,
ultimately resulting in mucociliary clearance defects in vivo (Figure 41). Our study reveals a
new function of miR449 in regulating cilia maintenance and underlines the importance of

balanced ciliated regeneration for respiratory health.
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Figure 40: Loss of miR449 generates cilia ultrastructural defects accompanied by reduced
mucociliary clearance.

a) Tracheae from WT and miR449- mice (7-9 weeks) were subjected to TEM. Cilia with atypical plasma
membrane detachments (“abnormal cilia”) are marked with red arrowheads. b) Quantification of the
percentage of abnormal cilia found in TEM. n = 3 WT (711 cilia from 168 images) and n = 5 miR449+ (305
cilia from 184 images). ¢) Bead transport velocity over WT and miR449- tracheae. Passive diffusion over
dead tracheae of both genotypes serves as ctrl. n = 38 WT measurements on 5 mice; n = 36 miR449*
measurements on 5 mice; n = 25 diffusion measurements on 9 mice. d) Bead trajectories aggregated from
2000 images over 32 seconds of movie. WTs display longer trajectories along a flow field. Red arrows
indicate bead direction. Data are presented as the mean + SEM.
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Figure 41: Proposed model of the protective role of miR449 in airway epithelial regeneration.

Left panel (WT mice): Upon reaching the airway epithelium, environmental toxicants (e.g. bacteria, CS,
DEPs, naphthalene) trapped in mucus are transported out of the airways by coordinated beating of multiple
motile cilia, a process termed mucociliary clearance. Efficient mucociliary clearance allows proper airway
regeneration, thereby preventing chronic airway inflammation. miR449 prevents AURKA-mediated ciliary
disassembly and thus, ensures cilia maintenance, which is required for proper mucociliary clearance. Right
panel (miR449 mice): Loss of miR449 impairs ciliated epithelial regeneration and mucociliary clearance by
increasing AURKA-mediated ciliary disassembly. Thus, in miR449 mice environmental toxicants are not
cleared from the airways resulting in increased pulmonary inflammation and development of emphysematous

manifestations of COPD.
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4.2.8 Supplemental Data
Supplemental Tables

Supplemental Table 1: Characteristics of COPD patients enrolled in the GLUCOLD study.

Characteristic COPD patients (n =57)
Gender (male), n (%) 48 (84.2)

Ex-smokers, n (%) 35 (61.4)

Pack-year* 41.5 (31.9-53.3)

Age, year" 59 (54-66)

FEV1, %predicted” 64.3 (58.5-69.8)
FEV1/FVC* 0.50 (0.44-0.56)

*Data are presented as median (interquartile range); FEV1 is forced expiratory volume in 1 second;
FVC is forced vital capacity

Supplemental Table 2: Top 10 enriched biological processes among miR34a-5p-positivly correlated
genes in COPD patients.

NAME NOM p-val FDR g-val
DNA_DAMAGE_RESPONSE_SIGNAL_TRANSDUCTION_RESULT @ <0.001 1,0000
ING_IN_TRANSCRIPTION

EPOXYGENASE_P450_PATHWAY 0,0039 0,9255
AXONEMAL_DYNEIN_COMPLEX_ASSEMBLY* 0,0094 0,8557
MICROTUBULE_BUNDLE_FORMATION* 0,0018 0,6606
GLYCERALDEHYDE_3_PHOSPHATE_METABOLIC_PROCESS 0,0020 0,5371
KERATINIZATION 0,0036 0,4565
AXONEME_ASSEMBLY* <0.001 0,3979
GLUCOSE_6_PHOSPHATE_METABOLIC_PROCESS 0,0057 0,4535
HISTONE_H3_DEACETYLATION 0,0054 0,4680
MORPHOGENESIS_OF_A_POLARIZED_EPITHELIUM 0,0018 0,4294

*Cilia-associated processes are highlighted in green; GSEA was performed using the list of genes
ranked based on the strength of their correlation with miR34a-5p and the Gene Ontology dataset for
biological processes.

Supplemental Table 3: Top 10 enriched biological processes among miR34b-5p-positivly correlated
genes in COPD patients.

NAME NOM p-val FDR g-val
CILIUM_MORPHOGENESIS* <0.001 <0.001
CILIUM_ORGANIZATION* <0.001 <0.001
CELLULAR_COMPONENT_ASSEMBLY_INVOLVED_IN_MORPHO @ <0.001 <0.001
GENESIS

CELL_PROJECTION_ASSEMBLY <0.001 <0.001
AXONEME_ASSEMBLY* <0.001 <0.001
CILIUM_MOVEMENT* <0.001 <0.001
MICROTUBULE_BUNDLE_FORMATION* <0.001 <0.001
MICROTUBULE_BASED_MOVEMENT* <0.001 <0.001
ORGANELLE_ASSEMBLY <0.001 <0.001
PROTEIN_TRANSPORT_ALONG_MICROTUBULE* <0.001 <0.001

*Cilia-associated processes are highlighted in green; GSEA was performed using the list of genes
ranked based on the strength of their correlation with miR34b-5p and the Gene Ontology dataset for
biological processes.
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Supplemental Table 4: Top 10 enriched biological processes for miR34c-5p-positivly correlated genes

in COPD patients.
NAME NOMp-val  FDR g-val
CILIUM_ORGANIZATION* <0.001 <0.001
CILIUM_MORPHOGENESIS* <0.001 <0.001
CELLULAR_COMPONENT_ASSEMBLY_INVOLVED_IN_MORPHOGENESIS  <0.001 <0.001
CELL_PROJECTION_ASSEMBLY <0.001 <0.001
AXONEME_ASSEMBLY* <0.001 <0.001
CILIUM_MOVEMENT* <0.001 <0.001
MICROTUBULE_BUNDLE_FORMATION* <0.001 <0.001
MICROTUBULE_BASED_MOVEMENT* <0.001 <0.001
ORGANELLE_ASSEMBLY <0.001 <0.001
PROTEIN_TRANSPORT_ALONG_MICROTUBULE* <0.001 00.001

*Cilia-associated processes are highlighted in green; GSEA was performed using the list of genes
ranked based on the strength of their correlation with miR34b-5p and the Gene Ontology dataset for
biological processes.
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Supplemental Figure 14: miR449- ALl cultures express less cilia markers than their WT
counterparts.

a) IF staining of axonemal cilia markers Ac-0-TUB (green) and DNAI1 (red) in WT and miR449 ALI cultures

at d6. Nuclei were counterstained with DAPI (blue). Images from n = 3 ALI cultures per genotype. For one

ALI culture 3 mice were used.
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Supplemental Figure 15: Naphthalene treatment affects lung histology in WT and miR449-- mice to
a similar extent.

a) H&E staining of lung sections from oil (ctrl) and naphthalene treated WT and miR449- mice. Ctrl mice (oil)
show a pseudostratified bronchial epithelium. After naphthalene injection at d1, injured club cells exfoliate
and accumulate in the airway lumen. Exfoliated club cells are marked by a dotted circle at d1. b) Weight of
WT and miR449"- mice was recorded before naphthalene injection (d0) and at different time points after
injection (d1 and d14). Weight loss [%] represents the difference between the weight before and after
naphthalene injection. WT: n=10 (d1) and n = 5 (d14) mice per group; miR449+: n=9 (d1), and n =4 (d14)
mice per group. Data are presented as the mean £ SEM.
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Supplemental Figure 16: Ciliation appears normal in young miR449-+ mice.

a) Cryosections of 10 weeks old WT and miR449- trachea were stained with Ac-a-TUB (green) and DNAI1
(red). Nuclei were counterstained with DAPI (blue). Images were taken with a confocal microscope. b) Lung
lysates from 10 weeks old WT and miR449+ were analyzed by immunoblot using DNAI1 as a motile cilia
marker and the constitutive protein HSC70 as a loading control.
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Supplemental Figure 17:  Young miR449"- mice do not display any signs of spontaneous COPD.
a and b) Pulmonary function was assessed in 12 weeks old WT and miR449- mice exposed to AA by
measuring the tissue elastance (a) and total lung capacity (b) using the FlexiVent system. n = 4-7

mice/genotype. Data are presented as the mean + SEM.
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Supplemental Figure 18: Predicted targets involved in ciliary disassembly of miR449.
a) Mouse and human AURKA (Otto et al., 2017), HDAC6 (Song et al., 2014), as well as KCNHT (Lin et al.,
2011b) possess binding sites for miR449 in their 3°'UTR. The seed sequence of miR449a is shown in green.
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5.DISCUSSION

Proper beating of multiple motile cilia is of great importance for human health. Dysfunction
of motile cilia can cause infertility, hydrocephalus, and defective mucociliary clearance,
which results in respiratory infections and lung injury (Spassky and Meunier, 2017).
However, the regulation of the highly complex network of multiciliogenesis is poorly
understood. It is necessary to understand the program of multiciliogenesis to develop new
therapeutic approaches for the treatment of inherited and acquired cilia dysfunctions. In this
thesis, we aimed to evaluate the role of two different multiciliogenesis regulators: the
transcription factor and tumor suppressor TAp73 and the post-transcriptional regulator
mMiR449 in various multiciliated tissues. To achieve this, we analyzed different multiciliated
epithelia from mice depleted for TAp73, miR449, or both. Here, we demonstrate that TAp73
as well as miR449 are key regulators of the complex hierarchy of multiciliogenesis by
promoting it at different steps. TAp73, on one hand, is required for the generation of
multiciliated epithelia in the female and male reproductive tract by activating the
transcription of several pro-ciliogenic factors. This is in line with a previous report from us
and another group showing that TAp73 is a central regulator of airway multiciliogenesis
(Marshall et al., 2016; Nemajerova et al., 2016). Interestingly, our study illustrates that
multiciliogenesis is differently regulated within multiciliated tissues. miR449, on the other
hand, promotes the maintenance of motile cilia and thereby facilitates proper regeneration
of the multiciliated airway epithelium, which is required for healthy lung aging.

5.1 TAp73 - Tissue-dependent regulation of
multiciliogenesis

So far, the role of TAp73 has been extensively described in airway multiciliogenesis
(Nemajerova et al., 2016). Briefly, TAp73 depletion causes loss of airway cilia accompanied
by impaired mucociliary clearance (Figure 12g - j). TAp73 ensures airway multiciliogenesis
by directly activating the transcription of several key players of multiciliogenesis such as
Foxjl, Rfx2, Rfx3, Myb, miR34b,c, and structural and functional ciliary genes (Figure 13)
(Marshall et al., 2016; Nemajerova et al., 2016). In our study, we describe the role of TAp73
in further multiciliated tissues (Figure 27a - d). We observed that the depletion of TAp73
resulted in defective multiciliogenesis in EDs (Figure 16a - d, Figure 17a - ¢) and FTs (Figure
18a - d, Figure 19a and b) in mice. Altogether, these data indicate that TAp73 is key
regulator of multiciliogenesis in airways and reproductive tracts. However, TAp73 is
dispensable for the ciliary function in the ventricles of the brain (Figure 21a - c, Figure 22a
and b), indicating that the regulatory network of multiciliogenesis is more robust in the
ventricles compared to other multiciliated tissues. Similar to this observation, it has been

shown that depletion of miR-34/449 results in a severe loss of motile cilia in all murine
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multiciliated organs except for the ventricles as hydrocephalus was not detected (Song et
al., 2014; Wu et al.,, 2014; Otto et al., 2017). Moreover, Danielian and colleagues
demonstrated that E2F4 is required for the development of the ciliated epithelium in the
airways but not for the ciliated epithelium of the FTs, EDs, and ventricles (Danielian et al.,
2007). To summarize, these data illustrate that the regulation of multiciliogenesis is tissue-
dependent. The remaining question is what makes the ventricles of the brain different. This

question will be further discussed in the section 5.1.3.1.

5.1.1 Role of motile cilia in causing male infertility

Male fertility is mainly depended on three processes: 1) Spermatogenesis resulting in
functional spermatozoa. 2) Transport of immotile spermatozoa from their production site
(testis) to their storage/maturation place (epididymis) via the EDs, and 3) Spermatozoa
concentration in the EDs achieved by testicular fluid reabsorption.

It has been shown that male TAp73 KO mice are infertile due to defective spermatogenesis
(Tomasini et al., 2008). More precisely, loss of TAp73, which is specifically expressed in
germ cells (Hamer et al., 2001; Inoue et al., 2014), resulted in impaired germ cell adhesion
and maintenance, and spermatozoa maturation (Holembowski et al., 2014; Inoue et al.,
2014). Consequently, this led to a strong decline in the number of spermatozoa, which
resulted in a “near-empty seminiferous tuble” phenotype in the testis of TAp73 KO mice
(Holembowski et al., 2014). This is similar to the effect we observed in male testis
(Supplemental Figure 2a). Of note, some seminiferous tubes were filled with spermatozoa.
However, we did not detect any spermatozoa in the cauda epididymis (Figure 16a),
indicative of a defect in the conduit (EDs) connecting the testis and the epididymis. Here,
we provide interesting new data regarding this issue as TAp73 loss causes defects in the
multiciliated epithelium of the EDs by reducing the number and length of ED cilia (Figure
16b - d). Thus, TAp73 does not only regulate multiciliogenesis in the airways (Nemajerova
et al., 2016), but also in the EDs.

The function of motile cilia in the EDs is not well described. It is assumed that motile cilia in
the EDs possess a rotational beating pattern (llio and Hess, 1994; Hess, 2002). The
rotational beating pattern is a unique feature of cilia in the EDs as motile cilia of other
multiciliated epithelia possess a back and forth beating pattern (Satir et al., 2014). The
coordinated back and forth beating pattern of these motile cilia (in FT, airway, brain
ventricles) is responsible for the directed transport of fluid containing
particles/gametes/zygotes (Spassky and Meunier, 2017). However, the rotational beating
of ED cilia prevents the coordinated transport of spermatozoa towards the epididymis
(Hess, 2015). Thus, it is hypothesized that motile cilia in the EDs stir the testicular fluid and

thereby facilitating fluid circulation, reabsorption, and spermatozoa concentration. Each of
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these processes represent an important parameter that determines effective spermatozoa
transport through the EDs (Hess, 2015). One finding supporting the “rotational beating
pattern” hypothesis of ED cilia is based on ultrastructural analysis of ED cilia, which showed
twisted microtubules at the ciliary tip. These twisted microtubules are only observed in ED
cilia and thus, might represent an explanation for the distinct beating pattern (Hess, 2015).
However, the rotational beating pattern is only mentioned in some reports lacking video
evidence (llio and Hess, 1994; Hess, 2015). Hence, further video evidence would be

required to proof such rotational beating pattern of ED cilia.

How are immotile spermatozoa transported through the EDs, if not by the beating of motile
cilia? It is suggested that spermatozoa transport via the EDs depends on the interaction of
several forces including smooth muscle contraction and fluid dynamics (Hess, 2002). We
ruled out that TAp73 loss negatively impacts smooth muscle contraction since smooth
muscle contraction is not altered in FTs from TAp73 KO mice (video recorded by us,
unpublished). Moreover, TAp73 is only expressed in multiciliated cells and germ cells
(Supplemental Figure 1a) (Hamer et al., 2001; Holembowski et al., 2014; Inoue et al., 2014),
but not in smooth muscle cells. However, it is possible that TAp73 loss influences fluid
dynamics. Up to 90% of the seminiferous fluid produced in the testis is reabsorbed in the
EDs to concentrate spermatozoa, which is required for effective spermatozoa transport
(Figure 42a) (llio and Hess, 1994, Yeste et al., 2017). Impaired fluid reabsorption in the EDs
has been shown to contribute to male infertility (Zhou et al., 2001; Mendive et al., 2006;
Danielian et al., 2016), highlighting the importance of tightly balanced fluid dynamics. Water
reabsorption occurs via aquaporin channels, which are not only expressed on microvilli of
nonciliated cells but also on cilia of ciliated cells in the EDs (Ruz et al., 2006; Yeste et al.,
2017). Consequently, the reduced number of motile cilia in EDs of TAp73 KO mice might
lead to a decline in the expression of aquaporin channels and defective seminiferous fluid
reabsorption, thereby resulting in fluid accumulation (Figure 42b). In addition, impaired fluid
reabsorption in the EDs can cause reflow of the fluid, which results in the dilation of the rete
testis (Zhou et al., 2001; Mendive et al., 2006). Hence, to validate the effects of TAp73 loss
on fluid reabsorption, it is necessary to study whether TAp73 KO mice express less
aquaporin channels (e.g. AQP 1) and display dilated rete testis. Aquaporin channel
expression can be quantified by IF staining on ED sections or by WB analysis of ED protein
lysates. Rete testis dilation can be assessed by histological analysis of paraffin-embedded

testes.
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Figure 42: Proposed mechanism leading to male infertility in TAp73 KO mice.

a) Spermatozoa produced in the testis are transported via the EDs to the epididymis in fertile male WT mice.
Ciliated cells of the EDs contribute to the spermatozoa transport by facilitating testicular fluid circulation, fluid
reabsorption, and spermatozoa concentration. b) Number and length of motile cilia in EDs are strongly
reduced in male TAp73 KO mice. Defective ED cilia might impair spermatozoa transport by declining fluid
circulation, fluid reabsorption, and spermatozoa concentration. Due to the defective transport, spermatozoa
do not reach the epididymis and thereby contributing to male infertility in addition to reduced spermatozoa

Altogether, current knowledge suggests that motile cilia of the EDs ensure male fertility by
regulating testicular fluid circulation, fluid homeostasis, and spermatozoa concentration
(Hess, 2015; Yeste et al., 2017). Thus, our data indicates that defective multiciliogenesis in
EDs contributes to male infertility in TAp73 KO mice by disrupting testicular fluid dynamics
(Figure 42a and b).

The link between cilia dysfunction, impaired fluid dynamics, and male fertility is supported
by another study investigating the effect of the depletion of the pro-ciliogenic transcription
factors E2f4 and E2f5 on male fertility (Danielian et al.,, 2016), which activate the
transcription of TAp73 (Nemajerova et al., 2016). Mice harboring a specific depletion of
E2f4/5 (E2f47*; E2f5"; Vil-cre KO mice; E2f4/5 KO form here on) in the ED epithelium
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showed a similar phenotype as the one we observed in TAp73 KO mice (Figure 16a -d).
Briefly, male E2f4/5 KO mice are infertile and showed a loss of ED cilia, no spermatozoa in
the epididymis, testicular fluid accumulation, and dilation of the rete testis. Of note, the last
two alterations were not studied in TAp73 KO mice. The phenotypic signs of E2f4/5 KO
mice suggest that impaired ciliogenesis in the EDs compromises fluid reabsorption, thereby
leading to male infertility. However, E2F4/5 also impairs the ability of nonciliated cells in the
ED to reabsorb the fluid as E2F4/5 is not only expressed in ciliated but also in nonciliated
cells. Thus, it is unclear whether the underlying mechanism of male infertility in E2f4/5 KO
mice is based on defective ciliated or nonciliated cells (Danielian et al., 2016). As TAp73 is
specifically expressed in ciliated cells and not in nonciliated cells in the ED epithelium
(Supplemental Figure 1a), our study provides new insights into the connection between ED
cilia and male infertility.

Although male infertility occurs in genetically modified mice depleted for factors involved in
the regulation of multiciliogenesis (e.g. miR-34/449, Foxjl, Gemcl), the underlying
mechanism is either not known or is attributed to dysfunctional spermatogenesis (Chen et
al., 1998; Comazzetto et al., 2014; Wu et al., 2014; Yuan et al., 2015; Terré et al., 2016).
For example, previous studies have connected male infertility in miR-34/449 KO mice to
impaired spermatogenesis (Bao et al., 2012b; Comazzetto et al., 2014; Wu et al., 2014,
Yuan et al., 2015) as miR-34/449, like TAp73 (Hamer et al., 2001; Holembowski et al., 2014;
Inoue et al., 2014), are also expressed in germ cells (Bao et al., 2012b). However, they did
not investigate the ciliation of the ED epithelium in miR-34/449 KO mice. As miR-34/449 is
necessary for proper multiciliogenesis in airways and FTs (Song et al., 2014; Otto et al.,
2017), itis likely that the ciliated epithelium of the ED could also be affected and contribute
to the infertility phenotype in miR-34/449 KO mice.

To conclude, studies including ours indicate that functional motile cilia in the EDs are
required for male fertility. However, to find out whether dysfunction of motile cilia in the ED
epithelium is sufficient to cause male infertility irrespective of defective spermatogenesis, a
specific depletion of pro-ciliogenic factors (e.g. TAp73) in multiciliated cells is required. This
can be achieved by combining cell-type-specific gene promotors (e.g. Foxj1 promotor) with
the Cre/LoxP system (Ostrowski et al., 2003; Zhang et al., 2007).

5.1.2 Role of multiciliogenesis in ensuring female fertility

Female infertility of TAp73 KO mice has been associated with poor oocyte quality (Tomasini
et al., 2008; Tomasini et al., 2009). Interestingly, it was reported that ovulated oocytes are
trapped in the bursa of TAp73 KO mice (Tomasini et al.,, 2008). Oocytes are usually
captured by motile cilia of the fimbriae and then transported along the epithelium of the FT

by coordinated beating of multiple motile cilia (Figure 43a) (Ezzati et al., 2014). Here, we
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show that deficiency of TAp73 reduces the number of cilia in FTs (Figure 18a - d) and thus,
impairs oocytes capture and transport through the FT. Consequently, lack of cilia-driven
transport along the epithelium of the FT of TAp73 KO mice might contribute to female
infertility in these mice (Figure 43b).
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Figure 43: Proposed mechanism leading to female infertility in TAp73 KO mice.

a) In fertile WT mice, oocytes are released from the ovary, captured by ciliated fimbriae, and transported by
coordinated beating of multiple motile cilia through the FT. Upon fertilization in the distal part of the FT,
implantation of the fertilized egg (zygote) takes place in the uterus. b) TAp73 KO mice possess less motile
cilia resulting in impaired oocytes capture and transport along the epithelium of the FT. Consequently,
oocytes do not reach the distal part of the FT so that fertilization can no longer take place, resulting in
infertility.

Remarkably, two single nucleotide polymorphisms (SNPs) in TAp73 were found in patients
receiving in vitro fertilization, however the functional consequence of these SNPs is not
known (Feng et al., 2011; Hu et al., 2011). Furthermore, TAp73 is downregulated in aged
women, when motile cilia are not required anymore for gamete/zygote transport in the FT
(Guglielmino et al., 2011). Together, these patient data highlight the importance of TAp73
in ensuring female fertility.

The importance of cilia-driven transport in ensuring female fertility has been reported by

other studies. Terre and colleagues analyzed the ciliation of mice deficient for Gemcl, a
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regulator of multiciliogenesis upstream of TAp73 (Figure 13). They observed that female
Gemcl KO mice lack motile cilia in the FTs and are infertile (Terré et al., 2016). Similar
results have been obtained by depleting other pro-ciliogenic factors of multiciliogenesis
such as Ccno and miR-34/449 (Nunez-Ollé et al., 2017; Otto et al., 2017). Interestingly,
Ccno mutations have been associated with increased infertility in women, which suffer from
the syndrome called reduced generation of multiple motile cilia (Amirav et al., 2016).
Moreover, defects in ciliary functions have been associated with ectopic pregnancies or
infertility (Lyons et al., 2006; Vanaken et al., 2017).

In summary, we show that TAp73 is important for multiciliogenesis in the male and female
reproductive tract. Hence, we hypothesize that dysfunction of motile cilia in FTs and EDs
contributes to the infertility phenotype in TAp73 KO mice. However, further investigation
using cell-specific deletion of TAp73 is required to form a direct link between dysfunction of
motile cilia and infertility.

5.1.3 Transcriptional regulation of multiciliogenesis in the
ventricles of the brain - An exception

Depletion of TAp73 neither affects the number and functionality of motile ependymal cilia
nor the expression of pro-ciliogenic factors (e.g. Foxj1, Rfx2, and Rfx3) in the ventricles of
the brain (Figure 21b and c, Figure 22a and b, Supplemental Figure 5b - d). Moreover, we
and others have observed that TAp73 KO mice do not develop a hydrocephalus (Tomassini
2008) (Figure 25a, Supplemental Figure 9a), which would have normally occurred as a
consequence of cilia dysfunction (Ibafiez-Tallon et al., 2002; Ibanez-Tallon, 2004; Lee,
2013; Ohata et al., 2014). Thus, TAp73 seems to be dispensable for the development and
maintenance of functional motile cilia on ependymal cells. This is in line with a recent report
showing that conditional deletion of p73 (deletion of both TAp73 and DNp73) in adult mice
(conditional p73 KO mice: p73flox/flox;Foxj1CreERT;R26R-tdTomato) did not cause cilia
deficiency in the ventricles of the brain and hydrocephalus (Fujitani et al., 2017). Briefly,
Fujitani et al. analyzed the translational polarity in ependymal cells in mice either depleted
for p73 during embryogenesis or adulthood (for the definition of polarity see section 1.1.2).
By using these two genetically modified mice, they identified that p73 is required for the
establishment of translational polarity during embryogenesis but not for the maintenance of
translational polarity in adult ependymal cells. Consequently, hydrocephalus development
was only observed when depleting p73 during embryogenesis (Fujitani et al., 2017). The
effect of p73 on planar cell polarity is attributed to TAp73 isoform, as we demonstrated in
collaboration with another group that disrupted planar cell polarity is only observed in TAp73
and p73 KO mice, but not in DNp73 KO mice (revised manuscript, Fuertes-

Alvarez,..Wildung et al., 2018). Moreover, we identified that TAp73 regulates planar cell
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polarity by transcriptionally activating the myosin light chain kinase (MLCK), thereby
modulating actin dynamics, which is required for proper BB alignment (Supplemental Figure
13a and b). However, the disrupted motile cilia polarity did neither result in an impaired
multiciliogenesis nor in a defective ciliary function in TAp73 KO mice (Figure 22a and b,
Figure 25a, Supplemental Figure 9a). As p73 KO mice harbor a reduction of ependymal
cilia (Medina-Bolivar et al., 2014), the question arises whether DNp73 compensates for

TAp73-driven functions in axoneme formation in the absence of TAp73.

In summary, TAp73 deficiency does not disrupt the multiciliogenesis network in the
ventricles of the brain, while it severely impairs multiciliogenesis in all other multiciliated
tissues. A similar phenotype has been observed in mice depleted for an upstream factor of
TAp73, namely E2f4 as these KO mice possess defective airway multiciliogenesis but no
hydrocephalus (Danielian et al., 2007). Only depletion of Gemcl, which interacts with E2F4
or Multicilin, and thus, might represent the most upstream identified regulator of
multiciliogenesis, causes ciliary defects in all multiciliated tissues (Terré et al., 2016; Terre
et al., 2018).

5.1.3.1 In ventricles, arobust network ensures multiciliogenesis in the absence of
TAp73

Studies investigating brain multiciliogenesis including ours suggest that the
multiciliogenesis program in the brain is more robust compared to the one in other
multiciliated tissues (Danielian et al., 2007; Song et al., 2014). Why is this the case? One
major difference between the brain and the airways is their regeneration potential (Kotton
and Morrisey, 2014). Ependymal cells are only generated once during embryogenesis
(Spassky et al., 2005) and their regenerative capacity after injury is quite low (Kuo et al.,
2006; Luo et al., 2008; Luo et al., 2015). In comparison, ciliated cells of the airway epithelium
can be rapidly replaced after injury by progenitor cell differentiation and transdifferentiation
(Hogan et al., 2014). Thus, we hypothesize that due to the lack of proper repair, ependymal
cells build up a more robust multiciliogenesis network to ensure ciliary function while
encountering various challenges. Here, we identified two possible players involved in the
maintenance of multiciliogenesis in the absence of TAp73 in the brain: E2F4 and miR449,
as both are upregulated in TAp73 KO ventricles (Figure 24a and b, Figure 23a and c, Figure
44Db).
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Figure 44: Scheme illustrating the robust network of brain multiciliogenesis.

a) In WT mice, the beating of ependymal cilia is required for the circulation of the cerebrospinal fluid and
ciliated CP cells regulate cerebrospinal fluid production. Together, these actions prevent the development of
hydrocephalus. b) TAp73 deficiency results in the upregulation of E2F4 and miR449, which jointly maintain
the ciliogenesis network. ¢) Only combined depletion of TAp73 and miR449 reduces CP cilia number and
length and results in hydrocephalus. Thus, shorter CP cilia might impair cerebrospinal fluid production and

thereby causing hydrocephalus.

When bound to its cofactor Mcidas, E2F4 directly activates the transcription of several pro-
ciliogenic factors including TAp73, Foxjl, Rfx2, Rfx3, and Myb (Stubbs et al., 2012; Ma et
al., 2014; Spassky and Meunier, 2017). Consistently, depletion of E2f4 results in defective
airway multiciliogenesis (Danielian et al., 2007). Interestingly, ectopic expression of an E2f4

form, which bears a generic transactivation domain, along with Mcidas were sufficient to
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induce the formation of motile cilia in MEFs, a cell type that normally generates only primary
cilia (Kim et al, 2018). These data illustrate that E2F4 is a potent regulator of
multiciliogenesis. Thus, E2F4 upregulation represents one possible explanation for the
maintenance of the expression of pro-ciliogenic factors in TAp73 KO brains. Although E2F4
is expressed in cells of the subventricular zone (Ruzhynsky et al., 2007), we ruled out that
these cells contribute to the E2F4 upregulation as E2F4 elevation is dependent on TAp73
and TAp73 is only expressed in MCCs of the ventricular zone. Moreover, E2F4 levels seem
to be predictive for the ciliary phenotype in TAp73 KO mice as E2F4 is only upregulated in

the brains but not in other multiciliated tissues (Supplemental Figure 7b - e).

In addition to the upregulation of E2F4, we observed increased levels of miR449 in TAp73
KO brains (Figure 23a and c). miR449 belongs to the miR-34/449 family and since this
family is necessary to ensure proper ciliogenesis (discussed in more detail in the sections
5.2.1 and 5.2.3) (Lizé et al., 2010a; Song et al., 2014; Otto et al., 2017), it might also
compensate for the loss of TAp73. However, miR449 upregulation upon TAp73 deficiency
is a common phenomenon as it is also observed in multiciliated tissues with defective
ciliogenesis (Figure 23d). Thus, in FTs, EDs, and airways, miR449 elevation is not sufficient
to rescue multiciliogenesis upon TAp73 depletion. The first reason for this could be that the
miR449 levels in FTs and tracheae (3-fold) are not as strongly induced as in brains (10-fold)
(Figure 23c and d). However, an exception to this are the EDs, which have an even higher
induction of miR449 (24-fold) compared to that in the brain, although the variability within
the TAp73 KO EDs was considerably high (Figure 23d). Therefore, miR449 upregulation
alone is not enough to trigger motile cilia formation. We and others have already shown that
miR449 alone is not a potent inducer of ciliogenesis, as depletion of miR449 alone in mice
does not affect the generation of motile cilia in diverse tissues under unchallenged
conditions (Supplemental Figure 17a and b) (Song et al., 2014; Otto et al., 2017). Only
deficiency of all family members (miR-34/449) causes loss of motile cilia (Song et al., 2014;
Otto et al., 2017). Therefore, we hypothesize that only the combined upregulation of miR449
along with E2F4 induces the ciliogenesis program in ventricles of TAp73 KO mice (Figure
44a and b).

5.1.3.2 Regulatory mechanisms explaining E2F4 and miR449 upregulation upon
TAp73loss

Nevertheless, the question remains: Why are E2F4 and miR449 upregulated in the brains
of TAp73 KO mice? To address this question, we investigated but also propose several
different mechanisms, which are described and illustrated below (Figure 45).

To explore the mechanism for the upregulation of E2F4, we first investigated whether Notch

signaling is deregulated. Notch signaling represents an interesting target as it promotes CP
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development (Bill et al., 2008; Li et al., 2016), is repressed by miR-34/449 in xenopus
(Marcet et al., 2011), and inhibits E2F4/MCIDAS activation (Brooks and Wallingford, 2014).
Thus, the observed increase in the levels of miR449 in TAp73 KO animals could induce

E2F4 levels via inhibition of Notch signaling (Figure 45).

e.g. sensory
functions of
cilia

Figure 45: Schematic diagram displaying possible mechanisms involved in the upregulation of E2F4
in TAp73 KO brains.

Grey box illustrates the investigated mechanisms, which do not contribute to E2F4 upregulation. E2F4

upregulation is not due to the downregulation of Notch signaling or E2F5. Yellow box shows proposed

mechanisms, which could lead to an elevation of E2F4 but have not yet been studied. Unknown targets of

miR449 (X) that inhibit E2F4 or miR449 independent mechanisms (X, e.g. sensory function of cilia) could

lead to an upregulation of E2F4.

However, we did not observe an increase of the Notch targets Hesl and Hes5 in miR449
KO and TAp73xmiR449 KO mice (Supplemental Figure 11a) and thus, excluded this
explanation. In addition, these data suggest that miR449 does not repress the Notch
pathway in mice, although it was shown in xenopus. This is in agreement with another
dataset showing that the ciliated cell fate in the airway of miR-34/449 KO mice is not
affected, which is usually a consequence of activated Notch signaling (Song et al., 2014).
Moreover, another study conducted by Otto et al. supports the species dependency of the
interaction between miR449 and Notch as they did not detect altered Notch target levels in
the airways of miR-34/449 KO mice (Otto et al., 2017).

Our next hypothesis is based on the link between E2F4, its closely related family member
E2F5, and miR449. It has been shown that miR449 directly represses E2f5 (Redshaw et
al., 2009) and thus, E2F5 might be downregulated upon increased miR449 levels in TAp73
KO mice. As E2F4 and E2F5 possess redundant functions (Gaubatz et al., 2000; Danielian
et al., 2016), it is likely that E2F4 transcription is activated to compensate for the loss of
E2F5, similar to the compensatory effect between miR34b,c and miR449 (Figure 45) (Bao
et al., 2012b; Wu et al., 2014).
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However, our data display unchanged transcript levels of E2f5 in TAp73 KO brains
compared to WT brains (data not shown) indicating that E2F4 upregulation might be not
due to E2F5 downregulation. As miRNAs often function by inhibiting protein translation
without causing mRNA degradation (Bartel, 2018), it would be necessary to confirm this

result by protein analysis.

Altogether, our experiments do not provide a reasonable explanation for the upregulation
of E2F4. Thus, other unknown targets of miR449 negatively regulating E2F4 might be
involved to create a feedback loop between miR449 and E2F4 (Figure 45). Another possible
mechanism could involve the sensory function of motile cilia. Motile cilia express several
sensory proteins on their plasma membrane, which sense and transduce different kinds of
environmental signals (e.g. shear stress, fluid flow, osmotic force) to ensure cellular
homeostasis (Jain et al., 2012). For example, the proteins polycystin-1 and 2 act as flow
sensors on primary cilia and mutations in these genes result in polycystic kidney disease.
Interestingly, polcystin-1 is also abundantly expressed in ciliated ependymal and CP cells,
where it is important for ciliary function and signal transduction (Wodarczyk et al., 2009).
Thus, it is possible that the upregulation of E2F4 results from signaling cascades initiated
by sensory proteins on motile cilia.

The next question that needs to be addressed is the upregulation of miR449 in multiciliated
tissues. Here, we explored that E2F4 can directly bind to Cdc20b and activate its expression
(Figure 24c). miR449 shares the same promotor as Cdc20b (Figure 31a) (Yang et al., 2009;
Lizé et al., 2010b) and thus, miR449 upregulation can be partially explained by the
increased activity of E2F4 (Figure 46). However, this cannot be the only reason since
miR449 upregulation is observed in all other multiciliated tissues depleted for TAp73 where
E2F4 levels remain the same (Figure 23d, Supplemental Figure 7b - €). Thus, the increase

in miR449 levels seems to be a general phenomenon triggered by TAp73 deficiency.
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Figure 46: Alterations in the expression of E2F4 and miR34b,c contribute to miR449 upregulation in
TAp73 KO brains.

Grey box illustrates a studied signaling cascade, which does not mediate miR449 upregulation in TAp73 KO

mice. Theoretically, TAp73 depletion would result in the upregulation miR449 via the p21-Rb-E2F1 axis.

Green box displays two mechanisms, which contribute to the increased miR449 levels: 1) E2F4 directly

activates the transcription of miR449. 2) Downregulation of the TAp73 target miR34b,c results in upregulation

of miR449.

Besides its role in promoting multiciliogenesis, TAp73 inhibits cell cycle progression by
activating p21 (Lee and La Thangue, 1999), which at the end results in the inhibition of the
cell cycle promoting E2F1 protein (Henley and Dick, 2012). As miR449 has been shown to
be E2F1-responsive (Yang et al., 2009; Lizé et al., 2010b), depletion of TAp73 could
mediate miR449 upregulation via E2F1 (Figure 46). However, our experiments did not
reveal any differences in these cell cycle-associated genes between WT and TAp73 KO
mice (Supplemental Figure 8a and b) and therefore we excluded this possibility.
Previously, we published that TAp73 directly activates miR34b,c expression (Nemajerova
et al., 2016). In the present study, we validated this interaction as miR34b,c levels were
strongly declined in multiciliated tissues of TAp73 KO mice (Figure 23a and ¢, Supplemental
Figure 7a). Due to the redundant functions of miR34b,c and miR449 (Bao et al., 2012b;
Song et al., 2014, Otto et al., 2017), miR449 upregulation might be a consequence of the
decreased miR34b,c levels (Figure 46). This compensatory effect has been observed by
other groups, which found an upregulation of miR449 in testis, lungs, ovaries, and brains of
mMiR34b,c KO mice (Bao et al., 2012b; Wu et al., 2014).

In summary, we identified two potential mechanisms explaining miR449 upregulation, one

via E2F4 and the other via miR34b,c downregulation. However, the mechanism for E2F4

upregulation remains unknown.
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5.1.3.3 Combined depletion of TAp73 and the miR449 cluster results in
hydrocephalus

Although, miR449 upregulation alone seems to be insufficient to counterbalance the loss of
TAp73 in multiciliated tissues, the importance of its upregulation in this scenario is
highlighted by the fact that depletion of miR449 and TAp73 leads to the development of
hydrocephalus in mice (Figure 25a, Supplemental Figure 9a). Consistent with the
expression of miR449 in the CP (Figure 23b), TAp73xmiR449 KO mice display reduced cilia
number and length in the CP epithelium (Figure 25c and d, Supplemental Figure 9b),
whereas ciliation of the ependyma is not affected (Supplemental Figure 9c and d). In
contrast to ependymal cilia, CP cilia are nonmotile and thus, do not contribute to the
circulation of cerebrospinal fluid (Narita et al., 2012). Instead, CP cilia regulate the
production of cerebrospinal fluid. Impairment of CP cilia also leads to hydrocephalus
(Banizs et al., 2005; Banizs et al., 2007). Therefore, we suggest that combined depletion of
TAp73 and miR449 impairs CP ciliogenesis, which results in alterations of the cerebrospinal
fluid production and hydrocephalus (Figure 44c).

Interestingly, miR-34/449 KO mice do not phenocopy TAp73xmiR449 KO mice as they do
not develop a hydrocephalus (Song et al., 2014), which would have been expected since
both mouse models harbor a loss of miR34 and miR449. This illustrates again that the
network of multiciliogenesis in the ventricles of the brain is quite robust because only the
depletion of two non-related pro-ciliogenic factors (TAp73 and miR-34/449) can disrupt the
ciliogenesis program. To prove this, it would be interesting to evaluate whether depletion of
E2F4 and TAp73 also results in a similar defective brain multiciliogenesis as observed in
TAp73xmiR449 KO mice, since depletion of E2F4 alone does not cause hydrocephalus
(Danielian et al., 2007).

Altogether, we identified TAp73 as an important regulator of multiciliogenesis in the male
and female reproductive tract. Our study suggests that proper cilia function is required for
fertility. Therefore, rescuing cilia generation and motility represent a potential treatment
option for PCD patients who suffer from infertility. Furthermore, our investigations of
multiciliogenesis in the ventricles emphasize that the transcriptional regulation of
multiciliogenesis is tissue-dependent and consist of a complex hierarchy of transcriptional

and post-transcriptional regulators, which has not been fully discovered.
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5.2 miR449 - Post-transcriptional regulation of airway
multiciliogenesis

Besides the transcriptional regulation of multiciliogenesis (e.g. by TAp73), ciliogenesis is
additionally fine-tuned at the post-transcriptional level e.g. by miRNAs (Cao et al., 2012;
Song et al., 2014; Otto et al., 2017). An important miRNA family involved in the regulation
of airway multiciliogenesis is the miR-34/449 family (Song et al., 2014; Otto et al., 2017).

5.2.1 miR449 KO mice represent a novel model to study the role
of motile cilia in COPD

Here, we demonstrate for the first time that the sole depletion of miR449 influences motile
airway cilia homeostasis. In more detail, our data show that miR449 is required for motile
cilia maintenance, therefore allowing proper ciliated airway epithelial regeneration upon
exposure to various environmental challenges. Consequently, depletion of miR449 in mice
combined with exposure to chemicals or infective insults resulted in a loss of motile airway
cilia (Figure 33a - ¢, Figure 34a - d), reduced mucociliary clearance (Figure 40c and d), and
increased pulmonary inflammation (Figure 37a - f). The interplay of all these events
triggered emphysematous manifestations of COPD in aged miR449 KO mice (Figure 36a -
¢, Figure 37a). Since miR449 seemed to have a protective role in the development of
COPD, it would be very interesting to analyze whether miR449 expression is deregulated
in COPD patients as well.

Previous studies have claimed that ablation of miR449 alone does not influence
multiciliogenesis and only the deletion of the whole family of miR-34/449 results in severe
loss of motile airway cilia (Song et al., 2014; Otto et al., 2017). At first glance, this seems to
be contrary to our present data. However, a closer look into these studies reveals that these
groups evaluated only airway ciliation in young unchallenged miR449 KO mice. This in turn,
coincides with our data, which indicates no reduction in cilia number in young miR449 KO
mice (Supplemental Figure 16a and b). The novel finding of our study is that miR449 is
required for the maintenance of motile airway cilia and ciliated epithelial regeneration and
thus, effects in mice with a sole ablation of miR449 are only evident in aged (Figure 35a -
c) or challenged mice (Figure 33a - ¢, Figure 34a - d).

In contrast to miR449 KO mice, which are fertile and possess a normal life span, deficiency
of all members of the miR-34/449 family results in infertility and early lethality (Song et al.,
2014; Otto et al., 2017). Early lethality in miR-34/449 KO mice is due to the loss of airway
cilia, which results in defective mucociliary clearance and increased opportunistic infections
(Song et al., 2014; Otto et al., 2017). Interestingly, treatment of miR-34/449 KO mice with
antibiotics tremendously increased their life span (Otto et al., 2017). Female and male
infertility in miR-34/449 KO mice is caused by the loss of motile cilia in FTs and immotile

spermatozoa, respectively (Comazzetto et al., 2014; Song et al., 2014; Wu et al., 2014; Otto
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et al., 2017). Thus, miR-34/449 is required for the formation of motile cilia in the airways
and FTs. However, whether miR-34/449 regulate multiciliogenesis in other multiciliated
tissues remains unknown.

The comparison between the phenotypes of miR449 KO and miR-34/449 KO mice
illustrates that the phenotype in miR449 KO mice is much milder compared to the PCD-like
phenotype in miR-34/449 KO mice. This indicates that miR34 compensates for the loss of
mMiR449 at least in some respects, although we and others have shown that its levels are
not upregulated in the lungs of miR449 KO mice (Figure 31b) (Wu et al., 2014). This is in
contrast to the testis of miR449 KO mice, where miR34b,c levels are upregulated and
thereby protecting mice from infertility (Bao et al., 2012b; Wu et al., 2014).

Remarkably, it has been shown that the PCD-like phenotype of miR-34/449 KO mice can
be rescued by the addition of one allele of miR449 or miR34b,c (Song et al., 2014, Otto et
al., 2017). Moreover, we could show that miR449 is more strongly upregulated during
mucociliary differentiation (Figure 29b and c). Thus, these data in conjunction with our
analysis of miR449 KO mice propose that miR449 is the major contributor that ensures
proper (re)generation of the multiciliated airway epithelium. However, it would also be
intriguing to investigate the regenerative potential of miR34b,c KO mice, since miR34b,c is
also highly expressed in the lungs (Song et al., 2014; Wu et al., 2014; Otto et al., 2017).

Altogether, our data show that miR449 KO mice have a normal life span and only develop
ciliary defects upon challenge or with age, which results in manifestations of COPD. As the
susceptibility of humans to COPD increases with age and exposure to environmental
toxicants (Barnes et al., 2015), the miR449 KO mouse model closely resembles the human
situation. Consequently, this genetic mouse model represents a suitable tool to study the

role of motile cilia in COPD development.

5.2.2 Role of motile cilia in chronic respiratory diseases

Motile airway cilia beat vigorously and thereby help to transport mucus containing trapped
particles and pathogens out of the airways. Proper beating of airway cilia is of utmost
importance for lung health as any disruption in the ciliary ultrastructure results in mucociliary
clearance disorders such as PCD (Tilley et al., 2015). Common mutations found in PCD
patients can affect the axonemal dynein arms, which are the motor proteins generating the
force required for cilia sliding (Hornef et al., 2006; Zariwala et al., 2006; Loges et al., 2008).
The role of motile cilia in inherited ciliary diseases such as PCD is well established.
However, the link between maotile cilia, mucociliary clearance, and chronic airway diseases
is not well described. So far, studies have only shown that COPD patients possess a
reduced ciliary beat frequency (Piatti et al., 2005; Yaghi et al., 2012) and cilia length (Hessel

et al., 2014). The latter remains controversial as cilia length seems to be unaffected in some
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COPD patient cohorts (Yaghi and Dolovich, 2016). Despite these data, it remains unclear
whether cilia dysfunction triggers the onset of COPD or whether it is a consequence of the
increased inflammation and airway remodelling occurring during exacerbations.

Here, we provide some new evidence on this topic as we show that deficiency of miR449
disrupts mucociliary clearance (Figure 40c and d) and ciliated epithelial regeneration
(Figure 33a - c, Figure 34a - d, Figure 35a - c), thereby compromising the innate lung
defense, which results in chronic inflammation and COPD development (Figure 36a - c,
Figure 37a - f). Since we show that miR449 is specifically expressed in multiciliated tissues
(Figure 29a), which is in line with a previous report from Marcet et al. showing miR449
expression exclusively in multiciliated cells (Marcet et al., 2011), our data strongly suggest
a link between motile cilia dysfunction and the onset of COPD. Moreover, another study
conducted in our lab reinforces the connection between maotile cilia dysfunction and COPD.
Depletion of the multiciliogenesis regulator TAp73 triggered a COPD-like phenotype with
spontaneous emphysema and defective mucociliary clearance (Figure 12a - j) (Nemajerova
etal., 2016). In addition, Lam et al. observed that smoking reduces motile airway cilia length
via HDACG6-dependent autophagy pathway (Lam et al., 2013). As smoking is one of the
main risk factors for COPD (Barnes et al., 2015), motile cilia shortening upon CS exposure
might contribute to COPD development.

Moreover, effective mucociliary clearance is important to prevent COPD progression as
recurrent pathogen-driven infections drive disease progression and results in a worse
prognosis (Barnes et al., 2015). Interestingly, several respiratory pathogens (e.g.
Pseudomonas (Wilson et al., 1985; Read et al., 1992), Haemophilus influenzae (Janson et
al., 1999; Bailey et al., 2012), viruses (Zhang et al., 2005), and fungi (Pieckova and
Jesenska, 1996; Bafadhel et al., 2014)), which often colonize COPD lungs (Sethi and
Murphy, 2008), have developed ciliostatic factors that impair mucociliary clearance.
Consequently, these pathogens are not cleared from the airways and can colonize and

damage the lungs.

In summary, as motile cilia are the major contributors to mucociliary clearance, protecting
motile airway cilia homeostasis might represent a new treatment option for COPD. The
immediate questions that arise are: how is motile cilia homeostasis regulated? How can we
target it to protect motile cilia from being disassembled? These two questions will be

discussed in terms of miR449-mediated motile cilia maintenance in the following chapters.

5.2.3 Motile cilia homeostasis is not regulated by well-known
mMiR-34/449 targets in miR449 KO mice

The miR449 KO mouse represents a good model to identify regulators of motile cilia

maintenance as miR449 deficiency reduced the number of motile cilia upon environmental
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challenges (Figure 33a - c, Figure 34a - d). To identify the miR449 targets, which are
involved in motile cilia maintenance, we first investigated whether the well-known studied
targets of miR-34/449 contributed to the observed phenotype in miR449 KO mice.
Previously established targets of miR-34/449 involved in ciliogenesis are: (1) Notch (Marcet
et al., 2011), (2) Cp110 (Song et al., 2014), and (3) cell cycle promoting genes (Lizé et al.,
2010b; Otto et al., 2017). However, we excluded that the cilia maintenance defect in aged
or challenged miR449 KO mice is based on the de-repression of these targets due to the
following reasons:

(1) It has been proposed by one study conducted by Marcet et al. that miR449 represses
Notch signaling and thereby promotes ciliated cell fate decision (Tsao et al., 2009; Marcet
et al.,, 2011; Carraro and Stripp, 2015). Consequently, the depletion of the miR-34/449
family members would lead to a reduced number of MCCs. Thus, de-repression of Notch in
miR449 KO mice could explain the reduction in motile cilia during regeneration processes
(Figure 32a - d, Figure 33a - c, Figure 34a - d, Figure 35a - ¢), which require proliferation of
progenitor cells and differentiation into MCCs in order to restore the bronchial epithelium.
However, two subsequent studies did not observe a reduction in the number of MCCs in
mMiR-34/449 KO mice. They only noticed that the MCCs express less motile cilia in miR-
34/449 KO mice (Song et al., 2014; Otto et al., 2017). This indicates that the fate of ciliated
cells is unaffected in miR-34/449 KO mice. Moreover, Otto et al. did not detect an
upregulation of the Notch signaling pathway in miR-34/449 KO mice (Otto et al., 2017). This
agrees with our data from the TAp73 KO mice, which have an upregulation of miR449
(Figure 23a and c) but no deregulation of the Notch pathway (Supplemental Figure 11a).
As Marcet et al. validated the repression of Notch by miR449 only in xenopus (Marcet et
al., 2011) and none of the studies performed in mice could confirm the interaction between
miR449 and Notch (Song et al., 2014; Otto et al., 2017), we assume that Notch is a species-
specific target of miR449 and would not be responsible for regulating cilia maintenance in

aged or challenged miR449 KO mice.

(2) The second described target of miR-34/449 is Cp110. On the one hand, Cp110 inhibits
proper BB maturation and docking (Tsang and Dynlacht, 2013; Song et al., 2014), but on
the other hand, Cp110 promotes BB anchorage (Walentek et al., 2016; Yadav et al., 2016).
Due to these two opposing roles of Cp110 in ciliogenesis, its levels must be tightly and
timely regulated. In miR-34/449 KO mice, BB are mislocated leading to the loss of motile
cilia (Song et al., 2014). However, we did not observe any form of BB mislocalization in
ciliated cells of miR449 KO mice (Figure 40a), indicating that Cp110 levels are not affected.
This agrees with another report that shows unaltered Cp110 levels in murine airways of
mMiR-34/449 KO mice (Otto et al., 2017). Since the inhibition of Cp110 has been previously

described as the main mechanism of miR-34/449-mediated ciliogenesis by rescue
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experiments in xenopus (Song et al., 2014), we concluded that Cp110, like Notch, might be
a species-specific target of miR449. Hence, we excluded Cpl110 as a miR449 target that

could be responsible for the defective ciliated epithelial regeneration in miR449 KO mice.

(3) The third set of miR-34/449 targets that have been described are cell cycle promoting
genes (e.g. Cyclin D3, B1, CDC25A). The repression of cell cycle promoting genes by miR-
34/449 initiates cell cycle exit, which is a prerequisite for cilia formation (Lizé et al., 2010b;
Otto et al., 2017). However, we did not observe reduced numbers of matile cilia in airways
of young unchallenged miR449 KO mice (Supplemental Figure 17a and b) and no reduction
in the assembly of primary cilia in miR449 KO MEFs (Figure 38b and c). Hence, we
concluded that the sole depletion of miR449 alone is not sufficient to de-repress the cell
cycle machinery in order to inhibit initial motile cilia formation.

However, we cannot exclude the cell cycle regulatory function of miR449 and its impact on
cilia formation during the regeneration of the ciliated epithelium. As the regeneration
process requires proliferation followed by differentiation into ciliated cells and we observed
a reduced formation of motile cilia in aged (Figure 35a -c) and challenged mice (Figure 33a-
c, Figure 34a - d), it is possible that in this case, miR449 depletion leads to increased
proliferation and thereby inhibiting the differentiation into MCCs. To study whether the
proliferation rate is increased in challenged miR449 KO mice, an IF staining using a marker
for proliferation (e.g. KI-67) could be performed on lung sections from naphthalene-treated
WT and miR449 KO mice.

In summary, our experimental data together with the published data suggest that none of
the described miR449 targets could explain the defective cilia maintenance phenotype
observed in miR449 KO mice. Therefore, the question remains, how does miR449 protect

cilia homeostasis and prevent COPD occurrence?

5.2.4 A new role of miR449 in protecting motile airway cilia by
repressing AURKA-mediated ciliary disassembly

Having a closer look at the miR449 KO phenotype provides some evidence regarding the
mechanism of miR449-mediated cilia homeostasis. Firstly, we identified that depletion of
miR449 resulted in loss of motile airway cilia only with age (Figure 35a - ¢) or upon challenge
with respiratory toxicants (Figure 33a - c, Figure 34a - d). Secondly, although both WT and
miR449 KO mice showed a decrease in motile cilia one day post naphthalene treatment,
we observed a stronger reduction in motile cilia in the miR449 KO mice compared to its WT
counterpart (Figure 33a and c). Of note, it has been shown that in addition to club cell
exfoliation, ciliated cell squamation followed by motile cilia disassembly occurs one day after

naphthalene treatment (van Winkle et al., 1995; van Winkle et al., 1999; Lawson et al., 2002;
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Rawlins et al., 2007). Thirdly, miR449 KO MEFs showed an increased primary cilia
disassembly rate with no effect on the assembly rate (Figure 38b and c). Altogether, these
data suggest that miR449 represses ciliary disassembly, thereby protecting cilia

maintenance.

So far, the mechanistic information on ciliary disassembly are mainly based on studies that
analyzed the homeostasis of primary cilia (Goto et al., 2013; Liang et al., 2016). These
studies showed that AURKA-mediated activation of HDAC6 promotes the deacetylation of
a-tubulins, which triggers primary cilia disassembly (Figure 39a) (Pan et al.,, 2004;
Pugacheva et al., 2007; Plotnikova et al., 2012; Ran et al., 2015). Although, no studies have
directly investigated the molecular mechanisms of motile cilia disassembly, there is
evidence, which suggest that motile cilia utilize the same disassembly pathway as primary
cilia. Firstly, the structure between primary and motile cilia is quite similar as both are
assembled by a- and B-microtubules using the IFT system (Figure 1b) (Satir and
Christensen, 2007b). Secondly, HDACS6 is not only expressed in primary cilia (Pugacheva
et al., 2007; Ran et al., 2015), but also localizes to the ciliary axoneme in motile airway cilia
(Lam et al., 2013). Last but not least, CS induces the expression of AURKA and HDAC6
and reduces motile cilia length (Lam et al., 2013). Although this study claims that cilia
shortening is not likely to be mediated by the deacetylase function of HDACS6, but through
the ability of HDACS6 to bind and transport ubiquitinated ciliary proteins to aggresomes, it
still indicates that AURKA and HDACSG6 are involved in motile cilia homeostasis (Lam et al.,
2013).

Our work provides new evidence on this topic and supports the idea that motile cilia
disassembly also occurs via the AURKA/HDACG6 axis. Here, we showed that aged and
challenged lungs of miR449 KO mice, which harbor less matile cilia, expressed elevated
levels of AURKA (Figure 39d - f). In addition to the upregulation of AURKA in vivo, protein
as well as transcript levels of AURKA were downregulated upon miR449 overexpression in
vitro (Figure 39b and c). Furthermore, the 3'UTR of AURKA possesses predicted binding
sites for miR449 (Supplemental Figure 18a). Although we did not perform a reporter-based
assay, our data indicate that miR449 could directly repress AURKA and thereby prevents
motile cilia disassembly. The connection between miR449 and AURKA is confirmed by
another study showing increased AURKA levels in airways and FTs of miR-34/449 KO mice
(Song et al., 2014; Otto et al., 2017). Usually, excess levels of AURKA are eliminated by
the proteasomal machinery (Lindon et al., 2015). However, as AURKA is still upregulated
in MiR449 KO mice, it seems that the proteasomal degradation fails to eliminate the excess
protein levels. Thus, post-transcriptional regulation by miR449 seems to be another

important mechanism to ensure balanced AURKA levels.
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Moreover, it has been shown that elevated levels of AURKA resulted in a dilated
appearance of primary cilia (Jacoby et al., 2009; Plotnikova et al., 2015). Remarkably, we
also observed similar ultrastructural defects in motile airway cilia as they show ciliary
membrane detachments (Figure 40a and b). Thus, we hypothesize that elevated AURKA
levels not only destabilize primary cilia but also decrease maotile cilia stability in miR449 KO
mice. However, as AURKA expression in motile cilia has never been investigated, it is
necessary to stain motile airway cilia for AURKA (e.g. IF) in order to confirm our hypothesis.
Another follow-up experiment would be to check whether miR449 KO mice possess
elevated levels of phosphorylated AURKA (at Thr288), because only if AURKA is
phosphorylated it is able to activate HDAC6-mediated disassembly (Pugacheva et al.,
2007). The destabilized motile airway cilia in miR449 KO mice could explain the reduced
mucociliary clearance, which we identified in mice deficient for miR449 (Figure 40c and d).
The connection between defective ciliary ultrastructure and impaired mucociliary clearance
is supported by several other studies depicting that structural defects in matile cilia are often
associated with mucociliary clearance disorders (Hornef et al., 2006; Zariwala et al., 2006;
Tilley et al., 2015).

In summary, our data indicate that miR449 represses AURKA-induced motile cilia
disassembly, thereby preventing cilia dysfunction and COPD.

5.2.5 Does miR449 repress the ciliary disassembly pathway at
several nodes?

MiRNAs possess several different targets (Brennecke et al., 2005). To fortify its effect on
the ciliary disassembly pathway, it is likely that miR449 represses other targets of the
disassembly pathway. Indeed, by using in silico prediction tools (targetScan (Agarwal et al.,
2015), PITA (Kertesz et al., 2007)), we predicted two other targets of miR449 within the
ciliary disassembly pathway: HDAC6 and KCNH1 (Supplemental Figure 18a).

In comparison to AURKA, HDAC6 has already been associated to mediate motile cilia
disassembly upon CS exposure (Lam et al., 2013). However, Lam and colleagues proposed
that CS-induced cilia shortening is rather mediated by binding to ubiquitinated ciliary
proteins and transporting them along the cytoplasmic microtubule network to aggresomes,
where the ciliary proteins are subsequently degraded by autophagy than by the deacetylase
function of HDAC6 (Kawaguchi et al., 2003; Lam et al., 2013). Nevertheless, we assume
that in the absence of CS, HDAC6 can still promote motile cilia disassembly via its
deacetylase activity in miR449 KO mice, since CS inhibits the deacetylase activity of
HDACSG. The inhibition of the deacetylase activity of HDACG6 is due an increased acetylation

of HDACSG resulting from decreased levels of its deacetylase Sirtuin-1 upon CS exposure
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(Rajendrasozhan et al., 2008; Liu et al., 2012; Yao et al., 2012; Gal et al., 2013; Lam et al.,
2013).

Ciliary disassembly is also induced by increased actin polymerization. Interestingly, HDAC6
promotes actin polymerization by deacetylating cortactin (Ran et al., 2015). Thus, we
propose that miR449 also prevents ciliary disassembly by repressing HDAC6 and thereby
maintaining a proper actin network. The role of miR449 in actin network formation has been
already described. Briefly, it has been shown that miR449 represses Ras-related protein R-
Ras and thereby promotes Filamin A redistribution, which results in the reorganization of
the apical actin network essential for proper BB anchoring (Chevalier et al., 2015). Hence,
it is likely that miR449 influences actin network formation at different steps to promote cilia

generation and maintenance.

The second predicted target of miR449 involved in primary cilia disassembly is the voltage-
gated potassium channel KCNH1 (Kv10.1) (Séanchez et al., 2016). Overexpression of
KCNH1 resulted in an increased disassembly rate of primary cilia via a not yet identified
mechanism. One proposed mechanism is that Kv10.1 increases K* permeability, which
results in a hyperpolarization of the membrane, which in turn triggers Ca?* entry into the cell
(Sanchez et al., 2016). Ca?* influx is a well-known trigger for the activation of AURKA
(Plotnikova et al., 2012). Thus, it can be assumed that Kv10.1 promotes ciliary disassembly
by activating the AURKA/HDACG6 pathway. As it has been shown that miR34 represses
KCNH1 (Lin et al., 2011a) and miR34 and miR449 share similar targets due to the same
seed sequence (Figure 9a), we propose that miR449 represses KCNH1 and thereby
interferes with the disassembly pathway at this additional node. Interestingly, SNPs in
KCNH1 have been linked to an increased impairment in lung function upon CS exposure
(Jong et al., 2017). Although, it represents a first connection between KCNH1 and COPD
development, the effect of the SNPs on the function of Kv10.1 remains unknown and these

rare SNPs did not reach genome-wide significance (Jong et al., 2017).

Taken together, HDAC6 and KCNH1 represent two promising candidates that could
regulate motile cilia disassembly in the airways of miR449 KO mice. Hence, it would be
interesting to further investigate whether these two predicted targets are upregulated in our
model system and influence motile cilia disassembly. As in silico prediction tools have a
high false positive rate (Pinzén et al., 2017), it is necessary to perform in vitro experiments
in order to validate both as true miR449 targets. This can be either done by overexpression
of miR449 in cell culture and subsequent staining of HDAC6 and KCNH1 protein or

transcript levels, or by a reporter-based assays.
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In summary, our data suggest that miR449 promotes cilia maintenance by repressing the

ciliary disassembly at several nodes, thereby preventing COPD development (Figure 47).
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Figure 47: Working model for the role of miR449 in the maintenance of motile airway cilia in
response to environmental challenges.

In WT mice, miR449 represses motile cilia disassembly at several nodes, thereby ensuring proper cilia
regeneration upon challenge, which is required for healthy lung function. In miR449 KO mice, elevated levels
of AURKA promote HDAC6-mediated ciliary disassembly. The resulting impaired ciliated epithelial
regeneration in response to environmental challenges triggers manifestations of COPD in miR449 KO mice.
Cilia stabilizing agents such as HDACG inhibitors might represent a new therapeutic strategy to treat COPD.
Continuous lines show validated interaction. Dotted lines indicate predicted connections.

However, to further prove that the reduction of motile cilia in miR449 KO mice is directly
caused by an upregulation of the ciliary disassembly pathway, follow-up experiments are
required. One possible experiment would be to treat miR449 KO ALI cultures, which display
reduced cilia length (Figure 32c and d, Supplemental Figure 14a), with AURKA and HDAC6
inhibitors to assess potential rescue of ciliary length. If this is the case, the immediate
question that arises is whether AURKA or HDACG inhibitors can be also used to treat COPD
(discussed in section 5.2.6).

Although miR449 is specifically expressed in MCCs of the airway epithelium (Figure 29a)
(Lizé et al., 2010a; Marcet et al., 2011), we cannot rule out that other mechanisms
independent of MCCs contribute to the COPD phenotype in miR449 KO mice, as we used

a systemic KO mouse model. Moreover, it has been shown that miRNAs are expressed in
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exosomes, thus by exosome trafficking miRNAs can be transported from one cell type to

another and elicit their function in a paracrine manner (Zhang et al., 2015).

The following mechanisms could contribute to the COPD phenotype in miR449 KO mice
(Figure 48).

1)

2)

3)

We observed an increased primary cilia disassembly in MEFs from miR449 KO mice
compared to WT MEFs (Figure 38b and c) indicating that miR449 deficiency results
in a changed fibroblast phenotype. As alterations of the functional properties of lung
fibroblasts are proposed to play a role in the pathogenesis of COPD (Togo et al.,
2008; Zhang et al., 2012), changes in this cell type might contribute to the COPD
phenotype in miR449 KO mice (Figure 48).

Moreover, it has been shown that in COPD patients the expression of primary cilia
on bronchial epithelia is increased (Perotin et al., 2018). However, it is not known
whether primary cilia dysregulation is consequence of airway remodeling or a
disease-driving process. Although we rather expect a decrease in primary cilia lining
the airways of miR449 KO mice due to the increased primary disassembly rate in
miR449 KO MEFs (Figure 38b and c) and not an increase, we cannot rule out that
primary cilia dysfunction might be partly responsible for the COPD development in
miR449 KO mice (Figure 48).

Another possible cell type that could contribute to the COPD phenotype in miR449
KO mice are pulmonary macrophages. Macrophages secrete pro- and anti-
inflammatory mediators (e.g. tumor necrosis factor (TNF)-a and interleukin (IL)-10,
respectively) and proteases (e.g. MMPs), which degrade elastin fibers leading to the
destruction of the alveolar parenchyma (emphysema) (Barnes, 2004). miR449 KO
mice developed emphysema with age (Figure 37a), which was accompanied by an
increased infiltration of macrophages and elevated MMP levels (Figure 37b - d). We
hypothesize that the accumulation of macrophages is a secondary event triggered
by an impaired mucociliary clearance resulting in an increased inflammatory
response. However, it is also possible that miR449 depletion directly affects
macrophages as it has been shown that miR449 is expressed in M2A macrophages
(Melton et al., 2016). Moreover, in macrophages, deacetylation of cytoplasmic
microtubules by HDACS6 (predicted miR449 target) reduced the secretion of the anti-
inflammatory cytokine I1L-10 (Wang et al., 2014). Thus, it is possible that an altered
macrophage polarization results in an impaired resolution of airway inflammation,

thereby contributing to the manifestations of COPD in miR449 KO mice (Figure 48).

=129 -



5. DISCUSSION

miR449 KO «— Motile cilium¢

i
—_— ‘.\"""""'"“ | ——
N

Multiciliated cell

;4— Primary ciliuml

Fibroblast

!— Primary ciIiumi
- e Y

\

\ )
\ @/

Airway epithelial cell

o}
-8

Nucleus miR449 Macrophage

Figure 48: Hypothetical model of mechanisms contributing to the COPD phenotype in miR449 KO
mice.

Upper box shows the proposed mechanism that miR449 deficiency impairs motile cilia maintenance and

mucociliary clearance resulting in COPD. Lower box depicts alternative mechanisms that could contribute to
the COPD phenotype in miR449 KO mice, but these mechanisms have not been investigated in detail in this
study. miR449 deficiency might influence the function of other cell types including fibroblasts, airway epithelial
cells, and macrophages.

In summary, we cannot exclude that mechanisms other than motile cilia dysfunction
including alterations in lung fibroblasts, primary cilia or pulmonary macrophages are
involved in the COPD development in miR449 KO mice. To rule out these other
mechanisms for the COPD onset in miR449 KO mice, cell-type-specific gene promotors
(e.g. FoxJ1 promotor for multiciliogenesiss) in combination with the Cre/LoxP system can
be used (Ostrowski et al., 2003; Zhang et al., 2007) to attribute the COPD phenotype to

MCCs.
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5.2.6 Cilia stabilizing agents as a new treatment option for COPD
As we have shown here that COPD is associated with cilia dysfunction in miR449 KO mice
and COPD patients possess a reduced cilia beat frequency (Piatti et al., 2005; Yaghi and
Dolovich, 2016) and length (Hessel et al., 2014), we hypothesize that cilia stabilizing agents
such as HDACG6 inhibitors might represent a new treatment option for COPD patients
(Figure 47). Our hypothesis is supported by a study showing that HDAC6 and AURKA are
indeed upregulated in COPD patients (Lam et al., 2013).

AURKA promotes not only ciliary disassembly (Pugacheva et al., 2007; Plotnikova et al.,
2012) but also cell cycle progression by ensuring faithful transition through mitosis
(Carmena et al., 2009). Thus, its inhibition causes cell cycle defects, which is the reason for
using AURKA inhibitors as anti-cancer drugs (Gautschi et al., 2008). However, upon
bronchial epithelial injury in COPD patients, proper proliferation of airway epithelial cells is
important for the regeneration process in order to restore epithelial function (Beers and
Morrisey, 2011). Thus, AURKA inhibitors might not be the drug of choice for the treatment
of chronic airway diseases.

HDACSG inhibitors (e.g. ACY-1215, ACY-241, KA2507) are also under clinical trials for
cancer therapy in particular for multiple melanoma (ClinicalTrials.gov Identifier:
NCT01323751, ClinicalTrials.gov Identifier: NCT02400242, ClinicalTrials.gov Identifier:
NCT03008018 KA2507), but also for non-small cell lung cancer (ClinicalTrials.gov Identifier:
NCT02635061). HDAC6 inhibitors are used to treat cancer as HDAC6 mediates
degradation of ubiquitinated misfolded proteins via the aggresome pathway (Kawaguchi et
al., 2003), which is one of the many survival pathways for cancer cells (Rodriguez-Gonzalez
et al., 2008). As this function of HDACG6 has also been shown to trigger CS-induced motile
airway cilia shortening, HDACG6 selective inhibitors might represent a new therapeutic option
for COPD. Moreover, HDAC6 KO mice do not display any severe defects (Zhang et al.,
2008), which indicates that HDACS6 inhibition by pharmacological compounds would not
elicit strong side effects in humans. HDACSG inhibition would not only have a positive effect
on cilia maintenance but would also promote the resolution of airway inflammation by
inhibiting cytoplasmic microtubule deacetylation and thereby inducing IL-10 secretion
(Wang et al., 2014). Thus, HDACS inhibitors represent a potent drug candidate. One newly
identified and highly selective HDACG6 inhibitor is tubastatin A (Butler et al., 2010), which is
not yet listed in clinical trials.

To date, there are no available treatments to cure COPD and to restore the functionality of
the airway epithelium. Thus, motile cilia stabilizing agents might represent a new therapeutic

strategy to treat COPD.
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5.3 Conclusion

In conclusion, our work has highlighted that TAp73 and miR449 are crucial for proper
formation and maintenance of motile cilia in different multiciliated organs.

We established that TAp73 is an important central regulator of multiciliogenesis in many
multiciliated tissues, including airways (Nemajerova et al., 2016), EDs, and FTs. It activates
the transcription of several pro-ciliogenic genes, thereby facilitating motile cilia formation.
Moreover, our data suggest that proper transcriptional regulation of multiciliogenesis by
TAp73 is important to ensure female and male fertility. In contrast, TAp73 is dispensable
for brain multiciliogenesis and only depletion of both TAp73 and miR449 impairs brain cilia
homeostasis, leading to hydrocephalus. This indicates that the transcriptional and post-
transcriptional network of multiciliogenesis is more robust in the brain. Consequently,
multiciliogenesis is differently regulated in multiciliated tissues. However, more research is
required to fully understand the precise interactions of this complex network.

Besides the importance of proper motile cilia formation for human health, we demonstrated
that the maintenance of motile airway cilia in response to environmental challenges is
equally important for assuring lung health. We identified miR449 as a key player in this
process as its depletion disrupted ciliated epithelial regeneration accompanied by defective
mucociliary clearance resulting in COPD manifestations in aged miR449 KO mice. Our data
suggest that miR449 prevents COPD onset by repressing the ciliary disassembly pathway
and by protecting proper motile cilia regeneration. Thus, targeting cilia maintenance might
represent a new strategy to restore ciliary function in COPD. As not only motile cilia but also
primary cilia defects are involved in the pathogenesis of diseases, looking into other
diseases associated with defective primary cilia such as renal diseases (e.g. polycystic
kidney disease (Cao et al., 2009)) might also be of interest for the application of cilia
stabilizing agents. Altogether, tight regulation of motile cilia formation and maintenance by
TAp73 and miR449 is essential for the functionality of several processes in diverse
multiciliated organs. Therefore, it would be interesting to study whether mutations of TAp73

and miR449 are found in patients with cilia dysfunction.
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