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SUMMARY

During development, tissues have to grow and maintain correct shapes in order to s function
optimally. This requires precise coordination of changes in tissue size and shape and regulation
spanning multiple scales. For example, cells have to coordinate their proliferation, size and
shape, with tissue-wide emergent properties such as mechanical constraints. Because of this
multitude of factors acting across different scales, the answer to which cell properties give rise
to a properly formed tissue is not straightforward. Studies investigating the question of
coordination of tissue growth and shape are few and were mostly done in 2D, considering only
the apical surface of epithelial tissues as a proxy for tissue-wide 3D behaviors. To circumvent
this and to investigate how single cell properties contribute to form of a growing
neuroepithelium, | studied tissue growth and shape in the developing zebrafish retinal
neuroepithelium. This system allows long tissue-wide 3D live and fixed imaging with subcellular
resolution.

The retina is a part of the central nervous system, as well as of the body’s optical system
and as such shape is essential for its function in proper light propagation and transmission. In
addition, this tissue is a conserved and widely spread tissue type, the pseudostratified
epithelium (PSE). | first characterized tissue-wide growth and identified cellular contributions to
it. Using this dataset, | then tested if over-proliferation might limit growth in the retinal PSE.
Here, my results suggest that the mitotic, apical surface is not a constraint to growth, as was
previously proposed. Next, analysis of changes in tissue shape during growth revealed that
tissue shape is kept constant, due to its cells changing their shape through a 40% increase in
cell height. | next investigated if this cell elongation might constrain further increase in tissue
size. To test such putative limits to proliferation, | inhibited cell differentiation maintain
proliferative growth. The differentiation mutant (hdac1-/) proliferated continuously and
eventually its retinal shape was perturbed. This lack of proper shape maintenance was due to
the cells not being able to increase their height as in the control, indicating that in the mutant
condition, cell height is the major constraint on tissue shape. | identify the timely disappearance
of an ECM-dependent basal actin accumulation, as well as cell proliferation, as two critical
parameters necessary to allow these changes in cell shape and consequently, maintenance of
proper tissue shape during growth.

Overall, my work demonstrates a dynamic cell shape homeostasis in the growing retinal
neuroepithelium, necessary in order to maintain tissue shape. | propose that retinal cells need
to redefine their major mechanical constraints in order to accommodate changes in tissue
volume during development. Findings from this study provide important insight into the poorly
understood problem of coordinating shape and size of cell and tissue, which might be

applicable to other epithelial tissues, as well.
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1 INTRODUCTION

1.1 FORM OF BIOLOGICAL SYSTEMS

One of the most intriguing questions in biology is how a single cell develops into the
enormous variety of lifeforms around us. Differences in sizes and shapes are one of the
most clearly recognizable properties and allow visual beings to quickly identify lifeforms that
surround them. Being more than just a visual identifier, tissue form often directly relates to
function. In order to generate a functional complex organism, cells, therefore, have to grow
into tissues of a correct size and shape. This is not a trivial task, as a multitude of cellular
behaviors needs to be coordinated to each other, to their environment and to emergent
tissue- and organism-scale properties. Each developing organism will follow a separate set
of rules, that originate at the genomic level and act through different signaling pathways or
nutrient gradients. Additionally, intrinsic and extrinsic forces that emerge from the growing
tissue, will feed back to the molecular regulatory mechanisms, thus controlling the final form
(size and shape, collectively). Only proper integration of these complex cues coming from
environmental, systemic, tissue and cellular scales can give rise to an ecologically fit
organism that functions optimally. In other words, properties at multiple scales have to be
integrated, coordinated and regulated in a robust spatiotemporally controlled manner to
result in a reproducible developmental outcome. We are only beginning to understand how
this coordination functions in the first place. To contribute to this important task, this thesis
deals with the problem of coordinating changes in size and shape during development,
which is a prerequisite for proper form to arise. In this section, | introduce different cues and
means to govern tissue growth and change tissue shape. | then discuss examples of their

coordination and in the end motivate thus study.

1.1.1 Overview of scientific interest in biological form

The question of how proper form arises is an old question, dating back to “the dawn of
self-awareness” (Gilbert, 2013 preface). This long-standing fascination might stem from the
fact that humans are visual beings, with most of our perception of the world coming from
visual stimuli. Early development of correct form is relevant to an adult modern human as a
tangible personal interest (health), but also as an abstract concept of beauty that “dissolves
the boundary between ourselves and the world”, as the poet Richard Jefferies put it.

The earliest recorded interest in biological form is likely found among Babylonian and
Ancient Egyptian scripts that mention and discuss congenitally malformed children. Later
on, Ancient Greeks studied animal embryos and human corpses, trying to relate organ form

to its function, as well as working on classifying known lifeforms based on their morphology.



The “practical skepticism” (Horder, 2001), necessary for a critical, scientific thinking
developed only with the Renaissance (14-16™ century). As a mathematician, a biologist and
a physicist, Leonardo da Vinci was the archetypal Homo universalis of the 16" century. He
dealt with ideal human proportions (The Vitruvian Man) and malformations that illness can
inflict upon them. Allowed to dissect human corpses, da Vinci also studied the morphology
of the human fetus (Gilson, 2008). Renaissance research was mostly descriptive, though
and no theories on how fetal proportions might develop were proposed. Further
morphological and anatomical work remained similarly speculative for as long as until the
mid 19" century. In the 17" century, biology was still a descriptive and controversial field,
but two main schools arose on the topic of human creation. One argued for preformation,
the other for epigenesis (Horder, 2001). Epigenesis revolutionarily proposed that biological
form arises gradually through the process of development. By the end of the 17" century,
a more experimental approach was on the rise, methods and microscope lenses became
better and the idea of epigenesis became established. In the 19" century, after many
debates, the Cell theory (1839) was established, identifying cells as basic units of all living
things. This opened way to research that was concerned with more unifying principles, i.e.,
how changes in cells result in observable changes on the tissue level. In the end of the 19"
century, Charles Darwin proposed that natural selection resulted in all the different final
forms we observe, where the forms fit to live will survive and thrive and the unfit ones would
die out during the course of evolution. By the start of the 20" century, biologists thus fully
adopted the experimental approach and began to explain how form gradually arises during
development and how it might have evolved. At the time while Darwin’s theory was still
‘catching on’, D’Arcy Wentworth Thompson, proclaimed a Homo universalis of the 20"
century, put forth a theory of development that did not take natural selection nor inheritance
into account. In his book, On Growth and Form (1917; (D. W. Thompson, 2014 preface by
S. J. Gould), Thompson instead proposed that the form of each new organism develops to
be fit according to the mechanical environment in its ecological niche. A hundred years
later, research is unifying both Thompson’s and Darwin’s theories, provided with a fast-
growing pool of evidence on how mechanical forces constrain and direct the development
of evolved forms.

Following a burst in experimental methods and data on embryology at the end of the
19" century, 20" century developmental biology relied on increasingly molecular
approaches. After the era of biochemistry, cell biology and molecular biology, it was only in
the last ~25 years that the research on tissue form experienced a revival. This was in part
due to sufficient accumulation of data on single molecular players and signaling pathways
during “the molecular era”, that then allowed to investigate more complex questions. In

another part, the revival of the field came about thanks to new or improved methods of



study. These include various model systems, imaging (e.g., light sheet imaging, total
internal reflection microscopy) and image-analysis techniques, probes (e.g., enhanced
fluorophores, fluorescence resonant energy transfer, optogenetics) and biophysical
methods (e.g., tensions sensors, laser ablations). Together with the vast amounts of data
obtained by more “reductionist” approaches, these methods allowed for interdisciplinary
studies of form that span different biological scales and long developmental times. Table 1
summarizes some of the main findings that resulted from such studies of biological form,
with main molecular effectors and references to representative studies. Mechanisms
controlling tissue size and shape are listed separately, but it should be noted that a change
in one can often result in change of the other. E.g., an increase in cell number can lead to
the outgrowth of a part of the tissue, depending on the pattern of proliferation (Figure 1A
vs. Figure 2B) or external constraints, effectively changing the tissue shape. In Table 1, |
referred to newer studies or studies done in vivo wherever possible, although some findings
were initially made in classical cell culture experiments as far as 50 years ago (e.g., contact
inhibition, (Rubin and Stoker, 1967).

Table 1: Asummary of selected studies on tissue growth and shape.

*Cell intercalation is a process driven by cellular shape changes. | separate the two in this Table because
changes in cell shape during cell intercalation are transient in their nature, compared to e.g., shape changes
that drive neural tube invagination, that get stabilized.

Green field: studies of size, orange field: studies of shape.

Regulation Molecular factor Mechanism System Model system Reference
Dong 2007;
hluck 2013;
Growth factors; Contact 2D Cell Schluck 2013;
. S . Zhao 2007;
. . Actomyosin; inhibition, culture; MDCK cells; wing .
Proliferation . . Streichan
YAP; YAP/beta- anchorage tissue disc
catenin dependence explant 2014; Benham-
P " P Pyle; Mao
2013
Apop't05|s— Sphingosine 1- Homeostatic 2D Human, MDCK, Eisenhoffer
mediated . culture; In .
. phosphate cell extrusion . zebrafish 2012;
w extrusion vivo
N iezo-
7z Crowding- s hI?rlwechi:e 1- com Ceetliltion/ cuzlfufg'uln Human, MDCK, Eisenhoffer
induced live phing P . o zebrafish fin; 2012; Marinari
S phosphate; Homeostatic vivo
delamination . . Fly notum 2012
Myosin I cell extrusion
Myc; mTOR, ' ' Johnston 1999;
. . Growth rate- 2D cell Drosophila wing; Tumaneng
Cell size PTEN, miR-29; . .
. or size-sensing culture HT29 cells 2012; Cadart,
G1 regulation .
2017 preprint
Nutritional/ Insulin; Mediator ) . Drosophila Homem 2014;
Nutrient Tissue .
hormonal complex, . neuroblasts; wing Dye 2017
. delivery explant; . .
constraints Ecdysone disc preprint
Ll .
o Division Mud; Pins; PCP; spindle 2D Cel | Bosveld 2016
é orientation Dachs; Ecdysone ositionin, culture; In | - Drosophila wing disc Mao 2011;
% s Eeay i g vivo Mao 2013;




Gibson 2011;
Dye 2017
Differential . Etournay 2015;
adhesion- Fixed Ma 2017;
PTEN; . tissue; 2D Drosophila wing; !
. cortical . . Grego-Bessa
Cell shape Actomyosin; E- . Cell wing disc; mouse
tension; 2016; rev.
cad, N-cad . culture; In neural plate .
localized vivo Lecuit, Lenne
constriction 2007
Yonemura
Actomyosin; alfa- Differential In vivo/ e 2010; del Rio
Tissue tension catenin; Talin; adhesion- 3D cell Zebraﬂsf;;::”;/ human 2009;
YAP/ ARHGAP 18 | cortical tension culture Porazinski
2015
Zebrafish kidney Lienkamp,
i 2012; B
Supracellular PCP: Wnt; JNK/ Actomyosin . tubule/gastrulation; 012; Behrndt
cables (short In vivo . 2012; rev.
structures DPP Drosophila dorsal .
or long) closure Martin and
Goldstein 2014
A-P Cell
Cell- seementation intercalation*; Fixed Drosophila: dorsal Irvine 1994;
g Cell migration; tissue; In thorax; Drosophila Bertet 2004,
rearrangements | genes; Dachsous- . . .
local junctional vivo germband; Bosveld 2012
Dachs .
remodeling
Haigo & Bilder
2011; Ma
External physical ECM/Perlecan/ ECM Tissue Drosophila wing disc; 22%1177;.%:?
constraints Collagen IV patterning explant; Drosophila follicle Morrissey &
Sherwood
2015

1.2 SIZE CONTROL

1.2.1 Autonomous vs. non-autonomous organ growth

We still know very little about how animal size is determined. As a body grows, different
organs might grow with different rates and times, but still have to generate the right
proportions at multiple levels so the organism can function optimally. Cell number and size
have to be coordinated with organ growth and organ growth has to be coordinated with
systemic growth, environmental cues and developmental transitions (rev. in Andersen et
al., 2013). Different organisms employ different growth strategies. Some grow throughout
their lifetime (many marine and invertebrate species). In this case, the size of their mature
organs does not grow to reach a specific size at a specific point, but rather their growth rate
depends on how favorable the environmental cues are. Some species, like planarians,
cannot only grow constantly, if nutrition is provided, but can also shrink and lose entire body
mass if it is not. Others, mostly terrestrial organisms, grow until they reach a set adult body
size (termed determinate growth).

Whichever growth strategy is employed, tissue size has to be spatiotemporally
coordinated both with shape generation and cell differentiation to result in a functional organ

and a measure of tissue size needs to exist to achieve this. With respect to this, it was




established from salamander grafting experiments already ~80 years ago (Twitty and
Schwind, 1931) that tissues measure and determine their size autonomously. Additionally,
~70 years ago, total cell mass, rather than individual cell number or size, was suggested to
be the measure of tissue size. In these experiments, if salamander cell size was increased
due to polyploidy, the final organ (pronephral duct) was built from fewer cells, but had a
comparable size to the organs that consist of monoploid cells (Fankhauser, 1945),
indicating that a total organ mass is what is being sensed. Still, a sensor of such a size
measure remains elusive and we do not know if it acts on the level of the individual organ
(local) or the entire organism (systemic). The following examples shed some light on this
problem. If Drosophila wing discs are transplanted to another part of the body, they will grow
to their correct size (Bryant and Levinson, 1985), suggesting that their size is determined
independently of their environment. If wing disc growth is blocked inside the body, however,
other organs will grow to be smaller (N. F. Parker and Shingleton, 2011), showcasing that,
even though organs might primarily grow autonomously, a system-wide control acts to
maintains organismal proportions. This coordination was shown to be governed by the
hormone insulin-like-peptide 8 (Dilp8; Colombani et al., 2012; Garelli et al., 2012), regulated
by the Hippo signaling pathway (Boone et al., 2016).

Individual organs do not all respond in the same way to growth signals, however and
growth rates can be differentially, rather than proportionally, modified as a response to
upstream cues. Examples of such differential growth regulation come from fly studies, as
well. In Drosophila, not all organs slow down their growth during starving conditions, or with
lack of growth signals. Two examples include the genital imaginal disc and the brain. Upon
starvation, the genital disc becomes more sensitive to growth signals (Tang et al., 2011),
while brain growth becomes independent of growth signals (Cheng et al.,, 2011), as
discussed in more detail in the section on nutritional constraints. Therefore, here, by
differentially tuning their sensitivity to nutrient availability, different organs respond
differently to the same environmental condition. These findings raise the question of
whether such differential tissue growth is regulated in a systemic, or in a local, tissue-
autonomous manner. Experiments using different mouse fetal organs further highlight the
complexity of the problem of proportional growth. If multiple thymus glands are transplanted
into a single mouse, each gland will grow to its expected adult size, so the overall final
thymus mass will be larger than it should be (Metcalf, 1963). Conversely, the same
experiment using spleens will cause each spleen to grow smaller than it should, but the final
overall mass of spleen tissue will be normal (Metcalf, 1964). This raises the possibility that
the thymus employs an organ-intrinsic measuring tool, similar to the wing disc, while the
spleen coordinates its size with the growth of the entire organism. Even though we have

many insights into the question of what underlies the size of multicellular systems, we still



do not know which specific organ characteristics make some organs coordinate and others
not coordinate their growth with the growth of the system, to result in a fully functional

organism.

The above examples suggest that different organs have different master regulators that
control their size. Mechanisms underlying most of the mentioned observations are still not
known, however and many open questions remain (rev. in Conlon and Raff, 1999), such as
how a tissue defines what its correct size is or when it is reached, if it does not simply follow
nutrient availability, or what are the exact properties that are measured and how they are
sensed to control size? With the number of broad experimental and theoretical studies on
growth, as well as explant and organoid cultures on the rise, we will hopefully be able to get
closer to a molecular-level understanding of how organ size is determined and how a

proportional organism develops.

1.2.1.1 Epithelia as model tissues to study growth

A lot of our knowledge on how tissues grow, as well as how they attain their shape
comes from studies on epithelia, one of the four basic animal tissue types (nervous, muscle
and connective tissues being the other three types). The salamander pronephros, fly
imaginal discs and mouse glands, the growth of which was discussed above are all
epithelial tissues and with numerous others, those studies demonstrated that these
important tissues allow discoveries spanning the entire animal phylogeny, as well as many
organ systems. Epithelia are very abundant tissue types found in all metazoans, both as
precursors to various organs and as specialized structural and functional tissues, ranging
from the gastric epithelium in Cnidaria, to the skin epithelium or the highly specialized
sensory tissues in mammals. Despite having a broad range of functions, epithelial tissues
follow conserved organizational principles: they consist of polarized cells that are all
attached to each other by various junctional molecules, are often connected through gap
junctions and all rest on a thin extracellular lamina. Epithelial cells can be flat, cuboidal or
columnar, resulting in different thicknesses of epithelial sheets. Multiple layers can function
on top of each other (e.g., mammalian skin), but often, a single epithelial layer forms the
tissue (e.g., gland ducts). The pseudostratified epithelium is a special case of such a
columnar monolayered epithelium, where, due to tight tissue packing, cell nuclei seemingly
arrange into multiple layers. Polarized, epithelial cells all have an apical and a basal domain
differentiated, with the apical surface facing the lumen (such as the brain ventricle) and
harboring the primary cilium and the basal surface laying on the afore-mentioned, basal,

lamina.



The basal lamina is an epithelium-specific subtype of the extracellular matrix (ECM), a
complex network of filamentous and connective proteins and polysaccharides filing the
extracellular space, secreted by both the epithelial and the mesenchymal cells. The ECM
can act as a scaffold, barrier and support, as well as a regulatory hub for mechanical and
chemical signaling. The epithelial basal lamina (or basement membrane) is thin (40-120
nm) mostly due to the lack of hydrophilic, space-filling glycosaminoglycans (GAGs) among
its components. It is mostly secreted by the epithelium and consists predominantly of
laminin filaments (Alberts et al., 2014; rev. in Yurchenco, 2011). We are only beginning to
understand the large extent to which such different ECM types govern both epithelial size
and shape, a topic that | discuss further in several sections on extracellular cues governing
growth, shape and their coordination.

The experimental advantage of studying growth in epithelia comes from the fact that
they are not only versatile and important in both the developing and the adult organism, but
are also often accessible to imaging or other analytical methods. This is due both to their
abundance and to a stable and simple stereotypical structure, which allows quantitative

characterizations and assessment of perturbations.

1.2.2  Growth regulatory mechanisms

Examples in the section on Autonomous vs. Non-autonomous growth (1.2.1) showcase
how growth can be regulated differently for different tissues and in different species and
that an optimal final size can be reached by employing multiple strategies. In this section, |
outline some of these different, extrinsic and intrinsic growth cues and means by which
tissues coordinate cellular responses to change their size and exemplify how size is

regulated on a molecular level, with a focus on epithelial tissues.

1.2.2.1 Chemical regulation of tissue growth

Signaling pathways and nutritional constraints

In order to increase tissue size in a controlled manner, the gain of cell mass has to be
coordinated it its loss. More specifically, cell number (proliferation) and mass (cell growth)
increase has to be coordinated to cell loss (programmed cell death (PCD) and extrusion).
Growth factors (e.g., insulin-growth factor, IGF) control cell growth, at least in part, by
stimulating translation (protein synthesis), e.g., through phosphatidylinositol 3 kinase (PI-3)
and the TOR kinase (see below). They often respond to nutrient availability and can,
besides cell growth, also promote cell proliferation and survival and therefore act as
mitogens and survival factors, as well. Mitogens are extra- or intracellular factors that are
needed for cell proliferation. They act via MAP kinases and affect e.g., the production of

Myc and cyclins, promoting cell cycle progression by cyclin-dependent kinases (CDKs). Cell



survival is affected by intracellular death-promoters, such as Bad in vertebrates, that trigger
PCD by inhibiting death suppressors and e.g., ultimately lead to activation of caspases.
Survival factors suppress PCD via inactivation of these death promoters (rev. in Conlon and
Raff, 1999). However, PCD can be triggered by more than a lack of survival factors, for
example by a loss of attachment to the ECM, termed anoikis (Paoli et al., 2013), or special
signals that circumvent the survival pathway, such as the BMP4 in neural crest cells
(Graham et al., 1994). lll-functioning apoptotic mechanisms can lead to tumorigenesis
onset, as cells that ignore signals to die can expand uncontrollably (Cory et al., 2003).

In control and coordination of organ growth, the release of hormones and growth factors
(rev. in Perrimon et al., 2012) can depend on environmental conditions, such as nutrition.
They can act systemically, targeting tissues whose cells express appropriate receptors to
receive the signal. Signaling can act through cell-cell contact (juxtacrine), such as Notch
signaling, or through secreted factors (paracrine), such as Wnt signaling. Wnt and Notch
pathways have been implicated in promoting and maintaining cell proliferation, respectively
(Gaiano and Fishell, 2002; Morin, 1999; Reya et al., 2003; Ross et al., 2003; van de
Wetering et al., 2002), although Notch plays a more prominent role in inhibiting cell
differentiation. We now know that several of such molecular signaling pathways can cross-
talk to each other to control tissue size by integrating signals on multiple levels, i.e., organ
and organism, or, cell and tissue level. The afore-mentioned Notch was shown to e.g.,
downregulate Wnt by modifying the activity of its effector, beta-catenin in Drosophila (rev.
in Hayward et al.,, 2008). Locally acting signals, such as Wnts/Wingless, Bone
Morphogenetic Proteins (BMPs) and Hedgehogs can be coordinated with systemic,
nutrient-dependent signals such as Insulin-like peptides, transduced by the Target of
Rapamycin (TOR) pathway (J. Parker and Struhl, 2015). Factors such as insulin or IGF
stimulate cell growth and proliferation in response to nutrition. In Drosophila, they act
antagonistically with another nutrient-dependent factor, the steroid hormone ecdysone that
limits organism growth during juvenile development. Together, they timely regulate
systemic growth in the fly (Delanoue et al., 2010).

Not all signaling pathways respond to nutritional cues. The conserved Hippo pathway
regulates organ growth by responding to tissue-intrinsic cues, such as adhesion, tension
and polarity. In the last 20 years, it has emerged as a central regulator of organ size (rev.
in Yu et al., 2015) that controls cell proliferation and death. If Hippo signaling is active,
proliferation is generally blocked. However, it was recently shown that, besides regulating
and responding only to tissue-wide cues, the Hippo pathway also acts through integrating
long- and short-range signals (Moeller et al., 2017). In Drosophila, the Hippo homolog,
Warts can activate the production of ecdysone, the systemic growth regulator. In this way,

Hippo/Warts can limit growth by controlling organ-scale growth (cell proliferation) in



coordination with systemic growth (Moeller et al., 2017). Besides this Hippo/ecdysone
example, an example of integrating multiple cues/pathways to control tissue size is the
interaction of the Hippo pathway with the mTOR pathway (Tumaneng et al., 2012). In
mammalian cells, these two classical size control pathways, mTOR controlling cell growth
and Hippo controlling cell proliferation, cross-talk through PTEN and miR-29 (Tumaneng et
al., 2012). mTOR itself already integrates intra- and extracellular (nutrient and hormonal)
signals to boost protein translation and, by this, cell growth (Kim et al., 2002). YAP, a Hippo
effector, here downregulates the negative regulator of mTOR, PTEN, to coordinate cell
growth and proliferation. This results in increased organ size. The mTOR-Hippo example
shows that signaling pathways do not only cross-talk to each other, but that a single
pathway can respond to multiple cues to deliver the same final response, such as organ

growth.

Morphogen gradients

Signaling pathways discussed above act through a signal relay-mechanism and trigger
other cells in an on-off manner. In order to induce variable responses in a field of cells, a
non-uniform signal profile and cell response is needed (Perrimon et al., 2012). Morphogens
are a type of signaling molecules that act in such a non-uniform, concentration-dependent
manner, in a cell-autonomous manner, directly on the target cell receptor/ligand (rev. in
Tabata and Takei, 2004). They are molecules that spread from a source point in a tissue,
thus forming a gradient. The gradient (i.e., concentration of morphogen molecules) carries
information that cells are sensitive and respond to, such as cues to differentiate or polarize,
positional information or cell cycle information, depending on the morphogen type and its
concentration (Gallet, 2011; Tabata and Takei, 2004). Therefore, the production of the
morphogen at its source, the amount, distribution and sensitivity of cell receptors and
morphogen progression (diffusion, degradation or cell-cell communication), all have the
power to regulate tissue growth, specification and development. Identified morphogens
include members of the Hedgehog (Hh), Wnt and TGF-beta families (Tabata and Takei,
2004), some of which can act cooperatively, such as decapentaplegic (Dpp) with Hh in the
Drosophila wing disc, to pattern tissue compartments and govern growth (Zecca et al.,
1995). Nodal (TGF-beta subtype) was recently shown to act in a positive feedback loop with
cell-cell contacts during zebrafish gastrulation (Barone et al., 2017), in dependence of the
duration of the contacts. An intercellular gradient of beta-catenin, with its highest expression
at the tail, has been proposed to determine the body axis and fate (i.e., head or tail) of the
cells in the regenerating flatworms. The uneven beta-catenin expression was hypothesized
to originate from an upstream Wnt morphogen gradient (Gurley et al., 2008; Stickemann

et al., 2017). Theoretical models explaining morphogen activities are still inconclusive,



however, partly because a consensus in the field is lacking (Bothma et al., 2010) on whether
morphogen gradients progress by activating neighboring cells or by diffusion (Christian,
2011), as well as on how gradient steepness, in combination with mechanical cues affects
cell proliferation and tissue growth (Lecuit and Le Goff, 2007). E.g., if morphogen gradients
“flatten out” through growth, this can provide a cue to decrease proliferation and this
response should be coordinated with possible proliferation halt due to increased
compression, a model proposed in 2012 (Aegerter-Wilmsen et al., 2012). Therefore, despite
decades of study, many questions in the morphogen gradient field remain, including the
identification of candidate molecules themselves and the basic questions of how the correct
gradient is established, scaled and recovered if lost, in timely coordination with other
growth-regulating mechanisms.

In the past decades, we accumulated a lot of knowledge about specific signaling
pathways and their function (e.g., Dpp, IGF, Hippo, TOR) and recent studies such as the
ones discussed above start to reveal how multiple pathways can be integrated, mutually
redundant or act cooperatively, to limit or promote growth on cell, organ and organism
levels. Here, tissue-wide studies, novel experimental tools and computer simulations of
signaling networks or morphogen activities have the potential to provide better
understanding of the complexity that lies behind integration and coordination of the plethora

of chemical cues that control tissue size.

1.2.2.2 Growth responses to mechanical cues

Tissue-intrinsic cues

As tissue size increases through e.g., cell proliferation, nutrient availability might
become limited and growth blocked through nutrient-dependent signals such as insulin or
mTOR, mentioned in the previous section. However, growth is governed by more than the
abundance of nutrients. It has been proposed that mechanical cues govern growth (rev. in
Paluch et al., 2015 and Lecuit and Le Goff, 2007) and many studies in the past ~10 years
confirm that compression halts cell proliferation and mild stretch promotes it (Benham-Pyle
etal., 2015; e.g., Mao et al., 2013). Even though nutrients might be plentiful and morphogen
gradients steep, cell growth and proliferation have to slow down when e.g., tissues become
too tightly packed. This might happen in case tissue growth is not well coordinated to the
surrounding, e.g., stiffer, physical constraints, such as e.g., the epidermis. To result in
proportional growth, the tissue has to respond to such physical constraints and slow down
its growth rate and, therefore, growth has to be regulated not just by chemical (nutrition,
morphogens), but also mechanical signals. This is indeed the case in most studied tissues

and cells are able to sense, through “crowding” sensors (i.e., tension sensors), how densely



packed with cells the tissue is and adjust their proliferation accordingly. Here, the Hippo
signaling pathway introduced above can act, as well, by responding to a plethora of
mechanical cues, such as compression, ECM stiffness and cell geometry (rev. in Yu et al.,
2015). In line with this, by stretching monolayers of MDCK cells, Benham-Pyle and
colleagues (2015) demonstrated that they can induce cells to reenter the cell cycle as a
response to lower compression (stretch-induced proliferation), in a YAP (Hippo effector)-
and beta-catenin-dependent manner, to increase cell number. A similar mechanism acts in
the Drosophila wing disc, where the YAP homolog Yorkie regulates stretch-induced
proliferation at the tissue periphery (Fletcher et al., 2015; Koontz et al., 2013; Wu et al.,
2008). We now know that different members of cell-adhesion complexes, such as alfa-
catenin or talin, open-up their structure under tension (rev. in Han and de Rooij, 2016). This
allows cytoskeletal and other elements to bind to them and transduce the tension signal into
the cell, which can then respond accordingly and generate more or less cell mass for the
tissue. Thus, additional to responses to nutritional signals, tissues adjust their growth by

responding to mechanical compression, such as cell-cell contact, or contact inhibition.
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Figure 1: Cell-based modes of tissue growth.

A) Random (i.e., spatially unbiased) cell divisions will give rise to uniform tissue growth by increasing the
total cell number and cell mass.

B) Mechanical constraints to growth can force the cell mass to grow slower, by, e.g., slowing down the cell
cycle, or extruding dead or live cells from the tissue (small magenta cells). This allows the tissue to respond
to the environment and maintain a homeostatic cell mass.

C) Cells that grow faster than others (e.g., less sensitive to growth signals) can induce cell death in slow-
growing ones and spread at their expense.

D) Tissues can grow by changing cell mass not only through cell number, but also cell size. Cells can increase
their size either by prolonging their cell cycle growth phase (G1, traditionally) or by growing faster as a
response to nutrient availability (mTOR pathway). The control of cell growth is not well understood and
varies highly depending on the system.

Figures are reused and adapted with permission from Lecuit and Le Goff, 2007.



Another way in which epithelia can actively remove cells upon too high packing
(compression) is by extruding cells from the tissue (Eisenhoffer et al., 2012; Katoh and
Fujita, 2012; Slattum et al., 2009). This way, cell density can be lowered in order to maintain
tissue homeostasis (Figure 1B, Ninov et al., 2007). Both living (Eisenhoffer et al., 2012;
Marinari et al., 2012) and dying cells (Rosenblatt et al., 2001; Slattum et al., 2009) can be
extruded. Interestingly, studies have shown that this usually occurs from the basal side in
Drosophila epithelia and from the apical surface in vertebrates (Katoh and Fujita, 2012) and
we still do not know where this apparent difference between invertebrate and vertebrate
mechanisms arises. Extrusion was shown to depend on the formation of contractile rings,
both in the neighbors and in the extruding cell (Rosenblatt et al., 2001). The difference,
however, between live and dead cell extrusion is in that live cell extrusion depends on
stretch-activated channels (Eisenhoffer et al., 2012), indicating that they are, together with
junctional tension-sensors, responsible for sensing tissue overcrowding and controlling
homeostatic size. Similar to contact inhibition discussed in the previous paragraph
(Benham-Pyle et al.,, 2015), cell delamination through homeostatic cell extrusion

counterbalances growth upon higher tissue crowding.

Tissue-extrinsic cues

Epithelial tissues do not grow in isolation, but are surrounded by the ECM (basal
lamina), as mentioned in the section on epithelia (1.2.1.1). Through cell-ECM attachments,
cells can both sense and respond to the mechanical properties of the extracellular
environment (rev. in Swaminathan and Waterman, 2016). Epithelial cells can produce,
organize and degrade the basal lamina and attach to it by integrin ECM-receptors to form
cell-matrix adhesion sites. Cell-ECM regulation does not originate just from the cellular side.
Integrins transmit information about the attachment, as well as about matrix stiffness and
tension, to the cell interior ECM composition and stiffness, as well as integrin types
(integrins can switch between subtypes, Meighan and Schwarzbauer, 2008) can modulate
cell-ECM attachments and cellular responses. Through integrins and through modulating
these attachments, the basal lamina can regulate a plethora of cell behaviors (Swaminathan
and Waterman, 2016; Yurchenco, 2011), such as trigger or stop proliferation, govern
differentiation and signaling. Furthermore, the ECM can act as source and modulator of
e.g., growth factors, some of which also require integrins as co-receptors in order to trigger
a cellular response (rev. in Brown, 2011).

If epithelial cells lose the ECM attachment, they cease the cell cycle and undergo a type
of programed cell death called anoikis (Frisch and Francis, 1994; rev. in Paoli et al., 2013),
a phenomenon termed anchorage dependence and described still in the 1960s (rev. in

Assoian, 1997). Cells mutant in anchorage-dependence components escape such control



and frequently develop tumors both by proliferating uncontrollably and by being able to
invade other tissues after detaching from the source and delaminating basally (Slattum and
Rosenblatt, 2014). In addition to acting as cell survival cue, the ECM is essential to preserve
epithelial barrier function during normal growth and homeostasis. Upon altered ECM
stiffness or tissue overcrowding, cell-ECM attachment can be lost. Cells that then undergo
anoikis can be extruded from the apical, or basal side of the epithelium, as mentioned before
(Eisenhoffer et al., 2012; Rodriguez et al., 2017 respectively), leaving the epithelial sheet
intact.

Therefore, through affecting cell numbers by governing cell proliferation, death and
extrusion, the ECM and cell-ECM attachments are an essential component in tissue growth
regulation. As ECM and its remodeling is essential for governing tissue shape, as well, its
modes of action are discussed in more detail in chapter 1.4 COORDINATING CHANGES
IN SHAPE AND SIZE.

1.2.2.3 Cell size regulation

Despite gaining a lot of understanding on how tissues regulate their cell numbers, the
question of how cell size (Figure 1D) is sensed and regulated is still poorly understood.
Partly, this is because it is difficult to measure cell size, especially inside tissues. Studies
on cell growth were so far done almost exclusively in cell culture. Additionally, studies on
metazoan cells are very few compared to studies in unicellular systems such as yeast and
bacteria. Cell size and even its regulation, is likely to be highly dependent on the cellular
context. However, the general regulation is proposed to act through growth signals (e.g.,
IGF) that trigger intracellular, biosynthetic pathways (e.g. mTOR) to change cell size.
Generally, it is accepted that specific cell types within a species are mostly uniform in size
and that they can sense their own size (rev. in Ginzberg et al., 2015), even though the cell-
intrinsic measuring tool remains elusive. By sensing their size, cells can grow in
dependence of their initial size. |.e., depending on how big cells were to start with — smaller
cells will add larger amounts of mass, larger cells less. This is a concept of cellular auto-
regulation, similar to cells adjusting their proliferation rate depending on how compressed
they are, mentioned in section 1.2.2.2 on Growth responses to mechanical . There are two
main hypotheses on how different cells types can grow and each leads to a different
distribution of cell size in the expanding population: adders and sizers (see Cadart et al.,
2017 preprint). The growth of adder cells (e.g., some bacteria, cyanobacteria and budding
yeast) does not depend on their initial size. They add a fixed amount of volume to them,
resulting in a population whose variability is similar to that of the starting pool. Sizer cells
(fission yeast, Cadart et al., 2017) have to reach a certain size threshold, that is checked at

specific cell cycle point before mitosis. Only cells that have the appropriate size will proceed



into division and thus the size of the daughter cell pool is tightly regulated and variability
decreased. Assuming that the cell cycle length is fixed, however, cells will grow for a fixed
amount of time before division. In this situation, depending on whether cell growth is
exponential or linear, size distributions will differ. With exponential growth over the cell
cycle, smaller cells (right after division) will grow less than bigger ones and, therefore, their
sizes will quickly diverge. If cells grow linearly, on the other hand, homeostatic variability in
size will be maintained.

In addition to the mechanisms outlined above, cells can uncouple their cell cycle from
cell growth, as is the case with differentiating Drosophila neuroblasts (Homem et al., 2014).
Here, a metabolic switch from glycolysis to oxidative phosphorylation leads to slower cell
growth and therefore smaller cells, irrespective of the longer cell cycles. In this case, both
cell cycle and cell growth parameters, therefore, have to be analyzed to understand how
cell growth is regulated. Aside from cell size governing tissue size, cells that are relatively
fitter or grow faster can cause less fit or slower growing cells to undergo apoptosis, a
phenomenon known as cell competition (rev. in Di Gregorio et al., 2016; Shraiman, 2005).
This is a conserved mechanism where neighbor cell growth rate is registered, by as of yet
unknown sensors and used to maintaining homeostatic tissue size (Figure 1C). Altogether,
the question of cell size is still greatly unexplored and regulatory mechanisms might be
specific to distinct cell types or organisms. As cell size is likely to highly depend on tissue-
and general, environmental context, in vivo imaging and more biochemical studies will be
necessary to better understand what the sizing mechanisms are and to what extent cell size

regulates tissue growth.

1.2.3  Future challenges

The coupling and coordination of cell growth and the cell cycle is still greatly unexplored
in multicellular systems. Still, these two parameters are the main contributors to increasing
epithelial tissue size — cell growth by directly increasing the mass of a single cell and cell
cycle by increasing total tissue mass by the generation of new cells. With respect to cell
growth and the cell cycle there are, therefore, many open questions that remain. E.g., which
of the two, growth or cycle, do cells change in which situation? How much does the cell
growth-cell cycle coupling depend on the cell type and how much on the environment?
Generation of new tissue mass through cell growth and proliferation has to be coordinated
with cell loss, to fully regulate tissue size. Here, contact inhibition and cell extrusion serve
the purpose of maintaining homeostasis and decreasing variability in tissue size, with the
ability to respond to mechanical cues such as increased compaction. One of the big
questions here is how is sensing of the cells’ mechanical compaction coordinated with

sensing e.g., nutrient availability, to regulate tissue size? In order to better address such



questions, methods and systems to study growth will need to be expanded. At the moment,
most tissue-wide growth measurements are done by analyzing only the apical surface of
an epithelium and ignoring its 3D structure. As many developing epithelia are thick and
dynamic, 2D studies can be problematic because they might overlook essential changes
happening away from the apical surface. Additionally, growth parameters are often
assessed by clonal analysis or tracking of specific landmark structures. Such analyses,
despite provide essential discoveries, need rigid validation (e.g., assessment of uniformity
of growth) to prove that they are representative of the entire tissue, as they take into account
only tissue subparts. Therefore, expanding the portfolio of model organs that are accessible
to tissue-wide live imaging, such the epidermis, the zebrafish retina (Icha et al., 2016;
Sidhaye and Norden, 2017) or heart (Mickoleit et al., 2014) and methods that will allow
direct measurements of growth by measuring tissue and cell volume or mass will be
essential to understand broad problems such as coordination of cell- and tissue-wide

parameters during growth.

1.3 SHAPE CONTROL

1.3.1 General introduction

In addition to the maintaining correct size, tissues need to develop into a correct shape
to ensure functionality. For example, if neural tube invagination and closure during the first
month of human development fails or are incomplete, this will lead to congenital neural tube
defects that include anencephaly and open spina bifida (Greene and Copp, 2014). These
two conditions leave the neural tissue, brain or spinal cord undeveloped or exposed to the
external influences, respectively and are either lethal, or cause severe neural defects, e.g.,
paralysis. Other examples of tissue shape changes include the process of gastrulation,
Drosophila germband elongation, imaginal disc evaginations, vertebrate optic cup
invagination, cortical folding and branching morphogenesis during gland formation. As in
the examples in the topic of tissue size, e.g., mouse gland sizes (chapter 1.2.1), all of the
above examples of shape changes are of epithelial tissues. The abundance and importance
of these tissues, that include e.g., the mammalian central nervous system, skin or glands,
as well as their complex developmental changes, motivate numerous studies, investigating
how epithelial form arises or is maintained.

In general, an existing epithelial tissue can be reshaped cell-intrinsically, by changing
the positions of cells within the tissue, or by changing cell shapes and cell-extrinsically,
through remodeling external constraints (i.e., the ECM). Cell-intrinsic shape changes are
brought about through actions of the cellular cytoskeleton. Even though other cytoskeletal
elements (microtubules and intermediate filaments) can also interact with cellular junctions

(Delva et al., 2009; Gomez et al., 2011), the contractile action of the actomyosin cell cortex



plays the predominant role (Lecuit and Yap, 2015). The cortex is a thin meshwork of
filamentous, linker and motor proteins underlying the plasma membrane (rev. in Salbreux
et al., 2012). In the cortex, filaments of the protein actin are assembled into a network by
different nucleating, bundling (alfa-actinin, filamin, fimbrin) and cross-linking proteins (ezrin—
radixin—moesin family, filamin) and being pulled on by the force-producing motor proteins
of the myosin family (myosins, tropomyosin, tropomodulin, Salbreux et al., 2012; Winder
and Ayscough, 2005). Both actin polymerization and myosin function require ATP, so
cortical contractions consume cellular energy. Because actin and myosin-Il are the main
functional constituents of the cortex, it is often referred to as the actomyosin cortex, or
actomyosin. Changes in the concentration of cortical proteins, their organization and
turnover rates affect physical properties of the cortex, such as stiffness, tension or
viscoelasticity (Salbreux et al., 2012) and consequently, cellular physical properties. Due to
it being linked to the cell plasma membrane by anchoring proteins (e.g., alfa-catenin,
vinculin, talin, Winder and Ayscough, 2005), (localized) cortical contractions are transduced
into cell shape changes.

In addition to the cortex, the plasma membrane has more recently been proposed to
play a role in cell shape changes, as well. By being under tension, allowing endo- and
exocytosis, or harboring mechanosensitive ion channels (Cox et al., 2016), it acts as more
than a passive participant in cell shape changes (rev. in Diz-Mufioz et al., 2013). However,
the extent of the roles of the plasma membrane in cell shape changes is still not known and
mechanisms are poorly understood. |, therefore, focus on shape changes resulting from
actomyosin (cortical) activities.

In epithelia, actin-based junctional connections of cells to their neighbors, or to their
external environment, allow cells to coordinate responses within the tissue (rev. in Lecuit
and Yap, 2015) and can drive cell differentiation, depending on how long they persist
(Barone et al., 2017). Information about cellular tension is transmitted to the neighboring
cells through cadherin-based, tension-sensing junctions, triggering, e.g., increased rates of
cortical assembly (Chan et al., 2017; Roper, 2015) or binding in the entire cell neighborhood
(Lecuit and Yap, 2015). Recently, it was shown that not only the type and tension in the
junctions, but the duration of cell-cell adhesion can play a role in cell behavior (cell fate
specification) and vice-versa, as well (Barone et al., 2017). In addition to coordination
through the apical junctional belt, epithelial cells are all connected to and respond to the
physical properties of the ECM. Through the tension-sensor talin and integrins, actin in the
cell cortex connects to the ECM (Calderwood and Ginsberg, 2003) and cells can respond
to changes in ECM composition or stiffness by, e.g., increasing cortical tension on stiffer
ECM (Discher, 2005). The ECM underlies the entire epithelium, which allows it to

synchronize responses of epithelial cells in the whole tissue. Therefore, through



connections of epithelial cells, both to each other and to the extracellular environment, the
epithelium ensures direct transduction of mechanical information and can respond as an
active sheet by coordinated responses of single cells. This allows the maintenance of
epithelial tissue integrity, homeostasis, as well as tissue-wide shape changes.

The shape of epithelial tissues can be changed by adding/removing cell mass in a
spatially patterned way, or by reshaping the preexisting cell mass. In the following section,
| explore different strategies of the latter, i.e., how existing tissue shapes are changed,
irrespective of tissue growth. The topic of coordinating changes of cell number with tissue

shape changes will be discussed in section 1.4.
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Figure 2: Representative modes of changing tissue shape.

A) Cell rearrangements (cell intercalation) through junctional remodelling (T1-2-3 transitions) result in cell
neighbor exchange. Red junctions constrict, green junctions lengthen in a PCP and myosin-ll dependent
manner.

B) Oriented, as well as spatially non-uniform cell divisions will give rise to patterned growth that can lead to
tissue shape changes. This is an example of a simultaueous tissue growth and shape change.

C) and C') Single cell shape changes are a major mode of changing tissue shape. Green: apical surface; Magenta:
basal surface; Turquoise: ECM. C) Apical constriction is governed by localized contraction of the junctional belt
and can cause tissue folding, such as during vertebrate primary neurulation. C’) Basal constriction is not as well
studied, is actomyosin- and ECM-dependent. It results in basally invaginated epithelia, such as the
neuroepithelium of the optic cup.

D) The ECM is a major determinant of tissue and cell shape. It acts as an external constraint, affecting general
tissue compression passively or cell shape directly through the organization of the actomyosin cortex.

A) and B) are adapted from Lecuit and Le Goff 2007. D) is adapted from a review by Morrissey and Sherwood
(2015) and based on a study by Ma et al. 2017.



1.3.2  Cell-intrinsic changes of tissue shape

Reshaping the preexisting cell mass means that the relative position of existing cells, or
their shape, will change. Cell rearrangement through cell intercalation (Figure 2A) is a
mechanism to change tissue shape by changing relative cell positions. It is driven by
myosin-dependent junctional remodeling and transient cell shape changes. One of the best-
studied examples of cell intercalation is tissue elongation during germ-band extension of
the developing Drosophila embryo, where the tissue shortens along one and elongates
along the other, perpendicular axis. The cell rearranging behavior originates from a local,
intrinsic tension increase on antero-posterior cell-cell boundaries (Bertet et al., 2004). This
tension increase results in shrinking of these cell contacts until they disappear and new
ones form perpendicularly (dorso-ventrally) through a “T1-2-3-transition”. These
rearrangements effectively elongate the tissue. The junctional remodeling happens through
a self-organized behavior of Myosin Il (Munjal et al., 2015). The step of perpendicular-
junction growth is, besides local tension changes, governed by global, tissue-scale pulling
forces that help to elongate the newly forming junctions (Collinet et al., 2015). Together,
this entire process of narrowing and elongation of the body axis is known as convergent
extension and also occurs in other morphogenesis processes including vertebrate
gastrulation, streak and notochord formation (rev. in Tada and Heisenberg, 2012).

Cells actively change their shape in a plethora of different contexts, such as cell
migration, cell division or cell rearrangements. For example, the process of cell
rearrangements already described above is indeed underlined by cellular shape changes,
including shrinking and elongating specific junctions and results in a changed tissue shape.
However, these cell shape changes are short-lived and the process itself is primarily a
reordering of cell mass through intercalations. In this paragraph, | focus on shape changes
that change tissue shape, but also become stabilized in the new tissue geometry, or are
happening on longer timescales than cell intercalation-shape changes. Here as well, the
actomyosin cortical meshwork often acts as main effector for a multitude of upstream
signals that, together with the strength of cell adhesion, control cell shape through opposing
effects (rev. in Paluch and Heisenberg, 2009). Cell shape results from a combination of
internal mechanical properties and external physical constraints. The internal, mechanical
properties of the cell can be described by surface tension, which depends on the density of
the actomyosin cortex, its dynamic interactions with the cell’s plasma membrane and on the
ability to increase the surface of the membrane lipid bilayer (Lecuit and Lenne, 2007; Sinha
et al., 2011). The contractile actomyosin can form different cortical networks, that can
localize differently within the cell. Examples are apical junctional actomyosin, apicomedial

actomyosin and supracellular actomyosin cables (Roper, 2013). A non-uniform cortex



density can alone lead to cell shape changes. More myosin motors in a particular region
can cause a cortical contraction and a local deformation of the plasma membrane, that
brings about a change in cell shape. Often, changes in cell shape result from pulsatile
contractions and can get stabilized or enforced by other force-generating structures such
as the stable apical myosin contractions, supracellular cables or local changes in the ECM
volume (e.g., during endocardial cushion formation, Camenisch et al., 2001). Nevertheless,
single cell shape changes can be sufficient to autonomously drive morphogenesis, without
external stabilizing structures. The process of Drosophila dorsal closure for example was
widely believed to be governed by pulsatile contraction of the amnioserosa cells and
stabilized by a supracellular actomyosin cable. Pasakarnis and colleagues showed (2016),
however, that contraction and shape change of the amnioserosa cells alone, but not the
epidermal actin cable is enough to drive dorsal closure during Drosophila embryogenesis
(Pasakarnis et al., 2016), showcasing an example of single cell shape-changes driving
large-scale morphogenetic events. The supracellular cable in this scenario functions in
‘Zippering’ the already closed structure.

The majority of examples of tissue shape changes driven by changes in cell shape result
in buckling tissue events such as invagination or evagination, such as vertebrate primary
neurulation (neural tube formation, rev. in Eom et al., 2013) or fly leg or wing imaginal disc
eversion, respectively. Moreover, most changes arise from constrictions at the apical
surface of the cells (Figure 2C, rev. in Martin and Goldstein, 2014), e.g., Drosophila
mesoderm invagination or vertebrate neurulation, where autonomous changes in cell
shapes lead to epithelial sheet bending (rev. in Lecuit and Lenne, 2007; Sawyer et al.,
2010). In order to result in a tissue shape change, the cellular shape change (myosin
contraction) has to be localized and the force has to be transmitted through junctional
elements to coordinate contraction over multiple cells. Myosin-II activation is concentrated
to the apical surface in fly epithelia by apical localization of RhoGEF2 pathway components,
that are activated by the ligand FOG and G-protein coupled receptor Smog (Kerridge et al.,
2016; Lecuit and Lenne, 2007). In vertebrate epithelia, Myosin-Il is apically activated by a
small GTPase Rap1 (Asha et al., 1999; Knox and Brown, 2002) and Shroom (Haigo et al.,
2003). Even though junctional relaxation through cadherin downregulation can be a part of
a physiological process of epithelial-to-mesenchymal transition (Chen et al., 2014; rev. in
Lamouille et al., 2014), the lack of attachments can lead to tumor formation (Jeanes et al.,
2008; rev. in Knights et al., 2012) through the transcription factor Twist (Onder et al., 2008),
if cells delaminate from the epithelium basally (Slattum and Rosenblatt, 2014). Besides
contractions of the apical surface of single cells, supracellular actin cables reshape the
tissue mass as supracellular contractile structures. They form by aligning multiple actin

bundles in apical junctional belts across multiple cells and act dynamically to help



invagination (neurulation), or to form and extend tubular structures during e.g., the
morphogenesis of fly salivary gland and fish kidney, respectively (Réper, 2013).

Most described scenarios of shape changes are driven by changes at the apical surface,
perhaps due to the apical localization of major junctional/contractile structures, such as the
apical junctional belt. However, the cortex is not localized only apically, but spans the entire
cell. In line with having contractile potential throughout the cell body, the basal cell surface
was also shown to drive changes in tissue shape. Such basal-surface driven shape changes
often result in bending of the epithelial sheet by constriction (Gutzman et al., 2008; Martinez-
Morales et al., 2009), relaxation (Polyakov et al., 2014; Sai and Ladher, 2008) or protrusion
formation (Sidhaye and Norden, 2017; Sun et al., 2017). For example, during zebrafish
midbrain-hindbrain boundary formation, neuroepithelial cells constrict basally, while
simultaneously expanding the apical surface to bend and invaginate the tissue sheet
(Gutzman et al., 2008). During zebrafish optic cup morphogenesis, actomyosin-dependent
basal constriction promotes invagination (Figure 2C’), as well and ensures a fast and
efficient formation of a cup-shaped tissue (Sidhaye and Norden, 2017). Basal surface
changes depend on the ECM (e.g., Gutzman et al., 2008; Sidhaye and Norden, 2017),
indicating that intact cell-ECM connections might be required to regulate the dynamics of
the basal cortical pool. Overall, basal epithelial dynamics in morphogenesis are widely
spread, as well as conserved, as they occur both during vertebrate and invertebrate
development (Drosophila gastrulation, Sun et al., 2017). However, they are still not well
understood. More studies are needed to grasp the full extent to which basal epithelial
dynamics govern shape changes and to elucidate the exact mechanisms behind basally-

driven morphogenesis.

1.3.3 Cell-extrinsic changes of tissue shape

The above examples all showcase active changes in cell shape governed by
actomyosin contractility. However, in addition to these, cell shape changes can be driven
not only by intracellular components, but also the extracellular environment. The ECM has
long been assumed to provide mechanical support for tissues and cues for cell survival. It
becomes more and more clear however, that its mechanical properties and abundance can
also shape the tissue mass by establishing a plastic surrounding (rev. in Morrissey and
Sherwood, 2015). In an example of cell shape changes driven by the ECM in the Drosophila
wing disc, the ECM maintains tissue shape by exerting compressive forces around the
tissue perimeter Figure 2D). If these are relieved by an interference with Collagen 1V, a
maijor filamentous component of epithelial basal laminas, the tissue flattens and cell height
is lower due to basal surface relaxation and spreading (Pastor-Pareja and Xu, 2011).

Conversely, by adding more of the cross-linker Perlecan to the same system, the



compression is higher and the cell height increased (Ma et al., 2017; Pastor-Pareja and Xu,
2011). The question still remains of what portion of these cellular changes is active, i.e.,
arising from the changing cell mechanical properties and what portion is passive, i.e., arising
from physically constraining, external structures such as the ECM, Figure 2D) or
neighboring organs.

Irrespective of whether the shape change originates apically or basally, is active or
passive, it depends on cellular mechanical properties, which are chiefly governed by the
cortex. Therefore, a robust control over the organization and contractility of the actomyosin
meshwork, that is able to adapt to specific internal and external conditions is ultimately

essential to ensure that proper tissue shape is generated and maintained.

1.3.4 Future challenges

Some of the main research in the past 10 years included the investigations of how single
cell shape changes are triggered and how do they coordinate across the tissue, or how cell
shape feeds back to alter gene expression and cell-cell interaction. We now have much
more insight into the molecular mechanisms coordinating contractile responses throughout
tissues. We know of molecular tension sensors, i.e., junctional components i.e., alfa-catenin
or talin whose structure responds to junctional tension by recruiting more cytoskeletal and
junctional elements and strengthening the cellular attachment, so the tissue can keep its
integrity during changing shape. However, we still lack understanding on how particular
morphogen gradients or other upstream cues form and propagate in precise, spatio-
temporally controlled manners to trigger shape changes through affecting a subset of

cellular actomyosin.

1.4 COORDINATING CHANGES IN SHAPE AND SIZE

Previous sections review our current knowledge on how cellular and extracellular
parameters govern tissue growth and changes in tissue shape. However, these
mechanisms should not be considered in isolation of each other, as we know that many
tissues continue to proliferate while changing shape (e.g., the fly wing, Etournay et al.,
2015). Still, we do not yet understand the cross-talk of the two. In this section, | outline our
current knowledge on how growth and shape changes can be temporally coordinated in
different organs.

The tissue shape changes as the tissue grows in many developing systems, for example
in the developing Drosophila wing (Etournay et al., 2015), wing disc (Dye et al., 2017
preprint) or during zebrafish optic cup morphogenesis ((Kwan et al.,, 2012), During
proliferative growth of the fly wing disc and maturing wing, the tissue matures and changes
its shape through both cell rearrangements and cell shape changes (Dye et al., 2017;

Etournay et al., 2015). In the wing disc, the tissue also changes its shape by buckling as it



grows. During optic cup morphogenesis in the zebrafish, the tissue proliferates and grows
(Kwan et al., 2012) while assuming its hemispherical, basally invaginated shape (Sidhaye
and Norden, 2017). A tissue can grow by receiving additional cells through their migration
from a donor tissue (e.g., zebrafish optic cup). In addition to aiding growth, such a cell
migration process can help change tissue shape. It can increase cell compression in the
target tissue and/or lead to shape changes such as buckling, as seen during zebrafish optic
cup morphogenesis (Sidhaye and Norden, 2017).

Spatially patterned growth contributes to changes of tissue shape (Nelson et al., 2005)
by a localized increase in cell mass. Spatially patterned cell divisions can arise from e.g.,
spatially distinct morphogen gradients, such as the Dpp in Drosophila (rev. in Lecuit and Le
Goff, 2007). Morphogen gradients provide patterning and directional information that
transforms a homogenous field of cells into discrete, concentration-dependent domains
(Lecuit and Lenne, 2007). For example, the Dpp morphogen gradient aids uniform overall
tissue growth of the wing disc, proposed to be modulated by the direction of mechanical
forces, as well as by the proportion of morphogen at the source and at the sink (Aegerter-
Wilmsen et al., 2007; Hufnagel et al., 2007). Even though the resulting growth is uniform, it
is ensured by non-uniform proliferation. Higher peripheral proliferation increases the
compression of cells in the center of the tissue, inhibiting their proliferation in a
compression-dependent negative feedback loop (Petridou et al., 2017). Moreover, the
expression of the Drosophila homolog of Myc is modulated by the patterned activity of
Wingless (Johnston et al., 1999). As Myc promotes cell size increase and cell cycle (G1/S)
progression during wing disc, it results in shape changes through patterned changes in cell
size in the wing disc (Dye et al., 2017). Aside from morphogen gradients, classical signaling
pathways can also control cell shape, aside from their roles in orchestrating growth,
patterning and cell differentiation. In another example from the developing Drosophila wing
disc, Wnt/ Wingless signaling pathway, together with Dpp, has been shown to regulate the
transition from cuboidal to columnar cell morphology (Widmann and Dahmann 2009a).

Besides patterned proliferation, regulated orientations of cell divisions are another way
to change tissue shape by altering the direction of growth (Figure 2B). These are controlled
by controlling mitotic spindle orientation, often by the components of the conserved planar
cell polarity (PCP) pathway, which orients cells and tissues within a plane perpendicular to
the apico-basal plane (Gong et al., 2004; Lawrence and Shelton, 1975; Maung and Jenny,
2011; Vinson and Adler, 1987). We now know that the process of orienting the mitotic
spindle is tension-dependent (rev. in Petridou et al., 2017) and divisions will orient along
the longer (higher tension) cell axis (Black and Vincent, 1988; Hertwig’s rule , Hertwig,
1893). This can be viewed in its essence as similar to cell monolayers that reenter the cell

cycle upon release of compression. Through such oriented cell divisions, adhesion



components Dachsous and Fat of the PCP pathway have been shown to determine the
shape of the Drosophila wing (Baena-Lépez et al., 2005). In vertebrate embryos, it has been
shown that the spindle is oriented in dependence to the connection to the ECM through the
focal-adhesion kinase (Petridou and Skourides, 2014) and in dependence to molecular
motors myosin Il (Campinho et al., 2013) and myosin-10 (Sandquist et al., 2016; Woolner
et al., 2008), that help align the spindle according to the force distribution in the cell
(Campinho et al., 2013). In the Drosophila wing disc, global cell non-autonomous forces in
the proximal regions arise from the distal tissue proliferating and growing more (Mao et al.,
2013). This stretches the proximal cells along the proximo-distal axis, so that they are
exposed to higher tension. Subsequently, the tension determines the spindle orientation
and results in a non-uniform proliferation pattern. This way, together with the compression-
dependent decrease in proliferation mentioned above, wing disc shape is maintained
through patterned growth, in the face of forces that might otherwise destroy its integrity.
The ECM, as mentioned previously, has emerged as a major determinant of tissue form.
An example of such an ECM-dependent process is found in the Drosophila ovarian follicle,
where growth through proliferation is necessary for a change in tissue shape (Aurich and
Dahmann, 2016). In this situation, rather than the active cell shape changes, it is the
patterned ECM constraint around the tissue perimeter that forces the growing tissue to
preferentially elongate, as well as organize the actin fibers to allow elongation. The ECM
seems to have a similar role in other developmental processes (rev. in Morrissey and
Sherwood, 2015), such as the development of the mouse salivary gland (Harunaga et al.,
2014). In the mouse gland, it also acts as a molecular corset, a patterned growth constraint
similar to the follicle example, with the accumulating collagen constricting the stalk of the
growing gland bud. The ECM at the tip of the bud is weaker, with microscopic perforations
and this weaker constraint to growth allows an increase in size at the tip. Thus, here, a
patterned ECM structure determines the “mushroom-shape” of the growing gland bud
(Harunaga et al., 2014). Besides these two examples, in all other examples mentioned in
this section, tissue shape was shown to depend on the ECM (Etournay et al., 2015; Ma et
al., 2017; Sidhaye and Norden, 2017). In the wing disc study by Ma et al. (2017), an intact
ECM was shown not to be essential for tissue growth, but rather acted only as a regulator
of cell and tissue shape, as in the previous examples. This is possibly because here a single
ECM component was perturbed (Collagen IV or Perlcan) and cell attachments might have
been left intact, allowing anchorage-dependent proliferation to continue. Thus, the ECM can
coordinate shape and size as a passive constraint, restraining the tissue mechanically and
allowing growth though proliferation if celllECM attachments are unperturbed, but also
through organization and tension of the actin cytoskeleton, as in the example of the fly

follicle.



As discussed in the sections on size (Tissue-extrinsic cues), shape (Cell-extrinsic
changes of tissue shape) and here, it became clear with these and a plethora of other
studies in the past 10-15 years that the ECM is much more than a passive tissue support
(Brown, 2011; Loganathan et al., 2016; Morrissey and Sherwood, 2015). Besides its roles
in morphogenesis (tissue compaction, swelling, cell migration), the ECM regulates signaling
and morphogen concentration through secreting and binding ligands, it controls cell
proliferation and survival (anchorage dependence) and is a scaffold for coordinating cell
mechanotransduction, the organization of the cytoskeleton and cellular mechanics
throughout the tissue. As the ECM is a tissue-wide regulator of both growth (cell
proliferation, migration and survival) and shape changes, it represents an attractive
candidate for a coordinator of these two processes during development.

The studies mentioned in the previous sections revealed many details about how
specific cellular and extracellular parameters (e.g., cell divisions, size, shape or adhesions)
bring about changes in tissue size and shape. However, methodologically, many studies of
growth and especially studies of tissue shape still only take into account the apical, 2D view
of cells and their apical behaviors as a proxy for relevant cell changes. While this might be
a valid approach to study particularly thin tissues such as the adult fly wing, many
developing epithelia and organ precursors are thick, their surfaces non-uniform and
morphogenesis happening in all three dimensions (e.g., the fly wing disc). Thus, model
systems that allow tissue-wide 3D, time-course studies and integrate effects of growth,
cortical and ECM contributions are necessary if we want to fully understand how different
cellular behaviors coordinate and contribute to morphogenesis, to give rise to optimally
functioning tissues. In the next section, | introduce in detail the pseudostratified epithelium
as a proliferating, growing tissue with the potential to meet these study requirements and

provide insight into coordination of size and shape.

1.5 PSEUDOSTRATIFIED EPITHELIA

As discussed in the previous paragraphs, the size and shape of tissues result from an
interplay of many cellular, but, importantly, also tissue-wide factors and properties.
Furthermore, single-cell properties such as proliferation or shape depend greatly on the
environment in which they develop. Cells will behave differently in 2D and 3D cultures (rev.
in Edmondson et al., 2014), in different ECM stiffness conditions (Discher, 2005) or nutrient
concentrations (Britton and Edgar, 1998; Cheng et al., 2011), to name a few. Because of
this complexity, it is currently difficult to recapitulate the exact tissue conditions in an in vitro
study. Therefore, in order to study complex phenotypes such as size and shape in

physiological conditions, it is best to approach the question in an intact tissue environment.



With respect to this, we are in need of model systems that allow us to analyze the entire 3D
structure over time and perform perturbations as tissues grow and change their shape. In
this last part of the Introduction, | will present the pseudostratified epithelium, a growing,
complex and widespread epithelial tissue, based on our review from 2016 (Strzyz et al.,
2016) and PSE development in the zebrafish retina, as a model system to address
questions of growth and shape. The pseudostratified epithelium is a tissue interesting from
the tissue-growth perspective and the retina a tissue relevant because of its function, shape
and neuroepithelial character, as discussed in the last part of this Introduction. Together,
they form a powerful and highly relevant system that allows unprecedented imaging
conditions and quantitative assessment of the development of tissue size and shape from

tissue- to the subcellular-scale.

1.5.1 Main characteristics

Pseudostratified epithelia (PSE) are proliferative tissues that feature elongated cells
organized into a single, tightly packed epithelial layer (Figure 3). They are widely spread
and are found in diverse metazoan species from Nematostella to humans. PSE are
especially prominent during development and give rise to many tissues and organs. In
vertebrates, they form the epiblast of the gastrulating embryo (Ichikawa et al., 2013), the
liver, lung and pancreas buds, gut, nasal placode epithelia, otic placode/vesicle, lens
placode/vesicle and the central nervous system (CNS). They are also found building the
embryonic ectoderm of the sea anemone Nematostella (Meyer et al., 2011), imaginal discs
of fly larvae (Meyer et al., 2011), as well as the fly optic lobe neuroepithelium (Rujano et al.,
2013). As these tissue arrangements are so widespread, studying their biology has the
potential to generate insights origin and development of many other systems, including the
CNS. PSE are real epithelial tissues, with apico-basal polarity, an apical junctional belt,
centrosome and primary cilium and the basal surface resting on the basal lamina. The cells
that build the PSE are slender, with a large, bulky nucleus positioned anywhere along the
apico-basal axis of the cell. This egg-in-a-sock cell morphology and tight tissue packing
gives the PSE tissue a stratified appearance, with seemingly multiple cell layers. However,
the elongated PSE cells are attached at both the apical and the basal surface in a
monolayered tissue (Sauer, 1935; Smart, 1972), (Figure 3), hence the term pseudo-
stratified.

Interestingly, the nuclei in PSE are dynamic and perform apico-basal movements
correlated with the cell cycle stage. Shortly before mitosis, in the G2 stage, nuclei migrate
to the apical surface in a rapid and directed manner (Kosodo et al., 2011; Norden et al.,
2009; Strzyz et al., 2015; Tsai et al., 2010), a movement termed interkinetic nuclear

migration (IKNM) (Sauer, 1935). The nucleus of the progenitors is their bulkiest organelle,



protruding from the elongated cell body and undergoing actomyosin-dependent IKNM
(Figure 3). IKNM is cell cycle dependent, happens during a ~20 min long G2 phase and is
a directed movement, while the surrounding interphase nuclei get displaced passively and
exhibit stochastic motion (Leung et al., 2011). It is still not understood what the implications
of the IKNM movements on the cell cycle and packing of interphase cells are, neither is it
known whether the density through which an IKNM nucleus migrates can somehow affect
its migration, or even subsequent fate. All cells undergo division apically, which has been

shown to be an important feature to retain tissue architecture (Strzyz et al., 2015).

1.5.2 Heterogeneity

Even though the general architecture of all PSE is similar and in all PSE nuclei exhibit
IKNM, PSE occur in different forms in different organisms and especially their overall height
can vary. Different PSE can span apico-basal distances from less than 30 micrometers to
hundreds of micrometers and even millimeters (Figure 3C). During the development of the
mammalian cortex, for example, PSE cells progressively elongate and their length is highly
dependent on their developmental stage (Florio and Huttner, 2014; Huttner and Brand,
1997; Sauer, 1935; Schoenwolf and Alvarez, 1989). Furthermore, the degree of
pseudostratification of a PSE, which describes how many nuclear layers are stacked within
the epithelial sheet, also varies, mostly proportional to the cell length. Thus, PSE can be
classified by their cell length and nuclear packing into short, intermediate and long PSE.
Short PSE measure 20-30 pm in thickness (cell length) and their nuclei arrange into two to
three nuclear layers (Figure 3A). These PSE make up the neural plate, optic lobes in
Drosophila (Rujano et al., 2013), vertebrate otic vesicle (Clendenon et al., 2009; Hoijman
et al., 2015) and endodermal organ buds (Bort et al., 2006). Intermediate length PSE cells
(Figure 3B) span 30—60 um and their progenitor nuclei arrange on average into four to five
layers (Jeong and McMahon, 2005; Nagele and Lee, 1979). Such tissues are found in the
neural tube, in retinal and hindbrain neuroepithelia of the zebrafish (Leung et al., 2011;
Norden et al., 2009), the epithelium of the developing mouse intestine (Grosse et al., 2011),
the fly imaginal discs (Meyer et al., 2011) and the ectoderm of the sea anemone
Nematostella (Meyer et al., 2011). At later stages of development, intermediate length
neural progenitors elongate further. For example, in the neural tube and the retina of higher
vertebrates, these cells reach the final length of up to 100 um, arranging their nuclei into
eight or even more layers (lulianella et al., 2008; Nasonkin et al., 2011; Smart, 1972). We
define these as long PSE (Figure 3C).
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Figure 3: Heterogeneity and universality of pseudostratified epithelia.

A) Short PSE, as seen in the Drosophila optic lobe (Rujano et al. 2013), B) intermediate length PSE, as in the
zebrafish retinal neuroepithelium (this study) and C) long E15.5 mouse cortex radial glia (Yokota et al. 2010).
All cells are tighlty packed, attached at both apical and basal ends. The longer the PSE, the thinner the
processes and the more protruding the bukly nuclei are. In the extreme example of radial glia, this gives the
cells the bead-on-a-string appearance.

Scale bars are 20 um in A), B) and 70 um in C). Figure is adapted from Strzyz, Matejcic and Norden, 2016.

Another feature that can vary dependent on PSE length are the cellular machineries
that drive apical IKNM. These differences seem to correspond to the different
length/packing classes, so the PSE could be grouped into different classes by these
2016). In the

short PSE, the mere process of actomyosin-governed cell rounding could be enough to

molecular force generators of the IKNM (Norden, 2017; rev. in Strzyz et al.,

displace the nucleus along the short distance that is 20-30 ym (Meyer et al., 2011; Rujano
et al., 2013). In all of the intermediate PSE studied so far, IKNM is also actomyosin-
dependent (Norden et al., 2009), but mitotic cell rounding is decoupled from it (Strzyz et al.,
2015). In the long PSE, microtubules are necessary for the process (D. J.-K. Hu et al., 2013;
2010; Xie et al., 2007), indicating that forces that

actomyosin can generate might not be sufficient to act during IKNM on >100 um scales.

Spear and Erickson, 2012; Tsai et al.,

Such classification is still hypothetical, however and awaits experimental assessment.
Despite spanning different cell sizes, organs and organisms, different PSE tissues were

proposed to share a growth-related characteristic. During development, they often increase

in cell length and number of nuclear layers, a topic that, together with PSE shape, | discuss

in the next section.



1.5.3 Growth and shape of the PSE

The PSE are highly proliferative tissues, with their structure and cellular arrangement
proposed to contribute to this proliferative capacity (Strzyz et al., 2016). All PSE cells are
cycling and the number of cells in a unit of tissue volume can be maximized by changing
the cell shapes and nuclear arrangement and thus maximize the proliferative potential,
governed by the IKNM. However, as cells within PSE tissues are arranged in a tightly
packed epithelial sheet, it has to be considered that IKNM and proliferation do not occur in
isolation. On the contrary, nuclei move and divide within the dynamic tissue, which will
progressively expand and increase its cell density with every round of division. Furthermore,
as PSE cells proliferate, their morphology also changes. For neural PSE, it was shown that
they progressively elongate and decrease their apical surface (Miyata et al., 2015; Smart,
1972), possibly due to the inability to expand the apical surface (Smart, 1972). As a
consequence, proliferation in PSE tissues influences the overall tissue organization and
most likely has implications for tissue maturation. In addition, by affecting cellular
morphology, continued proliferation might affect cell density and tissue-scale mechanical
properties, creating a regulatory loop that feeds back to control proliferation and/or
differentiation rates.

When PSE cells round up at the apical side in order to undergo mitosis, they take up
several times more apical surface area than their apical endfeet do during interphase
(Smart, 1972). Because of this, it has been speculated that the available apical area might
act as the mechanical constraint to PSE division rates (Smart, 1972). This means that the
number of layers of interphase nuclei that will eventually divide apically must be coordinated
with the amount of free apical surface. To understand such limitations to PSE proliferation
and the maximal number of nuclear layers, it is important to know how much of the apical
space a mitotic cell inhabits (relative to the interphase cell) and for how long it occupies this
apical surface unit (mitosis length). Additionally, one has to identify how long interphase
nuclei need to reach the apical surface (cell cycle length). As the PSE are primarily
proliferative tissues, we can assume that the optimal packing will be reached when the
maximal possible number of proliferative layers is packed under the apical surface of a
specific PSE (Fish et al., 2008; Smart, 1972). This number of nuclear layers is thus expected
to be proportional to the total cell cycle length and inversely proportional to the length of
mitosis. This relation proposes a limit to growth of apically-constrained PSE, originating in
all 3 dimensions, where multiple layers of nuclei “queue” to reach the apical surface for
division. However, this proposed rule has been mostly speculative and we lack data
analyzing changes in nuclear layering through development, to check how it applies to

growing PSE.



Besides becoming thicker and packing more nuclear layers as they grow, the PSE vary
in shape (Norden, 2017) and can change it as they develop. For example, the ectoderm of
the cnidarian Nematostella is flat, while some other PSE, such as the developing zebrafish
retina, hindbrain and otic vesicle (Alsina and Whitfield, 2017; Giraldez et al., 1987; Gutzman
et al., 2008), or the mouse neural tube (Eom et al., 2013) are basally, or apically bent,
respectively. The developing zebrafish brain (Lowery and Sive, 2005) or the fly wing disc
(Sui et al., 2012), on the other hand, contains flatter regions as well as regions bent apically
or basally. We now understand better how some of these PSE shapes form e.g., the
zebrafish optic cup through processes of epithelial morphogenesis, such as the ECM-
dependent processes of basal cell constriction and cell migration (Sidhaye and Norden,
2017). However, the variability of shapes is large and the shape of the PSE might affect the
ratio of the apical to basal surface area and with this, the availability of apical space for
divisions. For example, apically (inward) bent regions of the hindbrain might have to
coordinate their number of nuclear layers with the degree of bending, as a smaller surface
would be available for mitotic rounding if the tissue apical area is constricted. Therefore,
besides being relevant to study epithelial morphogenesis in 3D, the shape of the PSE has
the potential to alter the hypothetical apical constraint, or aid/interfere with nuclear migration
and its coordination and possible effects on PSE growth should be considered.

The limit to PSE growth and its possible alterations by tissue shape discussed above
assume that the PSE tissues are apically constrained and can therefore not arbitrarily
increase their apical surface upon too high nuclear layering. In this case, the PSE cells
should be able to respond to high tissue packing or a hypothetical compression of the apical
surface, by altering e.g., their cell cycle parameters, size or shape. In other words, the PSE
should be mechanosensitive. In the following section, | outline two studies that suggest this

is indeed the case and the PSE are able to sense and respond to mechanical stimuli.

1.5.4 Mechanics of the PSE

As discussed previously, it is now well established that diverse mechanical stimuli play
major roles in proliferation, tissue development and function, in many systems ((see e.g.,
section 1.2.2.2 Growth responses to mechanical cues, rev. in LeGoff and Lecuit, 2015;
Mammoto and Ingber, 2010). Several pathways underlying the translation of mechanical
stimuli into cellular responses have been unraveled during the past decade (Provenzano
and Keely, 2011), such as the alfa-catenin- or talin-dependent cellular cortical changes as
a response to increased tension at the cell-cell or ECM junctions (Discher, 2005),
respectively. In the recent years, studies have studied upon mechanosensation in PSE
tissues, as well (Mao et al., 2013; Porazinski et al., 2015; Schluck et al., 2013). For example,

a study of a fish mutant in the Hippo signaling pathway demonstrated that PSE respond to



gravitational force (mechanosensation, Porazinski et al., 2015). Because of reduced
actomyosin-based tissue tension, these fish mutants developed malformed (flattened) and
misaligned optic cup and neural tube, both of which are PSE tissues, indicating that tissue
tension is essential to maintain PSE shape. In another study, direct links between
mechanical strain and PSE proliferation were investigated (Schluck et al., 2013). By
mechanically stretching the explanted Drosophila wing disc PSE, it was confirmed that a
contact inhibition-like mechanism operates in this tissue, as well. Thus, PSE seem to indeed
be mechanosensitive and can respond to mechanical forces such as strain by changing
their proliferation rates and possibly other cell parameters. Moreover, because of their
dynamicity arising from nuclear movements and tight packing, sources of mechanical
stimuli such as increased membrane tension might be plentiful in this epithelium. The PSE
might, therefore, serve as new model system providing exceptional insights into the role of

mechanical cues during epithelial development and function.

1.5.5 Future challenges

So far, the question of how PSE packing affects tissue maturation has been speculative.
In order to understand how cell density and compaction might feed back to PSE cell
numbers and size, it is important to first experimentally verify whether packing of different
PSE tissues follows the previously proposed cell cycle-dependent packing limits and how
they might change though PSE development. As suggested above, intricate feedback loops
might be at the center of coordinating growth and cell cycle parameters, keeping
proliferation of a PSE at its maximum. Furthermore, as essential processes in the PSE
occur along the apico-basal axis (IKNM), tissue shape might play a role in their efficiency
and it will, therefore, be important to study how growth, proliferation and shape changes
coordinate during PSE development. Most of the studies of changes in epithelial size and
shape still consider only two dimensions and a single tissue surface as a proxy for
developmental events that happen throughout the tissue volume. The PSE, with their
different shapes, stereotypical architecture and cellular dynamics provide a good model
system to extend our understanding of growth, shape generation and the coordination of
the two during development, to three dimensions.

Different PSE tissues still differ in their accessibility to imaging and analysis. Among
them, the basally invaginated developing zebrafish retina is an exceptional system. This
cup-shaped PSE combines a tissue environment of extremely three-dimensional features
and simple shape, the cellular dynamics of the PSE (IKNM) and its hypothetical growth
constraints, with unprecedented advantages of the zebrafish system in biological imaging,
that comes from zebrafish embryo transparency and fast development, as well as from the

retina position at the surface of the body. All these advantages add to the biological and



clinical relevance of the retinal tissue, due to proper retinal development being essential for
vision, as well as providing possible hints to the development of the vertebrate central

nervous system in general.

1.6 ZEBRAFISH RETINAL PSE

The mature vertebrate retina is a complex sensory tissue that is part of the central
nervous system (CNS). As introduced above, the zebrafish is an excellent model to study
its development in imaging-based studies due to its transparency, small size and fast, ex
utero development. Moreover, many genetic tools and transgenic lines are available that
allow monitoring, as well as perturbation of diverse structures. The developing zebrafish
retina, a growing, hemispherical PSE located at the surface of the body, therefore, provides
unprecedented access to study organ shaping, growth and differentiation using direct
observation in live or fixed tissue-wide imaging approaches.

Like other CNS regions, the mature zebrafish retina develops from a PSE tissue
originating in the neural tube. lIts initial developmental phase involves complex
morphogenetic changes to generate a hemispherical cup shape. Morphogenesis is then
followed by growth of this hemispherical PSE neuroepithelium, that precedes tissue

differentiation and formation of a layered, neuronal structure.

1.6.1 Optic cup morphogenesis

The zebrafish retina starts forming with the developing forebrain, when an anterior
region of the neural tube becomes specified as a single eye field by the localized expression
of multiple transcription factors, such as Pax6 and Rx1 (Levine and Green, 2004; Zuber,
2010). Actomyosin cables and Eph/ephrin signaling restrict the eye field cells from mixing
with the rest of the neural plate cells (rev. in Bazin-Lopez et al., 2015). The field is then split
along the midline (Figure 4A), forming a left and a right portion, cells of which will start
evaginating to form the optic vesicles (Figure 4B). These are pouch-like structures each
comprising two layers, a proximal and a distal one (green and violet in Figure 4B,
respectively). Specific domains, such as the nasal and the temporal retina, are already
specified as early as this optic vesicle stage (Picker et al., 2009) and have important
implications for subsequent patterning and developmental processes. The proximal layer
will eventually spread and thin out the typical PSE structure, forming the retinal pigment
epithelium (RPE), a thin squamous layer around the apical surface of the retina. The RPE
fate of the optic vesicle cells is specified around 20 hours-post-fertilization (hpf) and is
Hippo-pathway (YAP/TAZ) dependent (Miesfeld et al., 2015). This epithelium will produce
melanin and be essential for the survival of the photoreceptor cells in the mature retina by

delivering nutrients and protecting from high light intensity. The second, distal domain of



the optic vesicle is the base for forming the retinal neuroepithelium PSE itself. It will receive
cells from the thinning proximal layer through their collective migration around the rim of the
structure. The neuroepithelial PSE will start invaginating from the basal side (Figure 4C), in
a process dependent on the basal accumulation of actomyosin and on an intact ECM. Both
cell migration into the cup and basal invagination are necessary to form a proper
neuroepithelial cup in a timely manner. If cells do not migrate into the neuroepithelium in
time, the final cup structure is not only flatter, indicating they aid invagination, but the
delayed cells start to form stable attachments and invaginate outside of their correct target
tissue (Sidhaye and Norden, 2017). If the vesicular structure invaginates properly, it will
finally form the hemispherical, cup shaped PSE retinal neuroepithelium by ~20 hpf, with the
thin RPE surrounding its apical surface (Figure 4D). This basally invaginated structure of
the retinal PSE is the organ precursor of the entire mature neural retina (Fuhrmann, 2010)

and already has its characteristic shape fully established.
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Figure 4: Early development of the vertebrate eye.

A) The eye field will become specified at the anterior part of the neural tube by expression of specific
transcription factors. The single field will the split into two (left and right) along the midline and B) start
evaginating to form the optic vesicle.

C) Each vesicle will start invaginating basally. The RPE epithelium will spread and active collective migration
of these cells into the retinal layer (green into purple) aids invagination to D) generate a proper optic cup.
Adapted from Lamb et al. 2007.

1.6.2 Neuroepithelial stage

The cup shaped tissue of the prospective zebrafish retina is formed by ~20 hpf. The
morphogenetic phase of invagination is followed by >15 hours of a growing PSE structure
(Figure 5, He et al.,, 2012). Not much is known about tissue-wide properties in this
developmental stage, other than that it proliferates and grows. The retinal PSE is filled with
neural progenitor cells that show a typical conserved PSE morphology (Figure 5A, A’): they
are slender, attached at the apical side facing the RPE, to each other at the apical junctional
belts and the ECM (basal lamina). The ECM of the basal lamina contains the typical
components laminin, fibronectin and chondroidin sulfate (Sidhaye and Norden, 2017). Due
to it always being present in basal laminas (Kihn, 1995), even those of PSE tissues (Pastor-

Pareja and Xu, 2011), collagen (type IV) is also expected to build the ECM of the zebrafish



retinal PSE. The zebrafish retinal PSE cells are of intermediate length, similar to the fly
wing-disc and undergo actomyosin-dependent IKNM (Leung et al., 2011; Norden et al.,
2009), with divisions consequently occurring exclusively at the apical surface. He et al.
(2012) show that the number of retinal PSE cells grows from 1800 cells to 11000 cells in 24
hours (24-48 hpf), a 6-fold increase, this implies that progenitors undergo 2-3 rounds of cell
division before differentiating. The S-phase of the progenitor cell cycle was shown to be the
longest, followed by the G1-phase (Leung et al., 2011). G2- and M-phases are both much
shorter and take ~20 minutes. Even though we have some understanding of cellular
properties in the retinal PSE (IKNM, average cell cycle length), we do not know how they
change during development, nor how exactly they contribute to changes in tissue size and

shape.

1.6.3 Differentiation stage

Cell cycle exit and differentiation of neural progenitor cells start in the zebrafish retina
around 32 hpf. Retinal neurons are not specified uniformly at the same time throughout the
retina but follow a distinct temporal and spatial pattern (Almeida et al., 2014; He et al., 2012;
M. Hu and Easter, 1999), conserved in most vertebrate taxa (Rapaport et al., 2004;
Sernagor et al., 2009). The neuronal marker Ath5 (Liu et al., 2001; Yang et al., 2003) is
used to label the first-born retinal neuron type, the retinal ganglion cells (RGCs) and thus
track the onset of differentiation (M. Hu and Easter, 1999; Icha et al., 2016; Kay et al., 2001;
2005). Ath5 is essential for RGC development (Kay 2001) and starts being expressed in
cells at a ventro-nasal patch of the tissue, to then continue spreading throughout the whole
retina in a naso-temporal and central-peripheral fashion (Figure 5D’, Almeida et al., 2014;
He et al., 2012; M. Hu and Easter, 1999). Neuroepithelial progenitor cells start expressing
Ath5 just before their terminal division (Icha et al., 2016). 3-4 hours after the onset of AthS
expression, the daughter cell that has inherited the basal cell process after division will start
translocating its cell body (Icha et al., 2016) and delaminating basally (Randlett et al., 2011)
by detaching from the apical surface (Icha et al., 2016). After birth, the RGCs migrate to the
basal-most tissue layer, where they fulfill their function and organize other retinal neuronal
layers (Icha et al., 2016). RGC migration towards the basal-most side, is an ECM- and
microtubule-dependent process. After reaching the basal side, RGCs will outgrow axons
(Figure 5D) and form a distinct basal nuclear layer, separated from the rest of the retina
with a layer occupied by a dendritic network through which RGCs eventually connect to

other retinal neurons (the inner plexiform layer).
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Figure 5: Development of the zebrafish retinal neuroepithelium.

A), A’) After the optic cup is formed (Figure 4) ~20 hpf, the hemispherical retinal tissue grows as a PSE, with
B) all mitoses occurring at the apical surface.

C) It starts differentiating ~30 hpf in a D’) nasal-to-temporal manner.

D) The first cells that differentiate are the RGCs (red). They will migrate basally to form the ganglion cell
layer until ~48 hpf.

E) By 56 hpf the other neuronal layers are distinguishable. By 72 hpf all the cells will be differentiated,
migrate to their layer and the retinal structure fully laminated.

By ~40 hpf, the Ath5 neurogenic wave will have swept the entire tissue and other neuron-
specific transcription factors, such as Ptfla (amacrine and horizontal cells) and Crx1
(photoreceptor cells) start to be expressed in a conserved order. Eventually, all six major
retinal neuronal subtypes (and one glial cell type) will be specified and, through intricate
and generally unknown mechanisms migrate and delaminate through the crowded
environment in a spatiotemporally conserved order, to their final position in one of the three

neuronal layers (Figure 5E).

1.6.4 Variability during retinal development

As already mentioned in the section on optic cup morphogenesis, a temporal delay in
cell migration into the neural retina results in migrating cells turning on neuroepithelial
markers at the right time, but at a wrong place. This ectopic determination will impair retinal
formation and can even result in the emergence of additional invaginating structures
(Sidhaye and Norden, 2017), showcasing the importance of temporal coordination during
retinal PSE development. If retinal ganglion cells do not translocate to the basal-most retinal
layer during their differentiation, but stay in more apical positions, later-born retinal neurons

will organize around these ectopic RCGs (Icha et al., 2016), providing an example of how



mispositioning due to faulty spatiotemporal coordination can be detrimental for retinal
function. Certain cell types, such as the RGC, therefore, have an organizing function and
their positioning at the right place and at the right time is a prerequisite to generate an organ
of a correct form, structure and function. Not all cellular properties are equally important to
be tightly coordinated and some allow a certain degree of variability. For example, if
proliferative growth of the neural PSE is impaired by blocking proliferation, the optic cups
will still invaginate and the cells will eventually differentiate, irrelevant of having a less cells
and smaller sizes (Icha et al., 2016; Kwan et al., 2012). Moreover, if one of the retinal
neuronal types is missing because its differentiation was blocked (e.g., RGC mutant lakritz,
Kay et al., 2001) the layered structure will still form, but other neurons will inhabit the space
of the missing cells (Kay et al., 2001; Randlett et al., 2013), conserving tissue structure. The
main tissue function will be lost, however, as the RGCs are the cells building the axonal
connection of the retina to the brain and thus ensuring transmission of visual impulse. The
latter two examples again showcase that correct spatiotemporal coordination of
developmental events is essential to generate a proper structure a tissue, in this case the
retina, but how a certain level of error might be tolerated, as well. Therefore, a developing
biological form can be robust and plastic at the same time and we need more studies to
understand the mechanisms governing these properties and the extent to which
developmental events, such as growth, shape change and differentiation, have to be

coordinated to give rise to a functional tissue.



1.7 OBIJECTIVE OF THE STUDY

In this study, my aim was to investigate the limits to growth of the retinal PSE and explain
how this tissue maintains its shape while changing size.

During development, correct tissue form is ensured by a tight spatiotemporal
coordination of a plethora of cellular and extracellular parameters. As evolutionary selection
is proposed to act at every stage of embryogenesis (Lamb et al., 2007), developmental
steps in tissues as evolutionary old as the PSE or the vertebrate retina (Lamb, 2013
respectively; both >500 million years ago, Marlow et al., 2009), likely coordinate in a near-
optimal spatiotemporal order. Many examples showcase the complexity of emergence of
correct tissue shape and size but we still do not know how shape and size coordinate across
scales. Moreover, we do not know how much variation in this coordination is tolerated in
different tissues, without compromising their function. In face of changing chemical and
physical conditions during development, the coordination of parameters and constraints that
regulate tissue form has to be highly dynamic. Therefore, it is not trivial to predict which
cellular properties and how, give rise to the observed tissue form, nor how they change and
adapt over time. To tackle this question, in this PhD thesis, | investigate how changes at
the cellular scale affect tissue growth and shape and | propose a dynamic shape
homeostasis in the developing retinal epithelium. My results highlight the importance of
timely coordination of upstream signals and cellular responses with local, tissue form.

In the first part, | identify which cellular properties govern PSE growth and test the
intrinsic constraints to tissue volume, cell number and cell cycle parameters. | then
investigate how cell-scale changes enable the developing eye to maintain its shape while
changing size. | propose a brake that limits changes in cell shape, that is removed tissue-
wide precisely at the point where the tissue reaches its theoretical packing limit. The timely
release of this brake allows maintenance of the tissue’s aspect ratio and a smooth shape

of the growing zebrafish retinal neuroepithelium.



2 MATERIALS AND METHODS

2.1 Zebrafish husbandry

Zebrafish were maintained and bred at 28.5 C. Zebrafish embryos were raised at 21,
28.5 or 32 C and staged in hours post fertilization (hpf) according to Kimmel et al. 1995. E3
medium was exchanged daily. 0.003% 1-phenyl-2-thiourea (PTU) was added to the embryo
E3 medium from 8+1 hpf onwards and renewed daily to prevent pigment formation.
Embryos were anaesthetized in 0.04% tricane methanesulfonate (MS-222; Sigma-Aldrich)
directly prior to sorting for fluorescent signal (>36 hpf), imaging, intravitreal cavity injections,
brain ventricle injection or retinal dissection. All animal work was performed in accordance
with the European Union (EU) directive 2011/63/EU as well as the German Animal Welfare

act.

2.2 Zebrafish methods

2.2.1 Transgenic and mutant lines

Transgenesis

Tg(Bactin::eGFP-LAP2B) transgenic line and the Hsp70::eGFP-LAP2B and
Bactin::eGFP-LAP2B plasmids were generated as tools to label nuclear outlines and
segment nuclear volumes through the cell cycle from live images. LAP2B-containing
plasmid from Addgene (Cat. No. 21047) was used to extract the LAP2B sequence with attB
primers (attB2r: 5-GGGGACAGCTTTCTTGTACAAAGTGGCTCTGTACAAGTACTCAGA
TCTCGAGC-3’; attB3: 5- GGGGACAACTTTGTATAATAAAGTTGCTCAGTTGGATATTT
TAGTATCTTGAAGAAAATTAGTG-3’) and subclone it as the 3’-entry clone (Gateway) into
the Tol2-plasmid. The Gateway cloning system (Thermo Fisher Scientific) was used. To
generate the 3’-entry clone (p3ENTR(R2-L3)), LAP2B was amplified from the pmRFP-
LAP2beta-IRES-puro2b plasmid using attB primers. Using the Gateway system, LAP2B 3’-
entry was then combined with the Bactin or Hsp70 5-entry clones (p5SENTR(L4-R1), both
(Kwan et al., 2007)) and the middle-entry clone eGFP (no stop; pENTR(L1-L2), Lawson lab)
to generate the final Tol2 constructs, Pactin::eGFP-LAP2B and Hsp70::eGFP-LAP2B,
respectively. To generate the transgenic line, 1 nl of the plasmid Tol2-Bactin::eGFP-LAP2B
(20 ng/ul) was injected with Tol2 transposase mRNA (30 ng/ul) into the cell of one-cell stage
embryos. Founder generation embryos were screened for with observed fluorescent signal
and grown to adulthood. Germline carriers were identified by outcrossing to wild-type fish.

These plasmids and line were proven to be bright and specific markers to track changes in



nuclear shape and size over time. The analysis of cell growth using LAP2B-GFP is ongoing
and is not included in the Results of this Thesis. The other transgenic lines have been

described previously (see table).

Table 2: Zebrafish transgenic lines and mutant used in this study.

Line/ mutant Labeling/ purpose Reference
1 Wild-type WT-AB Control studies RRID:ZIRC_ZL1
2 Wild-type WT-TL Control studies RRID:ZIRC_ZL86
3 Tg(actbl::hras-GFP) All membranes Cooper et al.,2005
4 Tg(actbl::hras-mKate2) All membranes (Icha et al., 2016)
5 Tg(actb1::EGFP-utrCH) F-actin (Behrndt et al., 2012)
6 Tg(hsp70::h2b-RFP) Chromatin (Dzafic et al., 2015)
7 Tg(Pactin::h2a-GFP) Chromatin (Geldmacher-Voss et al., 2003)
8 Tg(Pactin::pcna-GFP) Proliferating cells (nuclear/cytoplasmic) Patricia Ramos, Norden lab
9 Tg(Pactin::lap2b-GFP) Nuclear envelope This study
10 | Tg(ath5::GFP) Membranes of all RGCs and PRs (Ichaetal., 2016)

11 | Tg(ath5::RFP)

Membranes of all RGCs and PRs

(Ichaetal., 2016)

12 | Tg(ptfla::GFP)

Membranes of ACs and HCs

(Jusuf and Harris, 2009)

13 | Tg(SoFa2)

Differentiated retinal cells

(Almeida et al., 2014)

14 | hdaclt24411

Inhibition of cell cycle exit and differentiation in

(Stadler et al., 2005)

zebrafish retina

Mutants

Hdac1 t24411 mutants, containing a single point mutation in intron 4 of the zebrafish
histone deacetylase 1 (hdac1) gene were obtained from the Zebrafish International
Resource Center (ZIRC), grown to adulthood and genotyped according to a protocol
established in the lab for this purpose (with Sylvia Kaufmann; see below for details).
Incrossed, homozygous fish (hdac1-/-) were used in experiments, as only -/- show the
phenotype. Most hdac1-/- fish die until 4 dpf. Before 30 hpf, mutants can be recognized by
the thick optic stalk and tumbling region of the optic cup. At and after 30 hpf, the mutants
are recognizable by a slight inward curl of the entire body and after 36 hpf by a lack of the

pectoral fin bud and an inability to swim.

2.2.2 Hdacl genotyping

The genotyping protocol is based on introducing a restriction enzyme cut site into the
mutant sequence via specifically designed PCR primers.

Genotype of hdac1 t24411 +/- mutants was identified using DNA extracted from adult
fins. hdac1 124411 -/- embryos do not survive until adulthood, but die at 4 dpf, so the stock
was kept as hdac1+/-. A modified RFLP (Restriction Fragment Length Polymorphism) assay

from ZIRC was used (https://zebrafish.org/documents/protocols/pdf/Genotyping/ZIRC




Genotyping_ A_H_Combined.pdf) to introduce a cut-site for the enzyme Bfal (New England

Biolabs R0568S) in the mutant sequence. Please see Appendix for a detailed protocol and

electrophoresis gel example.

2.2.3 Blastomere transplantation

Donor embryos (Tg(pactin::UTR-GFP)) at stages high to sphere were dechorionated in
pronase and cells from the animal pole were transplanted into the acceptor hdac1+/-,-/-
embryos, using an agarose mold and a pulled glass injection needle. Transplanted embryos
were kept on agarose for ~3-5 h and then transferred onto glass dishes. The E3 medium
was supplemented with antibiotics (100 U of penicillin and streptomycin, Thermo Fisher

Scientific). Homozygous mutants were identified, fixed and stained after 30 hpf.

2.2.4 mRNA and plasmid injections

To label all cells, mMRNA was injected into the yolk or cell of 1-cell stage embryos (100
pg/embryo). Injection volume was 1-2 nl. mRNA was synthesized using the Ambion
mMessage mMachine kit. To mosaically label cells for shorter imaging experiments (e.g.,
laser ablations), mMRNA was injected into single cells of 32-128-cell stage embryos (50
pg/cell in 0.5 nl injection volume). To mosaically label cells for long time-lapse imaging
experiments (e.g., cell cycle tracking), plasmid DNA was injected into the cell of 1-cell stage
embryos (5-15 pg/embryo in 1-2 nl). Injection mixes were prepared in water, with 1:5 phenol

red added to visually detect injections.

Cloning of FUCCI constructs

In addition to the PCNA cell cycle marker, the FUCCI system was used to label cells in
S-G2-M (Geminin) and G1 (Cdt). The zebrafish Geminin and Cdt under the insulin promoter
(ins::mAG-zGem(1/100) and ins::mCherry-zCdt1(1/190)) were obtained from the Ninov lab
and subcloned into the Gateway system as the middle-entry clones (pME). Primers used
for Geminin: attB1 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGGTGAGCGTA
TCAAGCCCG-3’ and attB2 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTCAT
AGGCCTCTTGTGTGACCC-3'. Cdt primers: attB1 5-GGGGACAAGTTTGTACAAAAAAG
CAGGCTGGATGGTGAGCAAGGGCGAG-3’ and attB2 5-GGGGACCACTTTGTACAAGA
AAGCTGGGTCTTACTCTTTGCGGGCAGTTTG-3. Each middle entry clone was then
introduced into the Tol2 vector under the Bactin promoter using Gateway cloning and

injected into 1-cell stage as described above.

2.2.5 Morpholino injections
All morpholinos were produced by Gene Tools, LLC. Ath5 MO was used to inhibit RGC
differentiation, Hdac1 MO to knock down Hdac1 mosaically, or in all cells. P53 MO was

added to each morpholino injection mix to alleviate negative effects associated with injection



and knockdown. All morpholino mixes were injected into the yolk or cytoplasm from 1- to 2-

cell stage.

Table 3: Morpholinos used in this study.

Morpholino .
(rI\P;I 0) Injected amount Sequence5’-3’ Reference
Hdacl 0.5ng TTGTTCCTTGAGAACTCAGCGCCAT Yamaguchi 2005
Ath5 3ng TTCATGGCTCTTCAAAAAAGTCTCC Pittman et al. 2008
P53 1-1.5x of main MO GCGCCATTGCTTTGCAAGAATTG Robu 2007

2.2.6 Intravitreal cavity injections

Tools to interfere with the ECM are still very limited, especially if one would like to target
a specific component in zebrafish. Antibodies and especially function-blocking antibodies
are generally mammalian and the epitope sequences are not identical to the fish ones. The
mouse function blocking antibody against the cell-ECM attachment integrin-beta1 did not
show a phenotype because of only ~70% epitope similarity to the fish integrin-beta1 on the
protein sequence level. Morpholinos (e.g., laminin) work well in fish, but do not allow
temporal control, essential in this case where | want to perturb ECM not only locally, buy
exactly before physiological bias disappearance.

To circumvent these issues, | injected collagenase (Liberase, Sigma Aldrich), an ECM
degrading metalloprotease, into the intravitreal cavity (between the lens and the retina). |
injected 36 or 42 hpf hdac1-/- fish and 30 hpf WT fish using a pulled glass injection needle
and injected 0.5 mg/ml Liberase in a volume to fill the cavity (2-3 nl). Injected fish were
heatshocked in a waterbath at 37°C to activate the enzyme for 30’. They were then left to
recover for 6-8 h, or fixed and stained immediately to examine the effect Liberase has on

the basal actin accumulation.

2.2.7 Heatshock of embryos

Embryos injected with plasmids containing Hsp70::PCNA-GFP or Hsp70::H2B-RFP, or
transgenic embryos (Tg(Hsp70::H2B-RFP) were heat-shocked in a water bath after 24 hpf
to induce the expression of the fluorescent construct. In order to obtain highly mosaic
labelling in embryos injected with Hsp70::PCNA-GFP or Hsp70::H2B-RFP were heat-
shocked mildly for 10’ at 37°C. Tg(Hsp70::H2B-RFP) embryos were heat-shocked for 20’
at 38°C.

2.2.8 Drug treatments
The minimal effective concentrations of inhibitors were determined based on previous
reports and optimizations based on a series of dilutions. All inhibitors were dissolved in

DMSO, except hydroxyurea, which was dissolved in water. Dechorionated embryos were



treated by incubating in the inhibitor-E3 medium at specific concentrations, either in plastic
multi-well plates or directly in the chamber of the light sheet microscope (Rockout, TSA).
All treatments were started after 24 hpf (Rockout always before 42 hpf) and lasted from 3 h
to 2 days (TSA), with most treatments overnight (~15 h).

Table 4: Chemiical inhibitors/drugs used in this study.

Chemical Function Working dilution Source/ Cat.No.
1 Trichostatin A (TSA) Hdac1 inhibition 0.8 mM Sigma-Aldrich; T1952
2 Rockout Rho kinase inhibitor 150-175 uM Santa Cruz; sc-203237
3 Hydroxyurea (HU) S-phase inhibitor 30 mM Sigma-Aldrich; H8627-1G
4 Aphidicolin (A) S-phase inhibitor 150 uM Sigma-Aldrich; 89458

2.2.9 Laser ablations

Laser ablation experiments were performed by an ultraviolet laser on a spinning disc
system, as described previously (Etournay et al., 2015; Grill et al., 2001). An oil objective
63x/1.4 NA oil objective was used to focus the laser beam onto the lateral cell membrane,
after a small (~1 ym) linear cut region was defined. 3 repeats of the laser pulse were
performed on each of the 5 points defining the region of interest. ~6 z-planes spanning 5
pm of the tissue surrounding the cut were scanned for 1-5 minutes to record the membrane

recoil after the cut.

2.2.10 Immunostaining

Wholemount immunostaining were performed on pronase-dechorionated embryos,
fixed in 4% paraformaldehyde (Sigma) in PBS, at +4°C overnight. Washes were performed
in PBS-T (PBS with 0.2% or 0.8% Triton X-100). Embryos were washed 3x30’ and
permeabilized in 1% Trypsin on ice from 15" (embryos until 36 hpf) to 25’ (embryos older
than 36 hpf). After washing 3x30’, permeabilized embryos were blocked in 10% normal goat
serum (NGS), or blocking buffer (Inoue and Wittbrodt, 2011), either for 2-3 h, shaking on
room temperature, or overnight, shaking at +4°C. The blocking solution was removed and
embryos incubated in primary antibodies for 64 h, shaking at +4°C. Antibodies were washed
4-5x for 1h and then incubated with primary antibodies and fluorophore-conjugated

compounds overnight shaking at +4°C and then again washed 4-5x for 1h.

Table 5: Primary antibodies used in this study.

Antibody Labelling Working dilution Source; Cat. No.

PH3; Anti-Histone H3 Mitotic nuclei
(phospho S28) (chromatin)

1:500 Abcam; ab10543, RRID:AB_2295065




Zn-5; neurolin Mature RGCs 1:250 ZIRC, RRID:AB_10013770

Lama1; Anti-Laminin a1l Laminin, ECM 1:100 Sigma-Aldrich; L9393, RRID:AB_477163

Secondary antibodies

Secondary antibodies were used at dilutions of 1:500 or 1:1000. Antibodies matched
the species of the primary antibody. Anti-goat antibodies were avoided to diminish cross-
reactivity with epitopes from the NGS blocking solution. Conjugated fluorophores included
Alexa Fluor 405, Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 (Thermo Fisher

Scientific Inc.).

Fluorophore-conjugated compounds

To label all cell nuclei, DAPI (1:5000, or 1:2500), DRAQ5 (1:2500, Thermo Fisher
Scientific Inc.; 62251) were used. Phalloidin-TRITC (1:50, Life Technologies; R415),
Phalloidin-Alexa Fluor 488 (1:50, Life Technologies; A12379) were used to label F-actin in

all cells.

2.2.11 Cell dissociation and flow cytometry
To obtain relative numbers of specific differentiating cells, in proportion to all retinal PSE

cells, Tg(SoFa) retinas were dissected, dissociated and analyzed by FACS.

Retinal dissection and dissociation

Dissection was performed on Sylgard-coated 10 cm plastic dishes, at room temperature
and in PBS. Eyes were dissected from live 36, 42 and 48 hpf Tg(SoFa) and 48 hpf wildtype
anaesthetized embryos using forceps, syringe needles and/or a 5mm surgical stab knife.
The pigment epithelium and the lens were removed. In total, 20 retinas/stage transferred to
a glass FACS-tube using a flame-polished glass pipette. Cells were dissociated
mechanically, without any enzymes, using flame-polished glass pipettes with wide and fine
openings. Cells were immediately analyzed by FACS. Altogether, the time from dissection

to FACS-analysis never exceeded 2 hours.

FACS-sorting

Single cell suspensions were analyzed using the FACSAria device. Wildtype cells were
used to normalize the signal to background auto-fluorescence. Populations were defined
based on forward- and side-scatter signals in PE-A, FITC and DAPI channels. Data was
plotted and processed using the FACSDiva software.

The resulting scatterplots were analyzed as described previously for the SoFa line
(Almeida et al., 2014), in order to obtain relative values for 4 different neuronal subtypes
(RGC, photoreceptors, amacrine/horizontal cells and bipolar cells, Figure 6). Total numbers

of cells in the retina in different developmental stages, obtained in my initial growth analysis,



were used to calculate average absolute numbers of differentiated cells from the relative

values and the total number of differentiated cells, as the sum of all subtypes.
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Figure 6: FACS scatterplots of cells from Tg(SoFa) retinas.
The specific combinations of signals in different channels defines the neuronal subtype (Almeida et al.,
2014).

1.3 Image acquisition

Confocal laser scanning
Dechorionated, fixed and immunostained embryos were mounted in 1% low-melting-
point agarose in glass-bottom dishes (35 mm, 14 mm microwell, MatTek). The agarose
doem was covered with PBS or E3 to prevent drying out. Imaging was performed on Zeiss
LSM 510 or 710 confocal microscopes (Carl Zeiss Microscopy) using a 40x/1.2 NA water
immersion objective, at room temperature. The imaging system was operated using ZEN
2011 (black) software.

Light sheet microscopy

Dechorionated live or fixed embryos were mounted in glass capillaries in 0.6% or 1%
low-melting-point agarose. Imaging was performed on a Zeiss Light sheet Z.1 microscope
(Carl Zeiss Microscopy) with a Zeiss Plan-Apochromat 20x or 40x water-dipping objective
(NA 1.0). Live embryos in 0.6% agarose were immersed in E3 with PTU to prevent
pigmentation. and sample chamber was heated to 28.5°C. For drug treatment experiments,
a separate chamber was used and filled with the drug-supplemented E3+PTU medium.
Fixed embryo imaging was performed on the light sheet system as well, as it allowed for
sample rotation and positioning, a feature that was important to get the most informative
view of the folded retinas. For fixed sample imaging, embryos were mounted in 1% or 0.6%
agarose, immersed in PBS and imaged at room temperature. z-stacks spanning the entire
eye were recorded with 0.5-1 ym optical sectioning. For live imaging, z-stacks were

recorded every 5-30’. The system was operated by the ZEN black software.



2.3 Image analysis

Custom MATLAB and Python scripts used for image analysis can be found at the DVD
attached to the back cover and at the URL behind the QR code on the last page, together

with representative data movies and animations related to specific figures.

Minimal image processing was implemented in my workflow and used only on some
images, prior to image analysis. Processing consisted of image cropping, bleach correction
and/or background subtraction using Fiji (Schindelin et al., 2012). After image analysis in
Imaris 8 (BitPlane) or Fiji, data was analyzed and plotted using MATLAB or Microsoft Excel.

Statistical analysis was performed using the Prism software.

2.3.1 Growth analysis using Imaris 8

The majority of the image analysis was done on the entire tissue in 3D, using Imaris 8
(Figure 7). This included tissue and cell volume, total tissue area, tissue height, cell and
mitotic cell position and count analyses. Raw data in .tiff, .Ism and .czi formats was read
into the software and segmented by manually outlining the retinal and lens tissues. 30-50
z-sections were outlined in each sample to span the retinal tissue and 10 samples/stage, in
6 stages were analyzed as part of the WT growth characterization. To analyze live images
of hdac1-/- fish, timepoints of interest were first isolated and then analyzed as fixed
samples. The segmented rendered surface was used to mask the raw data and create a

subset on which further measurement were performed.

2.3.2 Mitotic density distribution (Script 1)

To reproducibly assess the distribution and the density of mitoses at the apical surface
in different stages, mitotic cell positions were detected and projected onto a 2D density
heatmap, using a custom MATLAB tool, “PSE MitoNuc” (Benoit Lombardot, IPF, MPI-CBG).
PH3+ mitotic cells in the masked retinal image were detected in Imaris using the Spot
detection tool. The automatic detection was usually very accurate and only the Signal
quality threshold had to be adjusted, to detect all PH3+ cells. Cartesian (X, y, z) coordinates
of all these detected spots were exported from Imaris (10 samples/stage, 6 stages). In order
to use the “PSE MitoNuc” tool, the user should define five points on each retinal sample to
build tissue object-defining vectors: 1) center of the retinal cup (~widest point of the cup,
close to the center of the lens), remaining 4 points were defined on this plane; 2) outermost
point of the optic fissure; 3) point opposite to 2); 4) nasal-most point; 5) temporal-most point.
It is essential here to correctly recognize nasal and temporal points. For this, it is useful to
note for each sample whether it is the left, or the right eye. X, y, z coordinates of these
points and respective sample names should all be collected in a single Excel file, formatted

in columns as: 1x, 1y, 1z, 2x, 2y, 2z, 3x, ..., to be read-in by the MATLAB script. To run the



“PSE MitoNuc” tool, the main script “PSE_MitoNuc_mitosisDensityEstimation.m” should be
started. The value of the variable sphDataName should be changed to the path to the file
that contains the object-defining points. When prompted, the user should also choose the
file containing the mitotic cell coordinates. The script
“PSE_MitoNuc_convertXYZ_to_RThPh.m” will then estimate the symmetry axis of the
tissue, as well as 2 perpendicular vectors, to define a new coordinate system. X, y, z nuclear
coordinates will be transformed into new Cartesian and spherical (r, ¢, 8) coordinates, by
projecting them onto a unit sphere defined in the new system. Euclidean distance will be
calculated for each such mitotic cell to a point in the defined spherical mesh and all these
distances then used to calculate mitotic cell densities on each point of the mesh. The result
will be plotted as a heatmap both on a sphere and on a 2D projection (Figure 8). To generate
this, a MATLAB “m_map” package and its “Azimuthal Equal-area” projection is used (see:

http://www2.0ocgy.ubc.ca/~rich/private/mapug.html).

2.3.3 Division orientation

Division orientations were analyzed manually in Fiji from live images of all cells labelled
with RAS-GFP (membrane). A part of the curved apical surface was imaged using the light
sheet microscope. In Fiji, measurements were set to display angles and frames. Data was
bleach-corrected and background was subtracted. For each observed anaphase cell, a line
was drawn perpendicular to the division plane and the angle was measured. Data was

processed (to be between 0° and 180°) and plotted as a rose plot in MATLAB.

2.3.4 Specific growth and shape parameters

Apical area

Apical tissue area of the retinal PSE was measured in 3D using a custom Fiji tool
(Volume Manager, by Robert Haase, IPF, MPI-CBG). Areas were manually outlined, similar
to the Imaris manual segmentation, except all basal tissue portions were excluded to obtain
a hollow and open structure. This allowed me to extract the values for the basal tissue
surface, as well, by subtracting this apical tissue area from the total tissue area
measurements obtained from Imaris. Analysis and visualization were performed using
Volume Manager, as well. Volume Manager is available in the Fiji SCF-MPI-CBG update

site.

Cell size estimation and validation
Cell size was estimated using rounded mitotic cells. Diameters of 15-20 mitotic

cells/retina were measured using the Imaris measuring tool. Under the assumption that



mitotic cells are nearly spherical, cell volumes were then calculated as sphere volumes. To
check how well volumes of mitotic cells represent interphase cells, several interphase cell
volumes were manually segmented from images with extremely sparse mosaic labelling of
cells with RAS-GFP mRNA (cell membrane marker). This analysis indicated that mitotic cell
volumes are on average 10% larger than interphase cell volumes.

PSE cells are wedge (frustum)-shaped, instead of cylindrical or spherical. To validate
the cell volume analysis above, | therefore calculated cell volumes as frustum volumes, as
well. | averaged apical and basal cell surface areas, obtained by dividing apical or basal
tissue areas, respectively, by the total number of cells. Results on cell size from both
methods were in very good agreement and | used the volumes estimated from mitotic cells

for subsequent analysis.

Cell number and validation

Total cell numbers were analyzed using the Imaris spot detection tool to detect
individual nuclei on the masked retinal stacks, from the DRAQ5/DAPI channel. The
automatic detection was validated manually, by examining individual z-planes using the
Oblique slicer tool and a combination of two Clipping plane tools to isolate and examine a
specific tissue region. Automatic settings (thresholds) were manually adjusted for each
sample until a satisfactory detection was obtained. Such automatic detection still produced
some errors, like double counts and missed nuclei, especially in the deeper tissue layers
where signal was more scattered. To validate the count, | used the cell volumes estimated
from mitotic cell volumes, as described above. | divided the total tissue volume by these cell
volumes, in order to obtain the average volume occupied by a single cell (i.e., cell volume).
Cell volumes obtained in this way were in almost identical to the values obtained by the

automatic count (Figure 9D).

Tissue thickness
Fiji was used to manually measure tissue thickness in live images of WT, hdac1-/-, Ath5
MO and Rockout-treated fish. The apico-basal tissue axis at the nasal region of the retina

was measured at every timepoint using the line tool.

Number of nuclear layers

The number of nuclear layers along the apico-basal tissue axis was estimated in every
stage by measuring the long axis of the elliptical nuclei and dividing the tissue height by this
value, to get the number of layers that can fit in a tissue of that particular height. As the
actin accumulation established the nuclear exclusion zone in the early stages of the WT-
and the hdac1-/- retinal PSE, the height of this zone was subtracted from the total tissue
height when estimating the number of nuclear layers. In addition to this, the number of

layers was counted manually and was in good agreement to the estimated values.



2.3.5 Actin and nuclear signal intensity distribution (Script 2)

The average intensity distribution of phalloidin and DRAQS5 signal along the apico-basal
axis of the PSE cells was measured as described in (Sidhaye and Norden, 2017), using a
custom Python script (Benoit Lombardot and Robert Haase). The region of interest was
defined as a 10 um x 10 ym x thickness cuboid. An average intensity value for this region
was calculated for each point along the apico-basal axis. The axis length was normalized
to 100. To compare different samples, the average intensities were normalized to the
minimal and the maximal intensity value along the axis. This analysis was performed on 3-

9 samples/stage for both WT and hdac1-/- retinas.

2.3.6 Cell cycle analyses

Mosaically labelled cells in long (>15 h) time lapse light sheet datasets, with time
resolution of 5 min were manually tracked, in 3D, in ZEN and Fiji. Cells were labeled with
Hsp70::H2B-RFP, Hsp70::PCNA-GFP or Bactin::PCNA-GFP. Only the points of interest
were recorded: for total cell cycle analysis, time of chromosome segregation for the first,
second and, in wherever possible, third division. For the analysis of specific cell cycle
stages, endpoints of mitosis were recorded as limiting the phase when PCNA signal is
diffused in the cytoplasm, start of G1 as the point when PCNA signal is nuclear again, start
of S-phase when PCNA replication foci could be observed and start of G2-phase as the
point when the foci disappear. This cell cycle data for 254 cells from 20 embryos was

analyzed, binned into discreet stages and plotted in MATLAB.

2.3.7 Rate of cell division

Progenitor kg correction

Rates of progenitor cell division (k;) in different stages were calculated by three
equivalent methods (with Guillaume Salbreux): 1) From the change in the number of cells
(V) between the 6 analyzed stages: 1/Nx (AN/At); 2) From the live measurements of total
cell cycle length: In(2)x 1/T.c; 3) From a combination of live data on duration of mitosis ( 7x)
and fixed data on the mitotic index (M1): Mix 1/Ty. The results from the last two methods 4,
were initially not in good agreement with each other, indicating that there is a discrepancy
between live and fixed measurements of proliferation parameters, possibly because of the
different readouts of mitosis, e.g., the markers used for the quantifications. Reanalyzing the
fixed images, | observed that anaphase cells were indeed not at all labelled by the PH3
antibody. This was possibly due to bad antibody penetration through the newly establishing
nuclear envelope. To correct for this, | counted anaphase cells in all 6 stages. Based on

this count and the difference to the initial values, | multiplied these values by an average



correction coefficient of 1.31 across all stage to the number of mitosis in mitotic index. This

correction now yielded a good match between the two kscurves.

2.3.8 Rate of differentiation

The number of differentiating cells (V) was calculated for each stage using the FACS
analysis of Tg(SoFa) dissociated retinas, as described above. The rate of differentiation
was the calculated as 71/Nx (AN/At).

2.3.9 N/Cratio

To estimate the nuclear and cytoplasmic volume, | measured the long (major, a) and
short (minor, b) nuclear axes, from images of nuclear stainings in different stages. Assuming
the nucleus to be an ellipsoid and have two identical minor axes, | estimated nuclear

volumes in the 6 developmental stages as: V = 4/3 x X ax b?. | used these nuclear

volumes to estimate cytoplasmic volumes as well, by subtracting them from the total cell
volumes. The ratio of nuclear-to-cytoplasmic volume, nuclear-to-cell volume and cytoplasm-

to-cell volume were calculated from this data.



3 RESULTS

3.1 Growth of the retinal neuroepithelium

The PSE is a growing, proliferative tissue. During growth, apically constrained PSE
increase their thickness (apico-basal height). As the elongated, epithelial cells are attached
at both the apical and the basal side, the question arises of how far they can elongate and
can they limit proliferative growth. Growth constraints related to tissue thickness and nuclear
packing of the PSE were proposed still in the 1970s, as mentioned in the Introduction.
However, the existence of such a tissue-intrinsic constraint was never systematically tested.
In order to understand the system and in order to test for the existence and propagation of
a growth constraint over development, | first asked which cellular parameters contribute to
tissue growth and how. In a 3D tissue-wide analysis, | decomposed growth and assessed
how cell number, size and density change over ~28 hours of retinal PSE development. |
then proceeded to check the tissue’s proliferative parameters, such as the mitotic density,
division orientation, mitotic index and cell cycle lengths, as well as tissue and cell shapes.
These datasets allowed me to test the predictions on the maximal PSE packing and
constraints to proliferative growth originating at the apical surface. In this section, | first
explain how the retinal PSE grows, in section 3.1 and test possible constraints to its
proliferative growth. | then investigate, in section 3.2, how the shape of the tissue is scaled
during growth by changes of cell shape. After identifying a basal accumulation of actin as a
possible brake on cell height, | examine its properties in section 3.5. | show that this brake
is dependent on the ECM and its release is necessary, but not sufficient for changes in cell

shape, which also depend on proliferation.

3.1.1 Growth analysis workflow

In the majority of my growth analyses, | focused on an entire developmental day (28 h),
with a 4-6-hour time resolution. The developmental stages | analyzed span the time from
20 hpf until 48 hpf, from right after the optic cup shape is established, until the first neuronal
layer is formed, respectively. | used a transgenic zebrafish line with ubiquitous membrane
labelling (Tg(actb1::HRAS-GFP)) and a line labeling the first retinal neurons, the RGCs
(Tg(Ath5::GFP) to have a readout for the differentiation wave. These samples were fixed at
6 time-points, 20, 24, 30, 36, 42 and 48 hpf, stained with a nuclear dye (DAPI or DRAQ5)
and immunostained with a mitotic cell antibody, phosphohistone 3 (PH3). Imaging of these
samples was done both on a laser point-scanning confocal and a Zeiss light sheet

microscope (Figure 7A).
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Figure 7: Retinal PSE growth and shape 3D analysis workflow.

A) Fixed or live samples were imaged at stages between 20 and 48 hpf using predominantly the light sheet
microscope. For fixed samples, 10 samples per stage were analyzed for 6 stages (20, 24, 30, 36, 42, 48 hpf).
Zebrafish image is from Mickoleit et al. 2014.

B) The major part of all image analysis was done in Imaris 8.3 (B-D). The analysis started by manually outlining
and then rendering tissue surfaces.

C) This provided a mask to isolate the retinal tissue signal from the rest and detect and count all cells, as well
as only the mitotic ones.

D) Tissue thickness was measured in multiple tissue regions, the example here showing the measurement in
the proximal region, under the lens.

E) A custom plugin for Fiji was used to manually outline only the apical surface of the tissue.

F) MATLAB 2015 and 2017, as well as Microsoft Excel, was used for data analysis and plotting.

The latter allowed for sample repositioning, that proved important to obtain the signal from
deep layers in older, large and more scattering tissues. Unless otherwise stated, all growth
quantifications were done on the entire cup-shaped tissue in 3D, using mainly manual
image analysis in Imaris (Figure 7, Movie 1) and Fiji (Figure 7).

Images of the entire retinal PSE and the lens were first manually segmented in Imaris,

which resulted in the quantification of tissue-wide volumes and allowed me to create an
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image mask (Figure 7B). The mask was used to isolate the retinal neuroepithelium from the
surrounding tissues in the image (lens, RPE, periocular mesenchyme, brain, epidermis), in
order to analyze its cell numbers. Cells were detected from the nuclear channel in the
masked image automatically using the Imaris Spots tool (Figure 7C), to obtain both nuclear
position and total cell number. Similarly, mitotic cell number and position was detected
automatically from the PH3 channel. The total cell count in the crowded tissue was error-
prone with the automatic settings, so parameters were manually adjusted for each sample
and the result checked by examining individual slices. In addition to the information of how
cell number increase contributes to growth, this analysis allowed me to measure cell height
(Figure 7D) and assess the average single cell volumes, by simply dividing the total tissue
volume with the total number of cells. The option to analyze the apical tissue surface area
separately was essential in order to assess the proposed apically-originating growth PSE
constraints, as well as tissue shape. Because this kind of surface analysis was not possible
in Imaris, a custom-made Fiji plugin was used (by Robert Haase, MPI-CBG Image
Processing Facility). Using this 3D surface segmentation tool, all open (i.e., apical and
basal) surfaces were analyzed by manually outlining them in Fiji (Figure 7E).

Having this image analysis workflow established, | was able to reproducibly quantify
changes in tissue size and shape, as well as the contributing cellular parameters throughout

development in a 3D, tissue-wide approach.

3.1.2 Growth decomposition

3.1.2.1 Retinal PSE growth is homogeneous and isotropic

Using the analysis described above, | first measured by manual segmentation how the
total tissue volume changes from 20 to 48 hpf. The retinal PSE grows constantly, increasing
its volume ~4.5 times in the 28 hours analyzed (Figure 9A). It increases its size with an
average growth rate of ~104 000 pym®hour. As growth can be uniform, or localized
throughout the tissue, this should be taken into account to see if the analysis should focus
on specific growth regions separately. In the study by He and colleagues mentioned above,
it has been suggested that proliferation in the developing zebrafish retina occurs in a wave-
like fashion, sweeping through the tissue and preceding the differentiation wave in a naso-
temporal manner (He et al. 2012). Such a spatially inhomogeneous mitotic distribution might
lead to inhomogeneous tissue growth, as discussed in the Introduction. If the retinal PSE
indeed exhibits spatially patterned cell divisions, this is a parameter that might affect not

only tissue size, but its shape.
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Figure 8: Retinal PSE growth is isotropic and homogeneous.

A) Images of stages from 20 to 48 hpf show tissue growth and increased cell number.

B) Exemplary Imaris-rendered tissue volumes at 20, 36 and 42 hpf, which were used as masks in further analysis
of proliferation patterning (n = 10 samples/stage).

C) lllustration of the mitotic distribution workflow to generate 2D mitotic density heat-maps. A custom MATLAB
script (see Methods) was used to transform the 3D Cartesian coordinates of every mitotic cell into polar, spherical
coordinates, which were then projected into 2D using an already existing, azimuthal density-preserving
projection.

D) 2D heat-maps of mitotic densities of all cells at 20, 36 and 42 hpf, results of transformations in C).

D’) Same as D), but only with neurogenic divisions, revealing a naso-temporal wave (pink arrow), as expected
and validating the mitotic distribution method, as a method able to detect proliferation patterns at the apical
surface (n = 10 samples/stage).

E) An exemplary rose plot of division angles, analyzed from a movie ~40 hpf. Angles seem unbiased and division
orientations thus random.

Therefore, in the start of my analysis of retinal PSE growth, | first analyzed the spatial
distribution of mitotic events throughout the 20-48 hpf developmental time-course (Figure
8). This was done by transforming the positions of all mitotic cells on the tissue’s apical

surface, into 2D density projections using a custom MATLAB script (with Benoit Lombardot,
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MPI-CBG Image Processing Facility, Figure 8). More specifically, 3D coordinates of apical,
mitotic cells were obtained from 10 samples in 6 developmental stages through the growth
analysis workflow. 5 points describing each retinal tissue were defined and used in the script
to transform the mitotic coordinates, by projecting them from an uneven tissue surface onto
a sphere. Cartesian mitotic coordinates (X, y, z) were transformed into polar coordinates (r,
@, 0) and then plot onto a 2D density map (Figure 8C), using a density-preserving map
projection (azimuthal) in MATLAB (see Materials and Methods and Script 1 for more
details). 2D maps allowed us to more easily assess the mitotic distribution, which, despite
an increasing density through the stages, did not reveal any spatial bias (Figure 8D). This
indicated that retinal PSE proliferation is uniform and the growth homogenous. Still, | wanted
to validate our mitotic distribution method to make sure that | could detect a proliferative
wave pattern if there was one. To do this, | analyzed the densities of the terminal,
neurogenic divisions in the same way. Neurogenic divisions are known to occur in a wave
and in this case, our method indeed revealed a wave originating at the ventro-nasal region
and spreading throughout the tissue in the naso-temporal direction (Figure 8D’). This clear
visualization of a neurogenic proliferative wave using our method suggested that the
observed mitotic density distributions are genuine. Thus, | concluded that proliferation in
the developing retinal PSE is indeed spatially uniform and proliferative growth

homogeneous.

The above analysis resulted in snapshots of mitotic distribution. However, as also
discussed in the Introduction, growth can be biased in one direction or another not just by
spatially patterned mitotic distribution, but also by changing the orientations of cell divisions.
A biased distribution of division orientations can result in a changed tissue shape by making
growth anisotropic. To check how division orientation contributes to the growth of the retinal
PSE, | imaged the nasal portion of the apical surface live using the light sheet microscope.
Measurements of division angles in Fiji revealed that division angles have an unbiased
distribution from 0° to 180° (Figure 8E). Thus, division orientations are random and they,
together with uniform proliferation, contribute to a homogeneous and isotropic growth of the
retinal PSE.

3.1.2.2 Cellular contributions to retinal PSE growth

Cell number

After describing how the retinal PSE grows from the tissue-wide perspective, | moved
on to identify the cellular parameters that increase tissue size. Cells can change tissue size
by contributing in number and in cell size. |, therefore, started by measuring these two

parameters. Cells in the entire tissue were counted in Imaris from the masked nuclear



54 3.1 Growth of the retinal neuroepithelium

channel (Figure 9C) and the count was validated as described in the workflow section
(Figure 9D) and Methods. As the tissue grows from 20 to 48 hpf, the total number of cells
increases more than 8 times, from ~2000 to ~18000 (Figure 9B), with an average ~550 new

cells being added each hour.
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Figure 9: Cell number increase during retinal PSE growth.

A) The retinal PSE grows constantly during development, as analyzed by Imaris segmentation in different
stages (20-48 hpf).

B) Total cell number increases from ~2000 to 18000, as analyzed by detecting all single cell nuclei in Imaris.
C) In Imaris, cells were first automatically detected (white points) in the generated tissue mask (transparent
grey). The detection quality was then manually checked on single optical slices. ~5-10% of cells were
sometimes undetected, depending on the image quality and developmental stage. No manual correction was
done to the detection, except adjustment of automatic parameters. Segmented lens tissue is shown in blue
for orientation.

D) The cell count (red) was validated using mitotic cell volumes (blue). Single volumes of ~spherical mitotic
cells were estimated independently of the automatic cell count. The number of mitotic cells that fits in the
total tissue volume was calculated and showed a very good fit to the automatic count. Data is plotted as stage
mean * SD. n=10 samples/stage for all.

General remark on boxplots: on each box of the boxplots, the central line indicates the median, box edges
the 25" and the 75t percentile and the whiskers the most extreme non-outlier data points.
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As mentioned before, after 30 hpf, first neuronal differentiation starts in the retinal PSE.
To know how many cells exited the cell cycle and are thus not contributing to proliferative
growth, | analyzed the increase in the number of neurons over time (Figure 10). This was
done by FACS analysis of the transgenic SoFa fish line that labels all the different neuronal
subtypes in the retina (Almeida 2014, Figure 10A’). More specifically, retinas were dissected
and dissociated from live SoFa fish sorted for all three transgenes, at 36, 42 and 48 hpf
(Figure 10A). FACS analysis resulted in relative numbers of different positive and double
positive cells (Figure 10B), that were then identified as one of 4 neuronal groups, as in the
original SoFa publication. For more details on this analysis, please see the Materials and

Methods section.
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Figure 10: Retinal neuronal number increases exponentially, as assessed by live FACS analysis.

A) Retinas were dissected from anesthetized live A’) Tg(SoFa) and wildtype control fish at 36, 42 and 48 hpf,
20 in each stage. The RPE and the lens were removed and retinas mechanically dissociated using different
gradation glass pipettes. Samples were FACS sorted an hour after dissection. Zebrafish illustration is from
Mickoleit et al. 2015.

B) Populations of the three single transgenes and their combinations were defined after normalizing for
wildtype auto-fluorescence.

C) Neuronal subtypes were defined from the FACS populations as in the original SoFa publication (Almeida et
al. 2014). See Methods for a more detailed explanation.

D) A change in total cell numbers (Figure 9B) and neuronal numbers through time allowed us to estimate the
rate of cell division and rate of differentiation, respectively. Predictions of cell numbers using these rates fits
quite well with the experimental values and the rates can be further used in a growth simulation of this tissue.
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Absolute numbers of all neurons were then calculated from the FACS-based neuronal
fractions and the previously obtained total cell number. This analysis revealed that the
number of neurons increases exponentially over time (Figure 10C), from ~1000 at 36 hpf to
~9500 at 48 hpf.

Cell cycle

Even though the spatial distribution of mitoses in the retinal PSE seems uniform in all
stages, the increasing mitotic density on our 2D projections suggested the mitotic temporal
distribution not to be uniform. To assess the temporal distribution of mitotic events, |
analyzed the mitotic index, the fraction of cells in mitoses, or the ratio of mitotic cells to all
cells (Figure 11A). The mitotic index in this tissue is not constant, but peaks to 3.5% at 36
hpf and decreases again (Figure 11C). This tissue is composed of proliferative progenitors
that all divide and contribute to the analyzed mitotic index. Thus, a peak in mitotic index
suggests a change in the cell cycle, rather than in the number of cells that are cycling.
Progenitor cells could have a longer mitosis, resulting in cells remaining at the apical surface
for longer and consequently, more mitotic cells being detected per time point. However, |
have analyzed the length of the mitotic phase (from nuclear envelope (NE) breakdown, to
NE rebuilding) and have not observed an increase in mitotic length (~18 min at both 30 and
36 hpf, plot not shown). An increase in mitotic index could, therefore, mean that the cells
are cycling faster. Moreover, as just presented in the previous paragraphs, retinal PSE cells
become smaller and smaller as the tissue grows. This also might result, at least in part,
from shorter cell cycles, as cells might not have as much time to increase their mass before
division.

As the peak in the mitotic index pointed to a possible change in the duration of the cell
cycle, | decided to analyze the PSE cell cycles directly, using live imaging and manual cell
tracking. | used a transgenic fish line labeling the first-born neurons (Tg(Ath5::GFP)), with
mosaically labelled nuclei (Hsp70::H2B-RFP injection), in order to be able to track single
cells (Figure 11B, Movie 3), but also to make sure | am tracking only progenitors (GFP
cells), as well as to have a readout of any possible developmental delay in neurogenesis.
From 20 such overnight light-sheet movies, | was able to track 254 cells and defined their
cell cycle duration as the time between two mitotic events (anaphase). This cell cycle
analysis revealed that, interestingly, cell cycles span lengths to minimal 4 h, with the entire
cycle length distribution skewed to these short durations (Figure 11E). Moreover, the overall
cell cycle variability decreased over development (Figure 11D). Around 30 hpf, the cell
cycles were highly variable, with cells taking from 18 to 4 hours to complete their cycle and
divide. After 30 hpf, however, this variability decreased and the overall cell cycles shorten,

with the majority being around 5 h long. This period of shortest cell cycles coincides with
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the highest mitotic index. Therefore, increased mitotic index at 36 hpf and 42 hpf is likely

the result of cell cycle shortening and more cells consequently dividing in a time unit.
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Figure 11: Proliferative peak might result from an overall shortening of cell cycles.
A) Mitotic index was calculated as the ratio of the tissue-wide number of mitotic cells to all cells, using
numbers obtained from the Imaris 3D analysis.
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B) Cell cycle analysis was done on live light sheet timelapses, by manually tracking mosaically labelled cells.
Cells were labelled by a mosaically distributed injected DNA construct, Hsp70::H2B-RFP, to label cell nuclei.
Only progenitor cells were tracked and a neuronal marker was used to select out the differentiating cells,
which might have a different (longer) cell cycle. A cell cycle was defined from cell rounding to the next cell
rounding (white arrowheads). 2, to maximally 3 cell cycles could be tracked from overnight movies. The
developmental stage of the cycle was taken as a middle point, the time in the middle of the 2 mitoses.

C) Mitotic index remains between 2 and 5%, with a peak at 36 hpf. n=10/stage.

D) Cell cycle lengths of progenitor cells are variable ~30 hpf and become less variable and overall shorter ten
hours later, ~40 hpf. N=254 cell from 20 embryos.

E) Histogram of all tracked cell cycle lengths. Cell cycle distribution is biased to the shorter cell cycles.

F) For most cells, | was able to track their 2 cell cycles, plotted in the parallel coordinates plot. Each line
connects a mother and a daughter cell cycle. In the earlier stages, cell cycles generally shorten from one
division to the next (ratio of lengths divsionl:division2 is > 1) and after reaching the least variable and
shortest state, cell cycles lengthen again (ratio is < 1).

| further wanted to check the changes in the cell cycles themselves that result in the
observed shortening (Figure 12). To pinpoint in which stage of the cell cycle major changes
occur, | again performed manual cell tracking, this time using the cell cycle marker PCNA
or the FUCCI plasmids. Fluorescent PCNA was preferred, as it is a single construct that
allows distinguishing all four cell cycle stages based on the differently distributed
fluorescence (Figure 12A, Leung et al., 2012) and it thus allowed me to use it in combination
with another marker, such as the neuronal marker, Ath5 that | used in the total cell cycle
analysis. Again, just the self-renewing progenitor cells were tracked and the results, after
tracking 132 cells and their cell cycle phases, suggest that S-phase might be the target of
cell cycle regulation, as this is the phase changing the most and in accordance with the total
cell cycle length (Figure 12B). G1 is rather short, taking 38 min on average and S phase is
the longest cycle phase, taking on average 3.3 h (Figure 12C, Icha et al., 2017). A long S-
phase might allow for more variability in its duration, which could be one of the advantages
to center cell cycle length regulation on the S-phase, rather than on any other shorter phase.

The G1-phase is traditionally thought to be the growth phase of the cytoplasm. As |
observed G1 shortening through my analysis of cell cycle phases, | reasoned that it might
reflect the observed decrease in cytoplasmic volume. To check whether cells indeed grow
the most during G1-phase, | have also started to manually segment nuclei and cells in 3D,
through the entire cell cycle. Here, preliminary data on 5 cell cycles (data not shown)
suggests that retinal progenitor cells grow most in S-, instead of in G1-phase of the cycle.
This is an interesting possibility and | plan to continue this analysis to relate the analyzed

changes in specific phases of the cell cycle, to cell size over development.

Cell size and density
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By dividing the total tissue volume by cell numbers, | estimated the average volume of single
cells (Figure 13A). To validate both my cell count and this cell volume estimation, | asked
how many cells of a certain size could maximally fit into this tissue. For this, | needed a
measure of single cell volume. As the PSE cells are very slender and close to each other,
their manual segmentation was imprecise and an automated approach very difficult with the
available tools. To circumvent this problem, | used the volume of apical, rounded mitotic

cells as a proxy for all PSE cell volumes, as for the cell count validation (Figure 9D).
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Figure 12: Possible differential regulation of S- and G1-stage throughout development.

A) PCNA was used as a cell cycle phase marker to track lengths of specific cell cycle stages. It allows identification
of all 4 cell cycle phases by a different distribution of the marker. At mitosis, after nuclear envelope breakdown,
PCNA is cytoplasmic. At G1 and G2 it is diffused nuclear, but stages are distinguishable in live movies by the IKNM
at G2 and a smaller relative nuclear size in G1. S-phase is distinguishable by PCNA at replication foci. Image is
reused from the Norden lab study by Leung et al. 2012, for clarity.

B) S-phase is the longest cell cycle phase, as shown before by Leung et al. 2012 and Icha et al. 2017. It is shortest
~36 hpf and then lengthens again. Line is a 2" order polynomial fit in B), C) and D.
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C) G1 was confirmed to be shorter than S-phase, as already shown also by Leung et al. 2012 and Icha et al. 2017.
It shortens after 36 hpf, becoming as short as 30 min, which is similar to the short M- and G2-phases.

D) In the earlier stages, the ratio of S- and G1-phase in the total cell cycle is roughly 2:1, respectively. In the later
stages (after 42 hpf), total cell cycle length is determined almost exclusively by the S-phase length, which takes
more than 80% of the cell cycle.

E) Summary illustration of changes to the cell cycle: ~40 hpf, when cycles are overall shortest, S-phase is also at
its short period. As cycles become longer (right diagram), their S-phase lengthens and G1 shortens. S-phase
seems to be the major contributor to the cell cycle lengthening in the retinal PSE post-40 hpf.

Assuming that the mitotic cells are spherical, | measured their diameters and calculated the
volumes for spheres, in each of the 6 developmental stages. Mitotic cells, however, might
have a different volume than interphase cells. To calculate the difference between average
mitotic and interphase cell volumes, | segmented 5 single cells in 3D from live movies, at
the time of rounding and before and after division. This revealed that mitotic cells are on
average 10% larger in volume than interphase cells, so | subtracted these 10% from all
mitotic cell volumes in my analysis, to better represent the whole cell population. This
estimation of single cell volumes fit extremely well to my initial estimations of cell size. |
proceeded to use these cellular parameters in the remainder of the growth analysis. Overall,
this analysis of cell size revealed that, as the cell number increases by >8-fold, cells become
smaller and smaller, decreasing their volume by more than half (2.3-fold) during growth.
The decrease in cell volume, together with an increase in cell number hinted to an
increasing density of cells within the tissue. Indeed, when | calculated the number of cells-
per-um? of tissue volume, | saw that the tissue does get more densely packed with cells
while growing (Figure 13C). Looking at the images of the tissue in e.g., 24 and 42 hpf, it
seemed that nuclei are not only smaller, but also much closer together. To check if this
might be due to the volume of the cytoplasm becoming smaller, | measured the nuclear
volume, that would allow me to estimate cytoplasmic volume, as well. Interestingly, 30 hpf
is the time at which the nucleus-to-cytoplasm ratio (N/C ratio) of these cells seems to be
the highest and the absolute cytoplasmic volume the lowest (Figure 13B, C), with the
cytoplasm taking up only 100 ym?® in a 230 pm?®cell (43%). In the 6 hours from 24 to 30 hpf,
average cell volume decreases by 30%, but seems to be due just to cytoplasm shrinking,
as the nuclei do not become smaller at this time. Therefore, the N/C ratio in these cells
changes and might contribute to the changes in the nuclear and cell packing. As the N/C
ratio is traditionally considered constant in a particular cell type, it would be interesting to
investigate this in more detail, as a possible response to putative tissue compression

resulting from increased cell density.
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Figure 13: Decrease in cell size contributes to increasing cell density

A) Single cell volumes were estimated by dividing the total tissue volume by the total number of cells. Cells
decrease their volume by more than half throughout development. This volume estimation was validated
by calculating mitotic cell volumes, as well as frustum volumes (see Methods for more details). All 3
methods showed a more than 2-fold decrease in cell volume.

B) Both the nucleus (blue) and the cytoplasm (yellow) become smaller over time, taking up 40:60% of total
cell volume, respectively. Nuclear volumes were estimated by measuring nuclear major and minor axes and
calculating ellipsoid volumes. These were then subtracted from cell volumes to estimate the cytoplasmic
volumes. Data points shown as means + SD.

C) Cell density increases and was measured by dividing the total cell number by the tissue volume.

D) Tissue nuclei images illustrating increasing cell density from C).

N=10/stage for all.

Altogether, in this part of the project, | decomposed retinal PSE growth into its cellular
contributions, in a tissue-wide, 3D analysis through 28 hours of development. | quantified
how cell number and size (Figure 9B and Figure 13B, respectively) contribute to the
constantly increasing retinal PSE tissue volume (Figure 9A), that, due to random cell
division orientation and uniform proliferation (Figure 8), grows in an isotropic and
homogeneous way. | am now working on theoretically confirming this decomposition and

modelling PSE growth (with Guillaume Salbreux).
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3.2 Constant tissue shape is ensured by changes in cell shape

Considering growth is isotropic and homogeneous, it is possible that the retinal PSE
tissue keeps its shape unchanged while changing size. To check if this might be the case,
| first wanted to get a quantitative description of how tissue shape develops with ongoing
growth. To measure how the shape of the retinal PSE changes as the tissue grows, | used
the aspect ratio as a proxy for tissue shape. The aspect ratio measures the relation of
different dimensions of a geometrical object, e.g., the shape’s width to its height and is
typically used to describe shapes of 2D-objects. As the retinal PSE tissue is three-
dimensional, but has a simple, hemispherical geometry, | used the square root of the apical
surface area, to relate it to the height of the tissue (Figure 14D) and obtain the tissue’s
aspect ratio as height/Varea. As all PSE cells are attached at both the apical and the basal
surface of the tissue, the thickness of the tissue is simultaneously a measurement of cell
height. Height measurements were done in 3D on segmented tissue volumes, in multiple
regions: the lateral, as well as in the deep domain of the tissue (behind the lens; Figure
14A’), to obtain average heights for each optic cup (10 samples/stage). At 20 hpf, cells were
~40 uym long and increased their length by more than 50%, to ~67 pm, over the next 28
hours (Figure 14A).

Next, tissue apical areas were segmented manually and separately from tissue volumes
and showed that the apical surface increases 2.5-fold, from ~53000 to ~132700 ym? (Figure
14B, B’). The aspect ratio for the tissue, calculated from these values as height/\/area,
indeed showed no significant change, staying at ~0.18 (Figure 14E, E”) and confirmed that
the retinal PSE shape is indeed maintained during development. | next analyzed how single
cell shape changes might contribute to this maintenance of tissue shape. Single cell apical
areas were first estimated by dividing the apical surface area of the tissue with the total

number of cells (Figure 14C).
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Figure 14: Cell shape changes ensure maintenance of tissue shape.
A) Tissue thickness (cell height) increases through development by ~50%, from 40 to 67 um.

A)’ An exemplary sample of tissue thickness measurement in Imaris. Faint grey lines represent the apico-
basal length. As all other analyses, it was done in 3D.

B) Tissue apical area constantly increases during growth 2.5-fold.

B’) Visualization of the segmentation of the retinal apical surface using a custom Fiji plugin.

C) Cell apical areas were estimated by dividing the total apical tissue area by the total number of cells. The
number of RGCs obtained by the FACS analysis was subtracted from this total cell number, assuming that all
RGCs have delaminated to the basal side and do not have an apical process any longer.

D) The equation used to calculate the aspect ratio, used from now on as a measure of shape. The aspect
ratio is equal to the tissue thickness (cell height) divided by the square-root of tissue (cell) area.

E) Cell aspect ratio increases, reflecting the fact that E’) the cells become longer and thinner. At the same

time, tissue aspect ratio (shape) stays constant during development, with E”’) the retinal PSE maintaining its
typical hemispherical shape.

The area covered in rounded, mitotic cells was excluded, to only estimate the apical endfeet
areas of elongated, interphase cells. While cell length increases with tissue growth, cell

areas decrease, with their apical endfeet being ~3.5 times smaller at 48 hpf than they were
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at 20 hpf. This increase in height and decrease cell area, with the increasing aspect ratio
show that the already slender PSE cells change their shape and become thinner and longer
over development (Figure 14E, E’).

PSE cells not only change their shape as development progresses, but also become
smaller, ultimately halvening their size as mentioned before (Figure 13A). Surprisingly,
preliminary analysis indicated that these cells grow most in S-phase of the cycle, as shown
by manual segmentation of cells and nuclei through specific cell cycle stages. As S-phase
seemed to be shortest ~42 hpf, | hypothesize that the period of shortest S-phase might,
therefore, participate in the overall cell size decrease and in increasing cell density in the
growing tissue. This remains to be tested by already mentioned manual segmentation of
cells and cell nuclei through the cell cycle.

Altogether, this 3D analysis provided me with a detailed description of how cell shape,
increase in cell number and decrease in cell size maintain retinal PSE shape during tissue

growth. | next used this dataset to investigate the potential limits to proliferative growth.

3.3 Growth limits in apically constrained PSE

Having at hand detailed data on how the retinal PSE size increases and shape remains
constant during development, | asked whether there are limits to PSE growth. During
development, PSE cells elongate and the number of nuclear layers increases (Figure 15A).
In relation to this number of layers, still in the 1970s IHM Smart proposed that growth of
PSE tissues is limited by a packing maximum (Smart 1972), which arises from the inability
of their apical surface to accommodate the growing number of rounded, mitotic cells. These
problems of progressive pseudostratification could arise over development, in PSE that are
constrained from spreading their apical surface, as briefly presented in the Introduction.
Therefore, an apically constrained PSE tissue would block its own growth if it reached this
packing maximum. If the number of divisions is poorly coordinated with the amount of free
apical surface, the PSE can enter a self-inflicted, “proliferative trap” (Smart 1972), that will
force it to e.g., decrease its proliferation rate and limit its growth.

Three main ways of how a PSE can enter a proliferative trap were proposed: i) The
constant subdivisions of the cell’s apical endfoot might render the apex too small to function
as an anchor point, or signaling receptor base; ii) apical surface might be completely filled
with rounded mitotic cells, inhibiting any further divisions; iii) the “queuing” problem: the ratio
of the number of nuclear layers to the available apical space might be too high (type Il trap
was outlined in the Introduction). To check if proliferation-based limits to PSE growth might
exist and whether cell packing and cell cycle might indeed block further growth, | set out to

test the zebrafish retinal PSE for such constraints. After obtaining the growth and cellular
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parameters from the previous analyses, | was able not only to check for the proliferative

traps, but also see how they might evolve through development.
3.3.1 Availability of apical surface is not a growth constraint to the retinal PSE

3.3.1.1 Typel proliferative trap

From the already existing data, we know that the cell’s average apical attachment
decreases in surface area from ~28 to 8 um?, staying at 8 um? over the last two analyzed
developmental stages (Figure 14C). So, the apex does indeed become smaller, not
decreasing after it has reached 8 um?. However, | cannot say if this is the constraint to
growth, or a cue for cells to delaminate. Most likely it is not, as neuronal delamination occurs
irrespective of this. If proliferation is blocked, retinal PSE has fewer, bigger cells, but they

still delaminate.

3.3.1.2 Type ll proliferative trap

The apical surface might get filled with rounded, mitotic cells in the retinal PSE, so it
cannot fit any more divisions. Looking at some of the images with mitotic cells detected, it
might seem so (Figure 7C). Therefore, | analyzed how the total area under mitotic cells
changes over time with respect to the total tissue apical surface. This revealed that the
mitotic cells never occupy more than 20% of the apical surface (Figure 15B), which is far
from a completely filled surface (100%). Looking at the round mitotic cells as rigid circles
on the apical surface, one can assess their maximal packing with the approach of circle
packing. Circle packing examines the most efficient way to pack circles onto a given
surface, without overlaps. Packing circles onto a 3D, spherical object is not trivial (Tammes
problem, or general Thompson problem). | therefore used a freely available tool
(http://www.engineeringtoolbox.com/smaller-circles-in-larger-circle-d_1849.html) to
calculate the maximal packing density in 2D, on a circle, instead of a sphere. The circle had
the same total area as the apical surface of the retinal PSE and | assumed that all mitotic
cells have the same cross-sectional area (average of a stage). This approach also showed
that mitotic cells do not fill up the apical surface, as in every stage a several fold-increase
in mitotic cell number would theoretically be allowed (Figure 15C, C’). The apical surface
does not get filled with mitotic cells in any of the developmental stages and no more rounded
cells could theoretically fit. This also indicates that the total availability of the apical surface
is not a constraint to further proliferative growth of the retinal PSE.

| checked this result by rephrasing the total mitotic occupancy as the cell area density
(number of cells-per-ym?, Eq. (2), with Guillaume Salbreux). This is essentially the same as
the previous measures of apical occupancy but takes more of our measured cell cycle
parameters into account to describe the system better. The ratio of the duration of mitosis
and the total cell cycle time, 7w/ T, is equivalent to the mitotic index and denotes the

fraction of total cells that are mitotic (~rounded). The number of mitotic cells is the product
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of this mitotic fraction and the total cell number, N:and the total area covered under mitotic
cells the product of the number of mitotic cells, My and their cross-sectional area, Ay (left
expression of Eq. (1)). This total area covered by mitoses has to be smaller or equal to the

total available apical tissue area, Awe

Ty
T X Niot X Ay < Agor (1)
cc

Tccis the time period a cell takes to cycle, so 1/Tcis equivalent to the rate (frequency)
of cell division, &z Using the k4, the number of cells-per-um? (cell area density) has to respect

the constraint given on the right of Eq. (2):
Ntot < 1
Aror ~ kg X Ty X Ay

(2)

The constraint (right expression, Eq. (2)) here was as well far from the measured cell
area density (Figure 15D) and | suggest that the total availability of the apical surface to

mitoses indeed does not pose a constraint to proliferation of the retinal PSE.
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Figure 15: Availability of apical surface for mitosis is not the growth constraint to the retinal PSE.

A) In a growing, apically constrained PSE, cell density increases, cell cycles shorten and more cells will divide
at the apical surface, making it possible that the tissue enters one of the proliferative traps and restricts its
own proliferative growth, because of lack of space at the apical surface (type Il proliferative trap).

B) Mitotic cells never occupy more than 20% of the total apical surface available for divisions.

C) Even if circle packing of mitotic cells is taken into account, C’') the number of cells rounded apically does
not reach the maximal number. Data points shown as means.

D) To test our other cell cycle parameters, | retested (with Guillaume Salbreux) the availability of the apical
surface as the cell area density, that has to be lower than the proposed constraint. Again, the measured
apical surface packing does not reach the proposed constraint. Therefore, the availability of the apical
surface seems not to constraint growth.

3.3.1.3 Type lll proliferative trap

As the availability of the apical surface did not seem to pose a constraint to proliferation,
| tested the last of the proposed PSE growth constraints. The above (type Il) proliferative
trap poses the availability of the apical surface as a 2D problem. The constraint could be
defined in the same way for a typical monolayered, non-pseudostratified epithelium.
However, in the PSE multiple layers of nuclei all participate in the “queuing” to reach the
apical surface (Figure 16A). This requires the putative constraint to be treated as a 3D
problem, instead. Smart’s type Il proliferative trap is exactly that and it was the one briefly
presented in the Introduction. | should note at this point it does not seem that the interphase
nuclei are indeed queuing to reach the apical surface. Their apical migration (IKNM) is cell

cycle dependent and it is unlikely that entry into G2 phase is awaiting some queuing cue,
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as its length is always ~20 minutes. That being said, the limit to growth in Smart’s type Il
trap arises from the disproportion of the time the PSE cells need to complete their cell cycle,
during which they are absent from the apical surface and the time and relative space they
occupy once rounded apically (7vand Augreiaaive)), SO ONE Might use “queuing” as an intuitive
description. The relative space occupied by a mitotic cell is the relative size of the mitotic
cell, or the measure of how much more surface area a mitotic cell occupies in comparison
to an interphase cell (Figure 16A’). Perhaps more intuitively, one could first imagine a
rounded mitotic cell on the apical surface, with the PSE nuclear layers under it. One would
then have to think how many cells will eventually "want” to reach the same apical surface,
i.e., how many interphase nuclei are stacked under this one rounded cell, “waiting” to reach
the surface and round up. This number of cells will be the relative size of the round cell (how
many interphase cross-sections fit into the round cell cross section, e.g., 4) multiplied by
the number of nuclear layers in which the interphase nuclei are stacked (e.g., 5). The cycling
time of each cell has to be longer than the time the apical surface above it is occupied by
cells other than itself. This occupancy time is the number of cells that will eventually occupy
it (our NV, Awmgetive) from above, 4 x 5), multiplied by the amount of time each of them will

remain rounded apically (length of mitosis, Tw; Eq. (3)).

TCC = TM X NL ve AM (relative) (3)

In other words, the number of PSE layers, V,, cannot exceed the maximum:

Tec [h]

N, <
L TM [h] X AM (relative)

(4)

For the PSE to proliferate further upon reaching the maximal number of nuclear layers
given by Eq. (4), it would need to adjust its cell cycle or cell size parameters, e.g., lengthen
its cell cycle. Eq. (4) is the final expression of the Smart’s type Il trap, that | used to test for
PSE growth constraints originating in all three dimensions, i.e., in the apical surface from
the relative size of the mitotic cell and in tissue depth from the “queuing” nuclei. | checked
for the existence and evolution of such a constraint throughout development by comparing
the measured (experimental) number of layers to the values predicted by Eq. (4), from our
cell cycle and cell size data. The experimental number of nuclear layers comes from dividing
the average total cell length by the average nuclear length, saying how many nuclear layers
can fit into the cells at every given stage. The 3D aspect is contained in the relative size of
the mitotic cell, Awqenve), that relates the apical mitotic cell to the more basal interphase

nuclei under it. Augenaive)is, therefore, the major difference to the 2D, type Il trap. The relative
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size of the mitotic cell is the ratio of the cross-sectional area of the mitotic cell, to the cross-
sectional area of the interphase cells (Figure 16A’). As the nucleus is the bulkiest organelle
of the interphase cells, | measured the nuclear minor axis to calculate the average cross-

sectional area of the interphase cells, thus using nuclear width as a proxy for cell width.
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Figure 16: Retinal PSE grows in accordance to 3D packing constraint.

A) Proliferation and cell size during progressive pseudostratification has to be coordinated with the number
of nuclear layers. l.e., the time for which nuclei are absent from the apical surface (cell cycle length) has to
be coordinated with how long a mitotic cell occupies the apical surface and A’) how many nuclei are
“queuing” under it to reach the surface and divide. lllustration depicts apical view.

B) The retinal PSE operates below (early stages) or at (42 hpf) the type Ill constraint. Because of the nuclear
layering and apical mitoses, proliferation in the retinal PSE has to be considered as a 3D, not a 2D problem.
Bars show mean values.

Comparing the theoretical maximal number of layers, given the cellular parameters, to
the measured number of layers revealed that the retinal PSE operates below the maximal
layering level in earlier stages, even at its most proliferative stage of 36 hpf. At 42 hpf,
however, the actual measured number reaches the prediction based on Eq. (4) (Figure
16B). This result suggests that the retinal PSE indeed grows in accord with the proposed
Smart’s law for PSE tissues, with the actual number of nuclear layers staying at or below
the theoretical maximum throughout development. The point when the tissue reaches its
layering maximum (42 hpf) coincides with the point when other cellular parameters change
the most, as well: cell height increases the most and overall cell shape changes the most
at 42 hpf. Additionally, reaching the maximal layering coincides with the time when the first
neurogenesis wave has swept over the entire retina (Figure 8D’) and major neuronal
differentiation starts taking place (Figure 10C). Because changes in cell shape coincide with
major cell cycle exit and delamination across the tissue, | next asked whether there might
be a link between the two. In addition, cell cycle exit might be necessary to slow down the
tissue growth rate and keep it in accordance with the layering maximum. To test how far
can such purely proliferative growth continue and how far tissue thickness can increase, |

blocked cell cycle exit and differentiation.
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3.4 A brake on tissue thickness in differentiation mutants

3.4.1 PSE characteristics are maintained in hdacl-/- retinas

To test the limits to tissue proliferative growth, | needed a tool to inhibit differentiation in
the retinal PSE. It has previously been shown that the retinas in zebrafish mutants in histone
deacetylase 1 (hdac1-/-) do not differentiate (Yamaguchi et al. 2005, Stadler et al. 2005).
Hdac1 is an upstream regulator of Wnt and Notch signaling in the zebrafish retina
(Yamaguchi et al. 2005). Timely Wnt inhibition by Hdac1-/- ensures cell cycle exit and Notch
inhibition cell differentiation, resulting in these pathways remaining active in the hdac1-/-
fish.

) PhaLLoidi i _ B JDR 5

70 HPF

HDACI -/-

......

Figure 17: Differentiation mutants have perturbed retinal PSE shape.
From 60 hpf onwards, the hdac1-/- retinal PSE exhibit the heavily folded phenotype.

| first confirmed the reported mutant phenotype: the hdac1-/- retinal PSE loses its typical
smooth shape and folds upon itself around 2 dpf and leading to a highly folded structure by
60 hpf (Figure 17). To identify the mutants, we developed a genotyping protocol in the lab.
For more details on this, please see Appendix X. | first checked whether differentiation is
blocked in the hdac1-/- mutants. Indeed, | could never observe any distinct layering in the
mutant, indicating that neuronal delamination and migration do not occur. The Zn5 antibody,
that marks mature RGCs, also did not recognize any epitope in the hdac1-/- tissue (Figure
18A), confirming that the differentiation phenomenon is indeed absent in these retinas. The
hdac1-/- fish have a slight defect in the optic stalk region in the retinal periphery, which
seems buckled and thicker than in the wildtype (Figure 18B, right upper panel). As this cell
accumulation might, in theory, exert compression on the retina, it might also cause the
folding phenotype. The optic stalk defect arose during early optic cup morphogenesis (<20
hpf), so to check whether this, instead of an intrinsic, retinal parameter, causes the folding,
| wanted to have temporal control over the hdac1-/- phenotype, to induce hdac1-/-
knockdown just after the optic stalk has formed correctly. To have such temporal control, |
used the hdac1-/- inhibitor drug, Trichostatin-A (TSA). At constant incubation at



3 RESULTS 71

concentrations of 0.2-0.8 yM, 100% wildtype fish in TSA still developed the hdac1-/-
phenotype, with heavily folded retinas by 60hpf, confirming that the drug recapitulates the
mutant phenotype. If TSA was added to wildtype fish just between 24 and 30 hpf, after their
optic stalk formed correctly, by 60 hpf the retinal tissue was folded as well (Figure 18B).
This suggested that the defect in the optic stalk is not the cause for retinal folding in the
hdac1-/- mutants.

If the TSA drug medium was not renewed every 24 hours, the drug effect declined.
Interestingly, in this case, differentiation recovered and neuronal layers formed, in parallel
with the existing PSE folds (Figure 18C). This suggests that differentiation might be able to
continue “where it left off” if it is blocked only transiently. Moreover, this suggests that the
folds in the retinal PSE tissue do not inhibit differentiation and that neurons do not have a
read-out for an intact tissue shape before they start differentiating. These ideas would be
interesting to test in the frame of a cell cycle exit and differentiation study in the PSE.

To characterize the tissue in hdac1-/- mutant retinas, | checked whether they preserve
the epithelial character and a monolayered PSE architecture. Immunostaining samples
fixed at ~60 hpf with the mitotic antibody PH3 revealed that all divisions in hdac1-/- retinas
take place at the apical surface (Figure 19A), as they do in all intact PSE tissues. Moreover,
anti-laminin31 antibody showed a smooth basal lamina signal that underlined the cells’
basal endfeet (Figure 19B). Live imaging revealed intact nuclear migratory movements in
the mutant retinas, ensuring that IKNM still occurs normally and the apical divisions
previously observed by PH3 staining are not e.g., accumulated, incomplete divisions.
Therefore, the hdac1-/- retinas retain an intact PSE character irrespective of the shape
perturbation.

By long light sheet time-lapses (>15 h), | was able to observe for the first time the retinal
buckling event live (Movie 5). Buckling was always initiated at the apical surface, possibly
because of an instability that mitotic events might introduce there. To test whether an
increase in cell number is the driver of retinal folding, | inhibited proliferation in hdac1-/-
using hydroxyurea (HU) and aphidicolin (A), combined pharmacological inhibitors of
progression through the S-phase of the cell cycle (Harris and Hartenstein, 1991). This
experiment showed that the hdac1-/- folded retinal phenotype depends on proliferation, as

the tissue did not buckle when proliferation was blocked (Figure 20).
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Figure 18: Retinal cells do not differentiate in the Hdacl-/- mutant.

A) By 60 hpf, the wildtype tissue is layered and almost fully differentiated. Zn-5, a readout for the maturity of
the RGC layer, is fully present (upper panels). In the hdcal retinas (lower panels) at the 60 hpf and later, no
retinal lamination or Zn-5 staining could be observed, indicating that differentiation is indeed blocked in these
mutants. Scale bars are 50 um.

B) Upper panels: hdacl-/- fish typically exhibit a thickened optic stalk phenotype (white arrowhead, upper
panel), that might cause the observed folding. However, if the phenotype was induced only later, using
Trichostatin-A treatment after the optic stalk already developed properly (at 24 hpf), retinal folding still
occurred (lower panels). Right panels are enlargements of the deeper layers of the dashed region on the left.
Scale bars are 50 um.

C) If TSA medium was not renewed, the hdac1-/- phenotype diminished and differentiation started in a folded
tissue (RGCs in red). Scale bar is 10 um.

D) A schematic of the buckled and folded retinal tissue and an example of its apical surface rendering after
manual segmentation (right) to visualize folds in 3D.
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Figure 19: PSE tissue structure and characteristics are preserved in Hdacl-/- mutants.

A) Proliferation in the folded retinal still occurs only at the apical surface, as shown by the PH3 staining.

B) The hdac1-/- tissue is, as the wildtype one, surrounded by a basal lamina, as show by the laminin antibody
staining.

Scale bars are 50 um is all cases.

Together, the mutant characterization outlined above confirmed that in the hdac1-/-
condition, lack of differentiation leaves the retinal PSE structure intact, with all
characteristics of a PSE tissue present: IKNM and apical divisions, multiple nuclear layers
and a basal lamina. Therefore, the hdac1-/- retinal tissue was a proliferative retinal PSE
system, but with its growth unbound by the timing of differentiation. With this powerful tool
at hand, | proceeded to use the hdac1-/- mutants to investigate the limits to retinal PSE

size, packing and shape and the factors affecting them.
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Figure 20: Proliferation is necessary for the folding of the hdac1-/- retinal PSE.

Top panels: Mutant fish treated with DMSO fold their retinas and proliferate normally (PH3 staining). Bottom
panels: Mutant retinas treated with a combination of cell cycle inhibitors hydroxyurea (HU) and aphidicolin
(A) do not fold when their proliferation is inhibited.

3.4.2 Cell height is the major shape constraint in hdacl-/- mutants

The hdac1-/- PSE tissue changes its shape from smooth, to a tissue folded onto itself.
In order to know what perturbs the development of a normal shape, one has to understand
how the folded phenotype arises in the first place. Therefore, to check how the hdac1-/-
PSE at the point of buckling differs from the WT, | first started to investigate how the folded
hdac1-/- phenotype develops from a smooth WT-like PSE tissue. Initial movies showed that
the events of the folded phenotype, such as a buckling event, happen fast, within less than
an hour. Live, light sheet imaging proved to be the most adequate method to get a complete
sequence of events during the development of hdac1-/- retinas. Because of its low
phototoxicity (Icha 2017) and high speed, light sheet microscopy allows long time-lapses at
high temporal resolution. The downside of such imaging experiments is their extremely low
throughput, though and this remains one of the biggest weaknesses of the approach.
However, such experiments allowed direct observation of hdac1-/- development at much
higher temporal resolution than fixing the samples could and | used it for all further analysis
on hdac1-/- fish.
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Figure 21: Characterization of hdacl-/-development.

A) Live light sheet imaging revealed that retinal PSE detachment from the lens precedes tissue buckling (lower
panels). The WT tissue, conversely, remains close to the lens throughout development (upper panels).

B) The lens tissue in the WT grows as the retinal PSE grows (blue). In the hdac1-/-, lens growth ceases. Data
bars show mean £ SD.

C) Anti-laminin staining of the basal lamina in hdac1-/- reveled that, with PSE detachment, the ECM remains
closely associated to the PSE tissue. C’) Thin ECM tether-like structures (white arrowhead) still span the cavity
between the retinal PSE and the lens.

D) The RPE does not fold with the retinal PSE, but remains to smoothly surround it. Green arrowhead: RPE
cell, magenta dot: bright PSE clone that buckles apically. D’) Schematic representation of the last panel in D).

At 30 hpf, all the necessary body features to stage hdac1-/- embryos were present, but
after this stage, it became increasingly difficult to determine the age, because hallmark
staging structures, the pectoral fin, or characteristic swimming patterns, did not develop.
Analyses were therefore started at 30hpf. At this stage, before any differentiation starts
taking place in the control, the hdac1-/- PSE tissue looks almost indistinguishable from the
WT. It then continues to proliferate and grow from 30 hpf onwards. Around 35-40 hpf, a

change in retinal shape is onset. The basal surface of the PSE, otherwise very close to the
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lens, starts to separate and spread away from the lens (Figure 21A). This spreading
continues to extremes (Figure 21, Movie 4) over the next ~10 hours. First buckling events
following this tissue spread happen between 42 and 48 hpf (Movie 6). The PSE continues
to proliferate after the first buckling and by ~60 hpf, a heavily folded PSE structure will have
formed (Figure 19, Movie 5). Staining the folded hdac1-/- samples for the ECM component
laminin revealed that the basal lamina remains at the basal surface of the retinal epithelial
cells as the gap between the retinal PSE and the lens increases (Figure 21C). Few dim
ECM tether-like structures seem to span the space between the two ECM domains, the
retinal and the lens ECM (Figure 21C’). The retinal tissue is not the only eye component
affected by the hdac1 mutation. In the WT condition, the lens continues to grow along with
the retinal neuroepithelium. Conversely, the lens in the hdac1-/- condition, once separated
from the retinal tissue, ceases to increase its size (Figure 21B). The squamous RPE tissue
surrounding the retinal PSE does not fold with it, but instead remains smoothly surrounding
the buckling tissue (Figure 21D).

Live imaging allowed me to describe the sequence of events leading to the folded
hdac1-/- phenotype. The hdac1-/- retinal PSE proliferates at a slightly lower rate than the
WT and keeps its PSE properties throughout development. After 36 hpf, significant shape
changes occur, including a spread from the lens and buckling. The first buckling event
usually occurs in the proximal domains, i.e., in the regions behind the lens. Shortly after,
other buckles follow throughout the tissue, in a non-stereotypical manner. The resulting
folds do always start from the apical surface, but in the end, the basal surface is buckled as
well and the whole apico-basal tissue axis affected by the folding. By ~60 hpf, the retinal
PSE is severely folded, but it continues to proliferate, with many divisions still taking place
at the apical surface (Figure 19A PH3 panel).

The spread of the tissue is the first event where the hdac1-/- PSE looks clearly
distinguishable from the WT. This indicates that, at the stage when the spreading initiates,
an unknown parameter starts differing from the WT tissue. A hypothetical change on the
cellular level might alter the force balance in the tissue, resulting in a perturbed shape. To
first quantify how the shape of the hdac1-/- tissue changes with respect to the WT, |
analyzed the aspect ratio, in the same 3D analysis workflow as | employed for the WT, by
segmenting the apical tissue surface and measuring the tissue thickness in multiple regions.
While in the WT the aspect ratio stays constant during growth, the aspect ratio of the hdac1-
/- tissue decreases (Figure 22A), quantitatively confirming a shape change. The aspect ratio
of cells showed that, contrary to the WT and to the hdac1-/- tissue aspect ratio, these cells
do not change their shape (Figure 22B). So, the very prominent thinning of cells shown in
the WT is absent in the hdac1-/- condition.
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Figure 22: Hdac1-/- retinal PSE changes its shape due to a lack of cell height increase.

A) Tissue aspect ratio of the retinal PSE decreases in hdacl-/- fish, pointing to change in shape A’) evident
from the spread phenotype and detachment from the lens.

B) Tissue shape change in the hdacl-/- arises from cells not changing their shape during development. Cell
shape in the hdacl-/- does not change, unlike the shape of WT cells, which become longer and thinner. B’)
This aspect ratio conservation in the hdac1-/- might be due to the cells increasing their apical surface area
more than the WT, or due to the cells not increasing their height. Data points are mean % SD.

C) Tissue shape in hdacl-/- arises from cells not increasing their height. Cell height in hdacl-/- remains at
constant 45-50 um throughout development (red), as revealed by height measurement from live imaging.
Such measurements recapitulate cell height measurements from fixed images (blue).

Altogether, shape changes are opposite in the WT and hdac1-/- : in the WT, cells
change their shape and this allows the tissue to keep its shape. In the hdac1-/- , cells do
not change their shape and consequently, tissue shape is perturbed. This showcases how
cells, by not adjusting their shape as the tissue grows, can affect the final shape of the entire

tissue. The decrease in the aspect ratio (height/varea) of the hdac1-/- tissue points to two
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extreme possible causes. Either, i) the apical tissue area increases more than in the WT,
or ii) cell height does not increase/ it decreases. Comparing the cell height and tissue area
parameters in the hdac1-/- condition to the WT revealed that cell height (tissue thickness)
does not at all change during hdac1-/- development (Figure 22C), while the apical tissue
surface grows indistinguishable from the WT values (not shown). This indicates that, in the
hdac1-/- condition, the perturbed tissue shape is caused by a putative brake on cell height
increase. As the tissue’s apical area ultimately increases greatly with folding, but cell height
does not, this indicates that cell height is a stronger constraint than tissue apical area.
Therefore, seemingly apically constrained PSE such as the retinal neuroepithelium can
increase their apical surface if needed, showcasing how cellular constraints can alter tissue-
level constraints. | next proceeded to search for the factors that might be responsible for
the “freeze” of cell height in the hdac1-/- and for the nature of such a hypothetical brake on
height.

3.5 Basal actin accumulation is preserved in hdacl-/- cells

Cell shape does not change in the hdac1-/- condition, leading to a perturbation of tissue
shape during growth. As discussed in the Introduction, cell shape is very often governed by
localized contraction, stabilization or reorganization of the cortical actomyosin meshwork.
Therefore, it might also be responsible for the shape changes, or lack of, that | see during
retinal PSE development. To check whether actin might be differently distributed in the
hdac1-/- and WT cells, | labelled the polymerized, F-actin pool in the cells using a GFP-
fused utrophin, which is an F-actin-binding protein (Burkel et al., 2007). | used RNA-injection
of the EGFP-UtrophinCH or the transgenic line (Tg(actb1::EGFP-UtrCH)) to visualize F-
actin distribution within living cells without affecting it. For staining F-actin in fixed samples,
| used phalloidin, an F-actin binding mushroom toxin and a well-established actin marker
for fixed cells.

3.5.1 Basal actin accumulation persists in hdacl-/- mutants

To examine the distribution and dynamics of F-actin, | imaged both WT and hdac1-/-
fish with nuclei and F-actin labelled live for ~20 h using a light sheet microscope. At the
basal portion of the tissues until ~42 hpf, F-actin distribution was strongly biased towards
the basal region in all cells, both in WT and the hdac1-/- (Figure 23A, D).
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Figure 23: Basal actin accumulation persists throughout hdacl-/- development.

A) Phalloidin staining revealed a prominent basal accumulation of actin in hdac1-/-, spanning the entire basal
region of the tissue. This accumulation is not present in the WT at the same stage (42 hpf).

B) Phalloidin and nuclear (ligher color shades) signal intensity were measured in the WT at 30, 36 and 42 hpf.
Data normalized to min and max values and shown as mean * SEM. N=3-9/stage.
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C) Signal intensity prolifes for phalloidin in young (30 hpf) and older (42 hpf) embryos. At 30 hpf, both WT and
hdac1-/- tissues show a prominent basal accumulation. At 42 hpf the accumulation disappears in the WT, but
persists in the hdac1-/- tissue (arrowhead). Data normalized to min and max values and shown as mean + SEM.
N=3-9/stage.

C’) Signal intensity prolifes for nuclear signal in young and older embryos. At 30 hpf, both Wt and hdac1-/- tissues
have a basal zone devoid of nuclei. At 42 hpf, this zone disappears in the WT, in correlation to the disappearance
of the basal actin accumulation. In the hdacl-/-, the basal nuclear exclusion zone persists also at 42 hpf. C’) An
illustration depicting the approach to measure the apico-basal intensity profiles. Data normalized to min and
max values and shown as mean * SEM. N=3-9/stage.

D) Heatmaps showing the persistence of the basal actin accumulation in the hdac1-/-. Blue: low signal intensity,
white: high signal intensity.

E) The basal actin accumulation establishes the nuclear exlusion zone. In Rockout-treated hdac1-/- embryos, the
otherwise persistent basal actin is removed, as well as the nuclear exlusion zone.

The distribution of the actin signal was analyzed by plotting a normalized signal intensity
along the apico-basal axis of the cell (see section 2.3.5 for more details). The actin-rich cell
region was completely devoid of nuclei, creating a distinct nuclear- and a nuclear-exclusion
zone in the tissue (Figure 23B). As seen from the movies, this separation seems extremely
robust, as nuclei never crossed into the basal, actin-rich region and all nuclear migration
typical of the PSE was confined to the more apical, nuclear region. At ~42 hpf, however,
this basal accumulation disappeared in the WT and the nuclei filled up the basal tissue
zone, as well (Figure 23B). In the hdac1-/- , however, the basal bias did not disappear at
42 hpf, but persisted indefinitely (Figure 23C’). The hdac1-/- tissue also maintained the
nuclear zone sharply separated from the basal actin-rich zone throughout growth,
suggesting a causal relationship.
To target actin and see if this perturbation changes nuclear distribution, | used the

Rho kinase (Rock) inhibitor Rockout. At 150 and 175 pyM and ~3-5 hours after start of
treatment, Rockout perturbed actin and, consequently, the nuclei indeed occupied the basal
zone of the tissue (Figure 23E, Movie 8 and 9). This effect could be reproduced both in the
WT before 42 hpf and in the hdac1-/- after 42 hpf, removing the otherwise persistent basal
accumulations. This result indicated that the basal actin bias establishes the nuclear
exclusion zone in both hdac1-/- and WT.
3.5.2 Basal actin accumulation disappearance is cell non-autonomous

The disappearance of the basal actin accumulation in the WT disappears
synchronously, tissue-wide ~40 hpf (Movie 7). However, we do not know whether this is a
concerted action of cells governed by intrinsic, cellular signals, or a response to a tissue-
wide, cell-extrinsic cue. To check whether the basal bias disappearance is a cell-
autonomous event, cells from the accumulation-losing, WT cells, were transplanted into the
bias-maintaining hdac1-/- environment and vice versa. To first introduce WT cells into the

hdac1-/- tissue, the method of blastomere transplantation was utilized (Figure 24A). In this
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technique, cells are taken up from a donor embryo between the "high” and “oblong”
developmental stage, (~3.5 hpf). They are then transplanted to an acceptor embryo of the
same stage, where they integrate into the tissue and develop with the acceptor. To have a
readout of the transplanted cells and the actin in the older embryo, cells were taken from
the donor transgenic line and transplanted into the hdac1-/- or +/- acceptors. Homozygous
mutant acceptor fish were identified after 42 hpf, fixed and stained for nuclei (DRAQS5) and
F-actin (phalloidin). This allowed me to have a readout of i) which cells were transplanted
and their actin distribution (EGFP-UtrCH+ donor cells) and ii) of the actin distribution
(phalloidin signal) and the nuclear zone (DRAQS signal) in the acceptor mutant fish. The
results were strikingly uniform in all transplanted cells in all imaged mutants and showed
that WT cells maintain both their actin bias and nuclear exclusion zone at 42 hpf in the
mutant tissue, indicating that bias disappearance is cell non-autonomous (Figure 24A’). In
the opposite experiment, | tested if the hdac1-/- cells maintain their bias in the WT
environment. To check this, | introduced hdac1-/- cells into the WT tissue in a mosaic
fashion, by injecting the previously published hdac1-/- morpholino (Stadler 2005) into single
cells at the 64- to 128-cell stage. This delivered the morpholino only to a subset of cells. To
make sure the morpholino was functional, | injected it into 1-cell stage embryos. In this case,
100% of fish indeed showed the typical hdac1-/- overall phenotype, as well as the heavily
folded retinal phonotype by 60 hpf. To detect injected cells, | co-injected the morpholino
with RNA of a fluorescently tagged nuclear marker, H2B-RFP and fixed the fish at 42 hpf
(Figure 24B). In these retinal tissues, all WT cells showed the loss of the nuclear exclusion
zone, in line with their developmental stage (Figure 24B). The hdac1-/- morpholino-
knockdown cells followed the WT morphology, increasing their height at 42 hpf and
removing the nuclear exclusion zone, something they never exhibit in the full hdac1-/- tissue
(Figure 24B). Together, these results suggest that the basal bias disappearance and cell
height increase in the WT, as well as the basal bias and nuclear zone exclusion

maintenance are cell non-autonomous phenomena.
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Figure 24: Basal actin accumulation disappears cell non-autonomously and is ECM-dependent.

A) Schematic of the transplantation experiment. Blastomeres from Tg(actb1::EGFP-UtrCH) embryos were
transplanted into acceptor hdacl-/- embryos between high and sphere stage. A’) WT cells in hdac1-/- tissues
do not lose their basal actin accumulation at 42 hpf (green cells, arrowhead), when it would otherwise be lost
in WT environment.

B) Mosaic injection of hdacl morpholino (MO) into Tg(actb1::EGFP-UtrCH). Cells with hdacl MO were co-
injected with H2B-RFP mRNA for visualisation. Their basal actin zone disappears at the same time as in the
WT (orange cells, arrowhead).

C) ECM integrity was perturbed by injecting collagenase (Liberase) into the intravitreal cavity. C') After
enzyme activation, the basal actin accumulation disappears in 42 hpf hdac1-/- tissues and C”’) remains intact
when PBS is injected as control. C"”’) Collagenase injection abolishes the basal accumulation in young WT
embryos, as well.

3.5.2.1 Nuclear exclusion zone is ECM-dependent

Actin organization in cells is known to depend on the ECM and cell-ECM connections,
as described in the Introduction (e.g., in section 1.4). In order to check if the ECM might be
the external cue coordinating actin reorganization throughout the tissue, | degraded it using
matrix-degrading metalloproteases. As collagen IV is one of the main structural components
of epithelial basal laminas, | injected collagenase into the intravitreal cavity (between the
lens and the retina) of the fish eye using a glass needle (Figure 24C). More specifically, |
injected highly functional collagenase (Liberase, Sigma-Alldrich) into the eye cavity at 30 or
36 hpf (when bias is present) in both WT and hdac1-/- fish. | activated the enzyme on 37 C

for 30 minutes and then either fixed the fish immediately, to see if collagenase disturbed
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the actin accumulation, or allowed them to recover several hours (hdac1-/-) to see if the
bias will regenerate. In ~40% of both WT (Figure 24C’”) and hdac1-/- (Figure 24C’) of the
injected fish, the bias was gone after the collagenase treatment and remained intact in the
PBS-injected control (Figure 24C”). This experiment indicated that the basal actin

accumulation in WT and Hdac1-/- is the same, ECM (collagen)-dependent structure.

3.6 Actin reorganization and proliferation allow cell height increase

3.6.1 Cell height increase does not dependent on neuronal delamination

The delamination of differentiating cells in the retinal PSE disturbs the homogeneous
tissue structure by starting to introduce distinct cell layers into the otherwise monolayered
epithelium. Moreover, the first-born retinal neurons, the retinal ganglion cells (RGCs)
actively migrate towards the basal portion of the tissue. To check if such movements and
structural change might contribute to the progenitor-cell height increase, | inhibited the
production of the RGCs using the Ath5 morpholino (Icha et al., 2016; Pittman et al., 2008;
Randlett et al., 2013; Weber et al., 2014). Using live imaging (Movie 10), | measured cell
height in Ath5 morphant retinas from 42 hpf onwards, as the apico-basal tissue axis, as in
other cell height analyses. However, RGC absence did not result in any significant change
in tissue size or shape, as the tissue still grew and kept its shape as the WT, indicating that
RGC delamination does not affect overall tissue form. Cell height was already increases at
42 hpf when imaging started, irrespective of the lack of delamination (Figure 25A), showing
that cell height increase does not depend on neuronal migration or differentiation.
3.6.2 Cell height increase is proliferation-dependent

After 40 hpf, the basal actin accumulation in WT disappears tissue-wide (Movie 7) and
the nuclei move and inhabit the basal zone. | was able to reproduce the removal of the
nuclear exclusion zone by actin (Rockout) or ECM perturbations (collagenase). These
experiments showed that the basal actin accumulation is indeed responsible for the
maintenance of the nuclear exclusion zone. However, they failed to reproduce the WT cell
height increase, indicating that a disturbance of the basal actin is not sufficient to trigger cell
elongation. The perturbations of actin or the ECM were also lowering or inhibiting
proliferation, as these structures are necessary for cell division. Mitosis requires
unperturbed actin assembly and reorganization processes to drive cell rounding and
cytokinesis and cell-ECM attachments are known to be essential for cell proliferation
(anchorage dependence). My perturbations of the basal bias, therefore, possibly failed to
reproduce the cell height increase because they interfered with proliferation.

To check whether cell height increase is proliferation-dependent, | blocked proliferation
in the WT. From 30 to 48 hpf, | treated the WT fish with a combination of hydroxyurea (HU)

and aphidicolin (A), the already mentioned inhibitors of S-phase progression (Harris and
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Hartenstein, 1991). In the HU+A condition, the basal bias was physiologically gone at 48
hpf in the WT and the nuclear exclusion zone disappeared, but cell height did not increase
past 50 um (Figure 25B). This indicated that cell height increase in the WT is indeed

proliferation-dependent.
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Figure 25: Cell height increase depends on proliferation.

A) Live measurements of cell height. Treatment of hdacl MO tissues with Rockout did not induce an increase
in cell height. The same effect was observed in the WT tissues where height physiologically increases,
indicating that Rockout treatment inhibits height increase. Height increase does not depend on neuronal
delamination (grey line), as it increases normally in WT tissues injected with Ath5 MO to inhibit RGC
differetiation.

B) Cell height increase in the WT is proliferation-dependent. In older HU+A-treated embryos height does not
increase despite the disappearance fo the basal accumulation.

3.6.3 Actin reorganization is necessary for cell height increase

To understand how actin reorganization occurs and how it relieves the brake on cell
height, | investigated the changes in actin distribution in more detail. The actin signal seems
to get depleted from the lateral plasma membranes as the basal accumulation disappears
and cell height increases (Figure 26A). To analyze this change in actin distribution at the
apical and basal cell poles and the lateral membranes, | measured phalloidin intensities at

the apical and basal surfaces, as well as the lateral, cell-cell interfaces (Figure 26C).
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Table 6: Summary of basal actin experiments.
Cell height increases only if basal bias is reorganized and if proliferation persists, suggesting that both are
necessary and together sufficient to increase cell height.

Basal actin Proliferation Height increase Condition
+ + NO hdac1-/-
+ - NO HUA hdac1-/-
- + YES WT
- - NO Rockout WT or hdacl-/- ; HUA WT

| plotted the ratios of this apical or basal signal, to the lateral signal at 30 hpf and 42 hpf. At
42, the ratios increased compared to the 30 hpf (Figure 26D). This revealed that the actin
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Figure 26: Actin concentration at the cell poles might be permissive for cell height increase.

A) Heatmap of phalloidin signal in WT tissue at 30 and 42 hpf.

B) Model of actin reorganization at 42 hpf. Actin concentrates at the poles and/or gets depleted from lateral
cell membranes.

C) Analysis of actin intensity ratios. Actin intesities were measured along apical, basal and lateral membranes
in Fiji. Measurement was done on a z-plane at the central region of the tissue. Signal intesities were measured
along the enitre apical and basal surfaces and at 3 lateral regions (nasal, central and temporal).

D) Ratio of average apico-basal actin signal intensity, to the average lateral intesity. Higher ratios with cell
height increase, at 42 hpf, indicate a polar concentration/lateral depletion of actin.

E) Laser ablation in WT tissue. Cell cortex is labelled mosaically by Utr-GFP mRNA. Upon a lateral cut (yellow
arrowhead), cells collapse along the apico-basal axis. White arrowheads denote current tissue position and
dashed line initial tissue position.
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meshwork undergoes a cell-wide reorganization, that can be due to two reasons: either the
lateral actin pool is depleted even more than the disappearing bias, or, polar pools
concentrate more actin than the lateral pool.

| can at the moment not distinguish between these two possibilities, but the change in
the ratio itself might be enough to act permissive on cell height change, by altering the force
balance along the plasma membranes. Such a change in cortical organization might induce
a tension redistribution within the cells and play a role in cell height increase (Figure 26B).
A similar reorganization of concentrating actin at the poles is predicted by a 3D vertex model
(see section 4.2.7.1). In this model, the change of the ratio of contractile actin pools in a
cylindrical cell changes the tension distribution along the membranes. The tension ratios
between apico-basal and lateral actin pools can then drive cell height increase.

To examine how tension is distributed along the apico-basal axis and whether it might
indeed restrict cell height, | probed for cell contractility along the axis. Here, preliminary data
from laser ablations of these lateral membranes showed that PSE cells are under apico-
basal tension, as they collapse towards the cell center upon the cut (Figure 26E, Movie 11
and 12). More analysis will be necessary in order to have a map of cell tension at the apical,

basal and lateral interfaces and to know how it changes as cells become longer.

In summary, my findings explain how specific cellular parameters contribute to proper
growth and correct shape of the retinal neuroepithelium. | highlight a dynamic homeostasis
of cell shape, showing that timely cell height increase is essential to maintain retinal tissue
shape during growth. This height increase depends both on proliferation and on timely actin
reorganization, which is possibly driven by a change in cell-ECM attachments. My data points
to the basal accumulation of actin imposing a brake on cell height increase, thus defining
height as the greater constraint during tissue growth than the previously proposed apical
surface. With the release of such a brake, cell height is allowed to increase and is not the
major constraint any longer. Taken together, my data showcases the importance of precise
coordination of proliferative growth to tissue-wide cell shape changes and reveals that tissue-
wide constraints need to be dynamic in order to maintain shape while changing size of the

retinal neuroepithelium.
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In this thesis, | identified changes in tissue size and tissue shape and explained how
their coordination occurs at the cellular level in the developing zebrafish retinal
neuroepithelium. From my findings | propose that, as the tissue grows, mechanical
conditions at the cellular level change and cell height becomes the major physical constraint
governing development of tissue shape. At that point, cells release an ECM-dependent actin
brake that previously inhibited cell height increase. By this cortical reorganization, cells
redefine the major constraint, by distributing it between height and area increase. This
timely coordination of shape changes to tissue size allows tissue shape to be maintained
throughout development and might be essential to maintain retinal function as well.

The retina is a part of the central nervous system and functions in the optical path of the
eye to deliver unperturbed visual impulses to the brain. Even a minor perturbation of its
shape in the human eye (macular pucker) leads to distorted vision, so one can argue that
a smooth hemispherical shape is essential for retinal function. My results showcase the
severe consequences on tissue shape if timely coordination of tissue-wide cellular
responses is perturbed. By this, | demonstrate a dynamic cell shape homeostasis during
tissue growth, necessary in order to maintain the shape and function of the zebrafish retinal
neuroepithelium.

In this chapter, | discuss my findings on how cellular contributions contribute to growth
of retinal PSE and the reason cell height increase is essential to maintain retinal shape. |
relate these findings to other PSE systems, state the open questions and propose future

studies that should help answer these questions.
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Figure 27: Graphical summary.

Actin reorganization releases a brake on cell height and allows maintenance of tissue shape during growth of
the retinal PSE.

CONTROL: In wildtype fish, an ECM-dependent basal accumulation of actin (purple) disappears ~40 hpf. Actin
signal gets concentrated at the apical and basal cell poles and depleted from the lateral membrane. Actin
reorganization occurs synchronously throughout the tissue. An increase in cell height depends on this
reorganization, as well as on cell proliferation and is necessary to maintain tissue shape.

HDAC1 -/-: In the hdacl mutant fish, that do not differentiate, basal actin accumulation persists throughout
development, cell height does not increase and tissue shape is perturbed. The perturbation is detectable
from ~36 hpf, when the tissue starts spreading away from the lens while keeping its thickness constant.
Eventually, growth promotes apical buckling and with progression of this condition, the mutant retina will be
heavily folded by ~60 hpf.

4.1 GROWTH OF THE ZEBRAFISH RETINAL PSE

4.1.1 Two phases of growth in the retinal PSE

Based on my growth analysis, | distinguish two phases of retinal PSE growth, the first
one before and the second one after 40 hpf. The zebrafish retinal neuroepithelium is a cup-
shaped PSE that proliferates and grows during ~20 hours of development, between 20 hpf
and 42 hpf. Between the two proposed growth phases, major changes occur in the growing
tissue. Differentiation starts in all tissue regions; cell number and cell height increase the
most (Figure 9 and Figure 14, respectively); and overall cell cycles shorten and decrease
their variability (Figure 11), mainly through changes in S-phase. The cell height increase
from ~50 to ~68 uym in the WT between the two phases is essential to maintain tissue shape

and is dependent on proliferation, but not on neuronal differentiation or delamination (Figure
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25). The distinct growth characteristics in the two phases might reflect, for example, an
underlying change in mechanical constraints that arises with changing size. Alternatively,
they might reflect changes in upstream signaling cues. Based on my analyses, | suggest
that a combination of the two, mechanical changes triggered upstream signaling cues, is
most likely responsible for distinct cell and tissue characteristics in the two growth phases.

In a study from 2012, He and colleagues analyzed zebrafish retinal neuroepithelial
growth, but with a focus on later developmental stages and differentiation (He et al., 2012),
rather than tissue shape. The initial analysis of He et al. included an Imaris-based tissue-
wide volume measurements and cell counts, similar to my analysis. The resulting data on
growth differs somewhat between our two studies. E.g., in He et al. the number of cells at
48 hpf is 11000, which is ~7000 cell less than in my analysis and even ~4000 cells lower
than in the previous stage of 42 hpf. This discrepancy is most likely due to differences in
the way fish embryos were staged, as both of our analyses included a validation of the cell
count. The major difference between the study of He and colleagues and this one, however,
is in their result that retinal PSE proliferation is not uniform, but occurs in a proliferative
wave preceding the differentiation wave. This finding is in contradiction to my analysis. The
analysis of He et al. was based on Geminin-GFP, a marker of the FUCCI toolkit that labels
cells in G2 and M phase of the cycle. Using the same marker, | was not able to observe
such a wave (data not shown). They demonstrated a clear contrast in the proliferative
regions of the tissue to the regions where the wave has not reached yet, which seemed
completely devoid of dividing cells. | analyzed the distribution of progenitor cell mitoses on
the apical surface (Figure 8) and could still not observe such a proliferative wave. After
validating our method and confirming that | am indeed able to detect a wave if there is one,
such as in the terminal dividing cells (Figure 8D’), | concluded that proliferation in the retinal

PSE is homogeneous and indeed does not occur in a wave.

Besides studies on the zebrafish retinal PSE, studies of growth and shape of PSE
tissues focus almost exclusively on the Drosophila wing disc. This tissue is an intermediate
length PSE, as the retinal PSE, but is not a neuroepithelium and will not generate a
laminated structure later in development. Rather, it will thin out and spread into the adult
wing epithelium, maintaining a single cell layer. In the wing disc, cells transition from
columnar into a cuboidal morphology, while in the retinal PSE they become increasingly
pseudostratified. Therefore, the mechanisms underlying growth and shape changes in
these two tissues most likely differ as they lead to the generation of different structures. In
the zebrafish retinal PSE, uniform proliferation gives rise to homogeneous and isotropic

growth. In the Drosophila wing disc PSE, non-uniform proliferation gives rise to uniform
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growth (Mao et al., 2013). The interaction of multiple morphogen gradients across the wing
disc tissue, such as the Wingless and Dpp, for example, affect and localize proliferation.
This localized proliferation then affects cell density and in turn, compression and force
distribution within the tissue, as presented in the Introduction. As cell divisions (mitotic
spindle) orient along on the higher tension axis, division orientations in the wing disc are
not random, but orient to relieve the tension. In the retinal PSE, conversely, division
orientation is random.

Comparison of the growth in these two PSE systems, the zebrafish retinal
neuroepithelium and the wing disc, indicates that it is not completely defined by the PSE
architecture, but also depends highly on the molecular and physical parameters. It would
be interesting to investigate to what extent PSE architecture governs growth in different

systems, a topic | touch upon in section 4.2.2.

4.1.2 Cell cycle duration as a putative target of mechanoregulation in the retinal PSE

Using single cell live tracking, | showed that cell cycles are highly variable in the first
growth phase (specifically, ~30 hpf), to then start decreasing their variability towards overall
shorter lengths. ~40 hpf, overall cell cycles are shortest, taking ~5h. This overall shortening
might influence tissue packing, by producing more cells in a given time and the variability
in cycle lengths might affect the distribution of cell sizes in the tissue, to possibly make them
more uniform prior to differentiation.

If cell growth and cell cycle are coupled in this tissue, the observed early variability in
cell cycle lengths might be due to a variable concentration of a putative cell size regulator
(rev. in Amodeo and Skotheim, 2016), or reflecting a lower sensitivity to such a regulator.
Furthermore, it might reflect underlying differences in the cell population, such as the
elapsed time since attaining neuroepithelial character, or cells already poised for neuronal
differentiation. Finally, variable cell cycles might change the variability of cell sizes (Di Talia
et al., 2007), to e.g., decrease this variability through the first growth phase. A variable cell
cycle, that makes the size of the cell population more uniform, would suggest that these
cells act as sizers, (section 1.2.2.3), that add a specific amount of volume through the cycle,
in dependence of the cell’s initial volume (Cadart et al., 2017 preprint). However, the relation
of cell cycle to cell growth in the retinal PSE is highly speculative and we need more data
on the growth of single cells to start exploring this topic. At the moment, such an analysis
can be done by manually segmenting single cells in 3D, live imaging datasets. Here,
increased resolution, brighter markers and novel image analysis tools would help increasing
the throughput and reproducibility of single cell segmentation. Follow-up studies should
focus on how cell cycle length relates to cell growth and how the two might coordinate to

affect tissue size in the retinal PSE.
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After the initial overall shortening, in the second growth phase, cell cycles start
lengthening again. Cell cycle lengthening was proposed to occur in differentiating
mammalian brain neuroepithelium (Calegari, 2005; Lange et al., 2009). However, as in my
analysis | tracked only progenitor cells, that have not turned on the neuronal marker (Ath5),
the changes in cell cycle are not attributed to terminally differentiating cells. Lengthening
might, therefore, indicate that the tracked progenitor cells are somehow already poised for
differentiation after 40 hpf. This hypothesis should be investigated, possibly by a
transcriptomic analysis of progenitor cells before and after 40 hpf. This would reveal which
genes are differentially expressed between the younger and the older progenitor cell pool
and whether they act in known differentiation-related pathways.

In addition to the total cell cycle length analysis, | tracked single cells through specific
phases of the cell cycle. By this, | saw that the observed cycle lengthening after 40 hpf is
due to a lengthening of S-phase, conversely to G1 lengthening (Lange et al., 2009) and S-
phase shortening (Garcia et al., 2016) as reported for the ventricular zone of the
differentiating mammalian brain. This might be due to the fact that the retinal PSE tissue is
at 40 hpf still predominantly composed of self-renewing progenitors, but it also might reflect
fundamental differences in the development of the zebrafish retina and the mammalian
brain, despite the fact that they both originate from a PSE neuroepithelium. The importance
of regulating S-phase length was reported for the neural stem cell niche in the adult
Xenopus retina (Cabochette et al., 2015). Here, S-phase was regulated by the Hippo
pathway and its main effector, YAP. In absence of YAP, S-phase was too short, leading to
an accumulation of DNA damage. YAP was also shown to affect the cell cycle in response
to cell compression (Benham-Pyle et al., 2015) and to be expressed in the zebrafish retina
(Joel B Miesfeld, 2014). These findings make it an attractive candidate to test in mentioned
speed-up or slow-down of cell cycles and S-phase duration in the zebrafish retinal PSE. It
would be interesting to check if YAP might mediate a putative response to tissue
compression upon increased packing ~40 hpf, by inducing cell cycle lengthening. To test
this possibility, experiments investigating YAP effects on cell cycle in the retinal PSE are
first needed. Such experiments should focus on analyzing the cell cycle and cycle phases
in the YAP mutant condition, in order to see if YAP might affect S-phase length in the retinal

progenitor cells.
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4.2 COORDINATING GROWTH CONSTRAINTS AND TISSUE SHAPE

4.2.1 Apical surface availability is not a constraint to retinal PSE growth

My growth analysis resulted in the quantification of how cellular contributions to growth,
such as cell number, size, cell cycle or cell shape, change during retinal PSE development.
With these parameters at hand, | was able to for the first time systematically test for
previously proposed PSE growth constraints and their effect during development. In the
1970s, IHM Smart reported, based on his studies on the mouse spinal cord (Smart, 1972)
and cortex (Smart, 1973), that neuroepithelial PSE increase their thickness as development
progresses. In addition, he noted that the number of nuclear “layers” that they harbor under
the apical surface increases, as well. Based on these observations and the fact that in the
PSE all mitoses occur at the apical surface, Smart proposed the three possible constraints
to further proliferation of an apically constrained PSE tissue: i) the cell apical endfoot might
become too small for further subdivisions, ii) the tissue apical surface might become
completely filled with rounded mitotic cells and unable to accommodate more, or iii) the
amount of free apical surface is too small in relation to the number of nuclear layers under
it that will reach apically by IKNM (Figure 16).

By estimating the surface area of the cell apical endfoot (type | proliferative trap), |
showed that the average apical cell attachment decreases in surface area from ~28 to 8
um?, staying at 8 ym?over the last two analyzed developmental stages (Figure 14C). This
saturation might mean that the apical attachment reaches its minimal surface area and
cannot decrease below 8 um?. However, as the basal attachment becomes even smaller
than the apical one, it might be physically possible to decrease the apical attachment
further, as well. Basal cell attachments in epithelia differ significantly from the apical ones,
though. They usually attach to the ECM components through integrins and do not harbor
elaborate junctional belts, nor cilia, as the apical endfeet do. Because of these structural
and functional differences, a comparison of minimal functional sizes of apical and basal
attachments is misleading and | cannot say whether an apical endfoot smaller than our
measured 8 ym? (1.8 um? diameter) would be functional or not. Thus, | also cannot conclude
whether apical endfoot size in the retinal PSE poses a limit to further increase in PSE
packing, nor whether it might feedback to proliferation mechanisms to, e.g., lower the
division rate to stop the apex from shrinking further. To test this possibility, the putative
endfoot-constraint should be tested, e.g., by inhibiting neuronal delamination, so all cells
remain attached apically and continue proliferating, to see if proliferation would stop.
Analyzing apices of longer PSE cells, such as the radial glia and measure how their apical
attachments change over time and how small they can be, could also provide insight into
what the minimal area of the endfoot might be and whether it might limit proliferative growth
in the PSE.
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Retinal PSE grows in accordance with a proposed 3D constraint

The availability of the apical surface to accommodate more mitoses is another constraint
proposed by Smart as a possible limit to PSE proliferative growth. It was, however, never
tested over development of a PSE tissue. My analysis 3D analysis of how cellular
parameters such as cell size and the cell cycle length contribute to tissue growth, allowed
me to for the first time test this hypothesis, throughout the development. | showed that the
total apical surface does not get saturated with mitoses at any point in development (Figure
15). By this, | showed that the constraint to PSE growth does not lie in the total availability
of the apical surface (type Il proliferative trap). Instead, the proliferative trap arises from the
3D architecture and nuclear movements of the PSE, i.e., from the ratio of free apical surface
to the number of nuclei below it (Figure 16). This theoretical maximum is reached at ~42
hpf, coinciding with major neuronal delamination across the tissue.

In a continuation of this study, it would be interesting to confirm this finding, by analyzing
whether the tissue adjusts its proliferation rate in a condition where the number of nuclear
layers might cross the theoretical maximum, e.g., if delamination and cell cycle exit do not
occur. This could include a condition where actin is reorganized and the actin brake on cell
height, which | propose to act, removed while the tissue continues to proliferate. Using a
combination of morpholinos, inhibiting differentiation by directly targeting specific neuronal
subtypes in the WT might provide such a condition. Neuronal differentiation would be
inhibited, cell cycle exit and delamination would not occur, but an increase in cell height and
number of nuclear layers should still occur due to the tissue-wide release of the actin brake.

Growth in accordance with the proposed 3D constraint assumes that the PSE is apically
constrained. If it was not apically constrained, the tissue could increase its apical surface
upon reaching the packing maximum and escape the proliferative trap. My analysis of the
apically folded hdac1 condition revealed that the retinal PSE can increase its apical surface,
if the constraint on cell height is greater. Here, my results stress that an apical constraint in
an epithelium should not be viewed as a fixed constraint, but as dynamic and in relation to
other constraints acting on the tissue, such as cell height. A study on the formation of the
mouse neural tube also confirms this notion (Grego-Bessa et al., 2016). Here, the tissue
has to remodel from a cuboidal epithelial sheet to columnar PSE cells to attain the PSE
architecture. This elongation was shown to depend on stabilizing apical junctions via PDK1
kinase and PTEN. Stable apical junctions promote the formation of apico-basal microtubule
arrays that help cell elongation (Grego-Bessa et al., 2016). Once the PSE architecture is
formed, the tissue will elongate further as it grows, packing more nuclear layers under the
apical surface. If cells cannot elongate and they continue to proliferate, as the tissue grows
it will increase its apical surface, instead of thickness, as the hdac1-/-. Ultimately, this will

lead to a folded neural tube, a phenotype similar to the hdac1 retina. This example from the
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mouse neural tube, together with my study, suggests that apical surface indeed does not

pose a constraint to further PSE growth if cell height increase is inhibited.

Altogether, these analyses of putative constraints to proliferation and growth limits in a
PSE tissue suggest that in epithelia that are not thin, proliferative growth should be
considered as a 3D problem. It would be interesting to investigate if cell cycle parameters,
such as the observed lengthening of the S-phase after 40 hpf and progenitor cell cycle
lengths in general, might be responding to a proliferative trap and the need for the tissue to
lower its proliferation rate. Here, YAP represents an attractive candidate that might
coordinate mechanosensation arising from the apical surface, with changes in S-phase. It
would be fascinating if such mechanisms would indeed be identified and the upstream cues
and downstream molecular cascades involved in their regulation dissected. This would
provide insights into how proliferative growth of complex epithelial tissues such as the

widespread PSE might be orchestrated with mechanosensation.

4.2.2  PSE shape in relation to tissue growth

PSE growth might be influenced by shapes of, elongated, PSE cells. My analyses
revealed that the retinal PSE grows in accordance to the proposed 3D constraint. This
constraint arises from the ratio of cells in the depth of the epithelium, i.e., the cycling nuclei
that will occasionally reach the apical surface, to the availability of the apical surface. In the
retinal PSE, the longer the cells are, the more nuclear layers are packed under the apical
surface, affecting this constraint ratio. Therefore, the aspect ratio (thickness-to-area, i.e.,
shape) of the retinal PSE is related to its proliferative growth through the shape of the cells.
Based on the proposed constraint, the shortest cell cycle length (proliferation) is defined as
a product of 3 parameters: the number of nuclear layers (~cell length), cell size and the

length of their mitoses

TCC [h] = NL X TM [h] X AM (relative) (5)

Such a shape-to-growth relationship might govern the form of PSE tissues, where cell
height is not the major constraint and is increasing during development. We know that
neuroepithelia other than the retinal PSE, for example the neural plate and the neural tube,
are such PSE and increase their height during growth (Fish et al., 2008). The number of
nuclear layers here increases proportionally to cell height during growth, most likely
reaching the maximal predicted values (Fish et al., 2008; Smart, 1972). However, as

mentioned before, such ideas on a direct relationship of PSE cell shape to tissue growth



4 DISCUSSION 95

have not been experimentally tested and we do not know how this possible constraint would
develop over time, nor whether it defines, e.g., spinal cord growth and shape.

Several studies (Ma et al., 2017; Pastor-Pareja and Xu, 2011; Sui et al., 2012; Widmann
and Dahmann, 2009a) analyzed cell shape in the wing disc PSE tissue and concluded that
maintaining elongated, columnar cells is essential for tissue shape and function. However,
these studies have not touched upon the limits to wing disc nuclear layering, nor on how
cell height develops over time. Based on the 3D growth constraint for the PSE, the
theoretical maximum of nuclear layers that the wing disc could accommodate is ~6, if the
mitotic index is 4% [from time of mitosis is 20 min (Handke 2014) and cell cycle length 7 h
(Dubatolova et al., 2011)] and relative size of a mitotic cell 4 (estimated from (Widmann and
Dahmann, 2009a)). The wing disc thickness, however, accommodates 2-3 nuclear layers,
similar to the retinal PSE in early stages and is, therefore, not growing at its maximum. This
difference suggests that the 3D growth constraint might not be limiting growth in the wing
disc. Even though this tissue and the retinal PSE are both intermediate length PSE and
their cells are ~50 um thick, the wing disc does not seem to thicken as much as the retinal
PSE during growth, perhaps because it will transition into a squamous epithelium of the
wing as it develops. Therefore, cell height might be a major constraint for wing disc PSE
growth and the 3D constraint thus not governing it development. As mentioned in the
Introduction, growth analyses of PSE tissues are few and most of the ones that do exists
take into account only planar growth from the apical surface, making it hard to compare
different tissues and propose more unifying growth principles. Therefore, | cannot speculate
further on whether the above cell shape-tissue growth relationship might be applicable in
other PSE tissues because their thickness (cell height) was not measured during growth.

Changes in PSE tissue thickness and cell shape are related to its growth and studying
growth of PSE in all three dimensions is a prerequisite in order to gain full understanding of
the events that determine the shape and size and, with this, the function of these abundant
tissues. Although studies in the Drosophila wing disc revealed essential mechanisms of
how signaling pathways, morphogens and planar forces govern PSE growth, 3D studies
are absent (rev in. Diaz de la Loza and B. J. Thompson, 2017), partly due to the limitations
to imaging all three dimensions. With respect to studying PSE growth in 3D, the zebrafish

provides a more adequate system, allowing new insights as showcased by this study.

4.2.3 Tissue and cell characteristics in the Hdac1-/- retinal PSE

In order to test the limits to proliferative growth in the retinal PSE, | took advantage of
the previously described hdac1 mutant condition (Yamaguchi et al., 2005). Here, histone
deacetylase 1 is knocked down by a nonsense mutation and this results in the lack of

inhibition of Wnt and Notch signaling pathways. As Wnt promotes cell cycle exit and Notch
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promotes cell differentiation in the zebrafish retina, the hdac1 knockdown causes a
complete lack of retinal differentiation and a continuous proliferation in hdac1-/- fish. In my
analysis, | show that in the hdac1-/- growth scenario, a cell shape change, necessary to
maintain tissue shape in the WT, is inhibited. Specifically, in hdac1-/- fish, cell height does
not increase between 36 and 42 hpf as in the WT and this leads to height conservation,
tissue buckling and the previously observed folded, perturbed tissue shape. Such a severe
perturbation of the otherwise smooth retinal surface would most likely perturb its function in
the optical path of the eye.

Throughout the shape changes and folding of the hdac1-/- retinal PSE, its “external’
shape remains the same. l.e., a smooth ellipse can always be circumscribed to the tissue,
raising the possibility that external constraints, that help maintain the shape, do not adapt
to these perturbations in tissue shape. In accordance with this hypothesis, the RPE, the thin
surrounding epithelium and a possible external shape determinant, remains to smoothly
surround the retinal PSE surface in the hdac1-/- fish, instead of folding with it (Figure 21D).

The effects of the hdac1 knockdown in the eye are not restricted to the retina. | showed
that the lens in the hdac1-/- condition, once separated from the retinal tissue, ceases to
increase its size, conversely to the lens in the WT, that continues to grow with the retina
(Figure 21B). It would be interesting to investigate whether this difference might be due to
the retinal tissue, its ECM, or other secreted factors providing instructive cues for the growth
of the lens tissue. Such an effect, causing lens size that is disproportional to the retinal size

might be another loss for eye function in the hdac1-/- fish.

4.2.3.1 Buckling in PSE tissues

Folding of the zebrafish retinal PSE in the hdac1-/- fish is a perturbation of tissue shape
that is most likely incompatible with retinal function. Initial buckling always happens at the
apical surface, but the position of the folds in the tissue seems random and the resulting
folding pattern is not stereotypical. However, in other PSE tissues, buckling instability and
tissue folding are regulated developmental processes and the function of these tissues
depends on reproducibly generating the folded pattern (Pilot and Lecuit, 2005; Razavi et
al., 2015).

In the gyrencephalic mammalian brains, folding during growth in early development
generates a characteristic pattern of convex gyri (ridges) and concave sulci (grooves;
(Razavi et al., 2015)). Even though the final adult patterns differ, main landmark grooves
and their origin during development, are stereotypical. Multiple hypotheses exist to explain
brain folding, including increasing cell numbers towards the basal, cortical plate, brought
about by proliferation and cell migration and mechanical buckling. However, there is still no

consensus on the overall mechanism, nor on how the typical positions of the early folds are
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determined. Diseases that perturb brain folding, like lissencephaly (smooth brain) or
polymicrogyria (miniature gyri), can have severe consequences on brain function and cause
developmental defects, seizures or impaired muscle function, depending on the position
and size of the affected folds (Jansen, 2005).

However, folding of the gyrencephalic brain differs greatly from the extensive folding in
the hdac1-/- tissue investigated in my study. Unlike folding in the fish hdac1-/- retinal
neuroepithelium, cortical folding occurs at the basal tissue surface. In addition, folds do not
form in the purely PSE tissue architecture, but once specific layers of, e.g., apical, basal
radial glia and neurons already start differentiating. Thus, folding of the cortical
neuroepithelium is a tissue folding phenomenon fundamentally different than folding in the
retinal neuroepithelium, despite generating a seemingly similar final structure.

In the Drosophila wing disc, three main folds divide the PSE tissue into regions (notum,
hinge, blade, Diaz-Benjumea and Cohen, 1993; Sui et al., 2012) that will have specific
functions during wing development and generate distinct structures of the adult wing. Folds
form by apical shortening (Sui et al., 2012) at three points, giving rise to the hinge/notum,
hinge/hinge and blade/hinge fold. Narrow stripes of specific molecular determinants define
the position and cell identity of distinct folds. For example, the Iroquois complex (Iro-C)
homeodomain proteins are expressed in the prospective notum wing disc fold. They specify
body wall identity and cells lacking these proteins switch their fate from notum to hinge cells
(Diez del Corral et al., 1999). Apposition of Iro-C expressing and non-expressing cells
induces invagination and apico-basal shortening of the Iro-C- cells (Villa-Cuesta et al.,
2007), aiding invagination and formation of the hinge/notum fold.

In summary, epithelial folding is a wide-spread mechanism to generate 3D shapes
during morphogenesis (LeGoff and Lecuit, 2015; Pilot and Lecuit, 2005) and drives diverse
processes such as invagination (Drosophila mesoderm invagination, zebrafish optic cup),
functional determination (wing disc) and surface expansion (neocortex). Although the
mechanisms driving buckling and folding might differ greatly between the retinal PSE and
other epithelia, a putative constraint on cell height might act in other folding systems, as
well, aiding morphogenetic changes by allowing preferential expansion of apical or basal
surfaces. Future studies examining changes in cell shape during buckling of diverse tissues

will be essential in order to investigate this possibility.

4.2.4 Nature of the brake on cell height

Based on my analysis of the shape perturbation in the hdac1-/- condition and
comparison to the WT shape development, | suggest that a brake acts on cell height
increase in young (until 40 hpf) WT retinal PSE. This brake has to be released in order to

allow cell elongation and maintenance of WT tissue shape. In the hdac1-/- retinal PSE, this
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brake persists throughout development, resulting in PSE cells never becoming longer than
50 um. The brake on cell height takes the form of a prominent basolateral actin
accumulation that spans the entire basal domain of the tissue (Figure 26A).

This actin accumulation is established early in retinal development, during the process
of optic cup morphogenesis, where it is essential for basal cell constriction and the formation
of the hemispherical tissue shape (Sidhaye and Norden, 2017). Therefore, the basal actin
accumulation is a “morphogenetic relict” that persists indefinitely in the hdac1-/-, while in
the WT it gets removed at the end of the first growth phase, i.e., ~40 hpf. The actin
accumulation is most likely a cortical, not medial cytoskeletal structure, as the basal view
on the cells shows a membrane-bound, ring-like signal, with cytoplasm almost devoid of
actin (Sidhaye and Norden, 2017). Myosin motors co-localize with this actin accumulation
(Sidhaye and Norden, 2017), suggesting, together with the structure’s role in invagination,
that it is contractile. Furthermore, | show that the basal actin establishes a tissue-wide zone
devoid of nuclei (nuclear exclusion zone), a feature that can be used as a readout for the
basal actin accumulation, even without an actin marker. Treatment with the Rho-kinase
inhibitor Rockout perturbs actin accumulation and abolishes the nuclear exclusion zone in
hdac1-/, as well as in the WT in the first growth phase, when the accumulation is still
present.

In addition, | show that cell height increase in the WT depends not only on actin
reorganization, but also on proliferation, as cells did not increase their height past 50 ym
when proliferation was blocked by hydroxyurea and aphidicolin (HU+A) (Table 6).
Therefore, both actin reorganization and proliferation are necessary to increase cell height.
Direct testing of how the actin accumulation and proliferation affect cell height is difficult, as
tools that interfere with actin organization interfere with proliferation as well. We would first
need to develop tools that target specific actin pools in the cell, to perturb only the basal
region. The first step towards such tools would have to identify the exact nature of the actin
accumulation (e.g., actin bundles, stress fibers, meshwork, ...), as well as the molecular
players organizing the actin in the basal portion of the retinal PSE, such as specific formins,
capping or bundling proteins. Identifying the exact molecular players organizing actin in the
basal portion of the retinal PSE is essential in order to be bale to interfere with it specifically,
without disturbing overall cortical activity, intracellular transport, or cell divisions (cell cycle).

Cell height changes in many systems during development, for example during initial
formation of the PSE tissue architecture from cuboidal cells in the mouse neural tube
(Grego-Bessa et al., 2016) or the wing disc (Widmann and Dahmann, 2009a). It would be
interesting to see if a brake on cell height might limit cell elongation in such processes, as

well.
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4.2.5 ECM-dependence of actin brake

As the actin accumulation and its disappearance takes place in the basal tissue region,
| investigated the effect that the underlying ECM (basal lamina) has on the actin bias and
nuclear exclusion zone. It is already known that changes in the ECM composition and
increased tension to the cellECM attachments can cause major cytoskeletal
rearrangements, such as actin stress fiber formation (rev. in Burridge and Guilluy, 2016). In
addition, as mentioned before, the basal actin accumulation, necessary for invagination
during zebrafish optic cup morphogenesis depends on the ECM integrity (Sidhaye and
Norden, 2017). Therefore, changes originating at the ECM are highly relevant candidates
as external cues for basal actin removal. To test this, | have perturbed ECM organization
using the collagen-degrading enzyme, collagenase, by injecting it into the intravitreal cavity
of the eye. This treatment indeed removed the basal actin accumulation and the nuclear
exclusion zone, suggesting that these features depend on an intact basal lamina.
Proliferation, aside from many other epithelial features, depends on cell-ECM attachments
so my perturbing of this connection probably inhibited proliferation, as well. While this effect
should still be analyzed in more depth, severing of cell-ECM attachments is most likely the
reason why collagenase treatment, even though it perturbed the basal actin, did not induce
an increase in cell height as | showed this depends on proliferation as well as actin
reorganization.

If the brake on cell height depends on the ECM and my data indicates that this is the
case, a putative change in the ECM is possibly absent in the hdac1 condition, causing the
actin accumulation to persist and restrict cell height. The question remains of what exact
change in the ECM might trigger actin reorganization and why exactly it is absent in hdac1
retinas. Follow-up studies focusing on the mechanism of ECM-dependent actin
reorganization should identify the ECM component or structural feature that changes with
actin reorganization in the WT. Such studies could analyze the transcriptome for ECM
genes, in different developmental stages of the WT and hdac1-/- retinas, to investigate how

their expression changes before and after brake release (~40 hpf).

4.2.5.1 ECM in maintaining PSE shape

My study points to a critical role of the ECM and/or cell-ECM attachments in maintaining
tissue shape during retinal PSE development. This effect is most likely achieved through
ECM-dependent timely tissue-wide cytoskeletal reorganization that allows cell height
increase. Besides my data, several studies on the Drosophila wing disc showcase such a
prominent role of the ECM in regulating the shape of PSE cells and tissues (Dominguez-
Giménez et al., 2007; Ma et al., 2017; Sui et al., 2012).
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Dominguez-Gimenez et al. (2007) showed that cell-ECM adhesions are essential for
the formation of PSE architecture. During fly embryonic development, the wing disc PSE
arises from a cuboidal epithelial sheet. Transition from cuboidal to pseudostratified
columnar in wing disc depends on TGF-beta/Dpp (Gibson, 2005; Shen and Dahmann,
2005; Widmann and Dahmann, 2009a) and Wnt/Wingless signaling (Widmann and
Dahmann, 2009b), as well as integrins (Dominguez-Giménez et al., 2007). This cell
elongation into a cuboidal shape is necessary for the development of wing disc folds, that
allow specific tissue regions to come in contact, a feature essential for future developmental
steps and tissue patterning (Dominguez-Giménez et al., 2007). Cell-ECM attachments
through integrins here provide an instructive, rather than a structural role for cells to become
longer. The authors also propose that the maintenance of this developed columnar cell
shape is ensured by lateral, not only basal, integrin-mediated cell-ECM attachments.

In the wing disc of a Dorsocross (Doc) mutant fly, (Sui et al., 2012) ECM degradation
by metalloproteases and loss of celllkECM attachments promotes tissue bending and
perturbs the stereotypical wing disc fold formation, similar to the example above. Here, the
degradation of the ECM inhibited proper organization of the microtubule cytoskeleton, which
led to the cells changing their shape by shortening the apico-basal cell axis. Sui et al.
present T-box Doc genes as novel regulators of ECM integrity and degradation and the
ECM as an essential structural support that ensures proper cell shape changes, as well as
tissue-wide shape remodeling of the wing disc PSE.

In the 2011 study by Pastor-Pareja and Xu and a follow-up study from 2017 (Ma et al.,
2017), the authors also point to the major role that the ECM has in cell shape of the growing
wing disc PSE. They confirm that ECM degradation induces shortening of PSE cells. In
addition, the authors suggest that specific effects on cell shape depend on ECM
composition, by affecting ECM and cellular mechanics. Knockdown of the ECM cross-linker
Perlecan increased cell compression and changed cell shape by making cells longer and
thinner, but had no effect on tissue size. Collagen 1V loss, as well as ECM degradation by
metalloproteases had the opposite effect, making cells shorter and wider. The authors
suggest that this is due to lower compression being exerted by the ECM onto the wing disc,
promoting cell relaxation. Additionally, Ma et al. suggest that ECM controls the escape of
the morphogen Dpp from the tissue. As Dpp, a BMP/TGF-beta pathway ligand, promotes
wing disc growth, this conclusion implies a role of the ECM in tissue growth not just through
mechanisms of anchorage-dependent cell proliferations, but through retention of
proliferation cues inside the tissue.

Aside from my study on the zebrafish retinal PSE and studies on the wing disc, the
shape of the PSE in human retinal organoids was shown to depend on an intact ECM and

cell-matrix adhesions, as well (Nakano et al., 2012). Here, ECM perturbation by integrin-
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blocking antibodies abolished a basal nuclear exclusion zone, very similar to my results
from the retinal PSE. The PSE structure and development of human organoids bares
striking similarities to the zebrafish retinal PSE, more so than the mouse retinal organoids.
This might suggest that, when it comes to retinal PSE tissue shape maintenance, the
mechanisms behind human retinal PSE are more similar to zebrafish than to mouse. It
would be very interesting to investigate these similarities and differences in more detail in a
continuation of this study, to check for a brake on cell height in human retinal organoids and
investigate how changes in cell height in this system might have to coordinate with overall

tissue size, shape and differentiation to generate a functional retina-like tissue.

Regulating cell height might be an important developmental task for PSE tissues in
general, possibly because of the necessity to coordinate their cell shape and proliferation
(section 4.2.2) to regulate tissue shape. Here, the regulation of cell shape through the ECM
might be a conserved mechanism. Based on the essential role that the ECM has in
regulating cell shape in various PSE, | suggest that an intact ECM and cell-matrix
attachments might be conserved regulators of cell and tissue shape during PSE
development. Additional to the previous studies and based on my findings, | also propose
that in the zebrafish retinal PSE, ECM composition and adhesions have to not only be intact,
but also actively changed at a precise developmental time point in order to allow acute cell

elongation and tissue shape maintenance during growth.

Although we now have many insights into the different roles and the importance of ECM
and cell-ECM attachments in development of PSE tissues, the exact upstream mechanisms
by which such regulation is achieved remain elusive. In the following section, | propose a
putative mechanism by which timely cell-ECM regulation might act in the zebrafish retinal
PSE. This mechanism might be suggestive of the possible molecular players regulating cell

height in other PSE systems, as well.

4.2.6  Putative regulatory mechanisms for actin brake release

Upstream signaling cues most likely affect ECM and cytoskeletal organization during
retinal PSE growth and play a role in coordinating tissue size and shape with, e.g., cell
differentiation. Although | have not identified such cues, | can hypothesize what they might
be based on previous studies.

Whnt and Notch signaling pathways are active in the zebrafish retinal PSE and become
inhibited by Hdac1 in the WT, to allow cell differentiation (Yamaguchi et al., 2005). As this
inhibition is absent in the hdac1-/- retinas, Wnt and Notch signaling remain active and result

in the folded retinal phenotype. As | showed that cell height conservation and a basal actin
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accumulation in the hdac1-/- underlies this tissue buckling and folding, | assume that lack
of Wnt and Notch inhibition by Hdac1 might also govern the stability of the basal actin
accumulation. The basal accumulation, in turn, depends on the ECM. We know that actin
polymerization inside cells can be affected by the components of cell-ECM attachments
(integrins, talins, kindlins, focal adhesion kinases), the components of the ECM itself, as
well as tensions exerted on the attachments (Burridge and Guilluy, 2016). All these
parameters can trigger the formation (high tension) or disassembly (low tension) of actin
fibers and bundles (rev. in Swaminathan and Waterman, 2016). This relationship suggests
that Wnt and/or Notch might be involved in upstream regulation of the cell-ECM adhesion,
or ECM composition or structure and through them regulate actin organization. In the WT,
this would imply that timely physiological inhibition of Wnt and Notch by Hdac1 triggers an
ECM change that reorganizes actin and releases the brake on cell height.

We are only beginning to understand how Wnt and Notch signaling pathways integrate
with cell-ECM adhesion regulation (rev. in Astudillo and Larrain, 2014; LaFoya et al., 2016
respectively). A lot of evidence now exists that ECM components regulate Wnt and Notch.
However, several studies also show the reciprocal relationship. For example, Notch
signaling can increase the affinity of integrin cell-ECM receptors to collagen (Hodkinson et
al., 2007; Leong et al., 2002), thus strengthening cell-ECM attachments. Non-canonical Wnt
signaling can modulate dynamics of focal adhesions and regulate ECM assembly. The
canonical, Wnt/B-catenin signaling pathway, on the other hand, regulates the expression of
genes encoding ECM proteins (rev. in Astudillo and Larrain, 2014). Therefore, by
modulating integrin connections to the ECM, focal adhesions and ECM assembly, Wnt and
Notch signaling indeed have the ability to modulate both cell-ECM force transmission and
ECM composition and structure. Wnt and Notch inhibition by Hdac1 in the WT could, thus,
trigger actin depolymerization inside the cell and result in the depletion of the basal actin
pool. In the hdac1-/- fish, Wnt and Notch are not inhibited, so in the previous scenario, the
cell-ECM attachments, as well as ECM itself, would also be unaffected, basal actin pool
preserved and cell height increase inhibited.

Another putative pathway by which Hdac1 might affect cell-ECM attachments and actin
organization, is via Numb. During zebrafish optic cup morphogenesis, the Notch signaling
antagonist Numb has been shown to affect basal cell constriction by inhibiting cell-ECM
force transmission (Bogdanovi¢ et al., 2012). By promoting integrin endocytosis and
depletion of focal adhesion kinase from the basal side of the cell, Numb depletes the basal
actin pool. If Hdac1 would inhibit Notch via Numb activation, such an Hdac1-Numb pathway
would constitute one more way by which Hdac1 might interfere with actin organization and

cell height. However, a link between Hdac1 and Numb remains to be investigated.



4 DISCUSSION 103

In order to understand how exactly Hdac1 knockdown preserves the basal actin and
cell height, follow-up studies should focus on investigating this molecular mechanism and
upstream cues that trigger the ECM change. They should examine the role of Wnt/Notch
signaling in the putative physiological change in the ECM ~40 hpf and how exactly this
change might affect actin distribution, i.e., induces actin concentration at the apico-basal
cell poles. The effect of Wnt/Notch on ECM composition could in the future be tested by
transcriptomic analyses of ECM genes in different developmental stages of WT and hdac1-
/- retinas, to check how their expression might differ and whether hdac1-/- transcriptomic
profiles mimic young WT profiles with respect to these genes. The effect of Wnt and Notch
on cell-ECM adhesion and force transmission will be difficult to test directly in the tissue and
could be inferred from laser ablation experiments and quantitative image analysis (Goodwin
et al., 2016) using high resolution imaging systems.

Overall, the molecular mechanism behind the developmental cell height increase in the
zebrafish retinal PSE might include the interplay of Hdac1, Wnt/Notch and their effect on
cell-ECM force transmission. Its elucidation could provide hints to how coordination of tissue
shape and size might work in other PSE systems and could be tested for effect in the human

retinal organoids mentioned above.

4.2.7 Physical models for tissue-wide cell height increase

4.2.7.1 3D vertex model predictions of cell height increase

Experimentally, it is difficult to directly show that the basal actin accumulation acts as a
brake on cell height increase. To test this, | would have to not only generally perturb actin
organization in the hdac1-/- tissue, but induce the exact reorganization that occurs in the
WT condition. I think (with Guillaume Salbreux) that the actin effect on cell height arises not
just from removing the basal accumulation, but reorganizing it, by concentrating at the poles
and depleting from lateral membranes. A 3D vertex model (Alt, 2016; Alt et al., 2017)
predicts that such a redistribution would cause a change in the force balance of epithelial
cells through redistributing tension, which could be sufficient to generate an increase in cell
height. Unlike the more generally applied 2D vertex models, the 3D vertex model takes into
account stresses not generated only at the apical cell surfaces and allows the study of
complex 3D deformations of epithelia. It bridges the scales between vertex models and
continuum models, to predict tissue wide cell behaviors, such as cell height and density
changes, that originate from cell-intrinsic, as well as extrinsic, tissue-wide tensions and
pressures. This model was successfully applied to describe shapes and stability of epithelial
during 3D morphogenetic processes of Drosophila tissues {Alt:2016wn} and we plan to use

it to predict the behaviors of the retinal PSE cells, given my measured parameters.
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4.2.7.2 IKNM as a mechanism to lower tissue viscosity

Despite the actin reorganization being sufficient to predict the cell height increase from
the 3D vertex model, my data shows that height increase does not happen without
proliferation, even if basal actin accumulation is perturbed. Therefore, actin reorganization
is not sufficient to increase cell height in the retinal PSE and the mechanism proposed
above has to be modified to correctly predict the observed cell behaviors.

Proliferation in the PSE is underlined by the cell cycle-dependent phenomenon of IKNM,
where nuclei actively migrate apically in the G2 phase of the cycle. It was previously shown
(Leung et al., 2012) that these active apical movements trigger passive motion of the
surrounding nuclei. When cells are blocked in S-phase by HU+A, apical migration is blocked
and this, in turn, results in the cessation of the passive movements as well. Therefore,
inhibition of proliferation abolishes all nuclear movement in the retinal PSE and we reasoned
(with Guillaume Salbreux), that proliferation is necessary to increase cell height due to its
effect on tissue dynamicity, rather than by increasing overall tissue size. Nuclear
movements in an intact proliferating tissue might lower its viscosity and we hypothesize that
such a material property of the tissue is required to allow changes of cell shape.

To reproduce the above condition of “freezing” nuclei, | plan to block proliferation by
applying a ~6-10 h HU+A pulse to only transiently inhibit nuclear motion. In this experiment,
WT fish would be treated with HU+A until the actin accumulation physiologically disappears.
If cell height increase depends on IKNM, height should not increase in this time, irrespective
of the basal actin disappearance. After the HU+A pulse, the tissue should resume IKNM
and proliferation. If cell height increase depends on nuclear movements, cell height should
in theory increase, with a fixed delay compared to the control tissue. Cell height would be
analyzed at specific time-points after HU+A washout in fixed tissues. The HU+A experiment
should allow me to obtain estimations of the tissue’s material properties and measurements
of how cell height relates to proliferation. These could then be used as parameter values of
a model based on our theory that nuclear dynamics and actin reorganization are both
necessary to drive cell height increase. The predictions of the model would be compared to
our initial experimental data on cell height in different conditions, to see how well our theory

might explain experimental observations.

4.3 PERSPECTIVES

4.3.1 3D in vivo analyses of growth and shape as essential datasets for systems and synthetic
biology

With respect to integrating complex biological findings across scales, we are today

seeing the dawn of the systems biology era of biology. It aims to understand entire biological

systems on multiple functional scales well enough to be able to rebuild them
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computationally. At the moment, however, we still have mostly fragmented data from
multiple sources and systems. Several groups tried to simulate large biological systems for
which quantitative data on single cells and cellular dynamics is available. See e.g., virtual
worm (Palyanov et al., 2016; http://www.openworm.org/, Szigeti et al., 2014), virtual liver
network (http://www.virtual-liver.de/) or digital mouse embryo (Guignard et al., 2017). Arthur
Lander reviewed such system-biology approaches and interpretations of how cellular
machinery controls tissue patterning and growth (Lander, 2011).

3D tissue-wide analyses with cellular and subcellular resolution are important for the
aims of organoid and synthetic biology, as well. Here, they provide a ground truth of the
cellular-level events that build a healthy tissue. With this, 3D tissue-wide datasets might
provide possibilities to troubleshoot, e.g., organoid development, where an organoid system
does not grow into a correct shape. My study, with others, raises the possibility that ECM
composition might have to be changed during organoid development to control cytoskeletal
reorganization and correct cell shape changes. Without this change, the organoid might not
have an optimal shape and, in turn, its function might be compromised, as well. Studies
such as mine would have to be combined with data about chemical conditions and external
constraints that affect tissue development, in order to come closer to reproducing in vivo
conditions. Altogether, findings obtained in such interdisciplinary studies allow insights into
development at multiple scales. 3D tissue-wide studies on how size and shape is generated,

maintained and coordinated might be instrumental to reach new goals of biology.

4.3.2 Apico-basal support in thick epithelia

My laser ablation experiments indicated that PSE cells act like springs, as they recoiled
towards center of the cell upon the cut. Because of this centripetal tension, these cells
perhaps cannot, with a given volume, be longer than the ~70 ym | measure after the brake
on height is released. In theory, these cells could increase their volumes to perhaps allow
further elongation. However, the retinal PSE grows by an increase in cell numbers, rather
than by cell growth. As the zebrafish retina grows throughout the life of the fish, in order for
the tissue to grow in thickness more than 70 ym, a break in PSE structure might be
necessary. Neuronal delamination and layering might provide such a structural dissipation.

Interestingly, not all cells delaminate from the retinal tissue surface as they differentiate.
The retinal glial cell type, the Muller glia, are the only cells that continue spanning the entire
retina after the monolayered PSE architecture is broken by delamination. Even though they
function in more processes, Miller glia connect the apical-most to the basal-most surface,
similar to the PSE cells in earlier developmental stages and have a role in mechanical
support (MacDonald et al., 2015). Without them, the soft neuronal retinal tissue was shown

to more easily rip and tear at the layer boundaries (MacDonald et al., 2015). With intact
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Muller glia, the retina was able to resist tear. The progenitor PSE tissue, with all its cells
attached apico-basally, also resisted tear, similar to the laminated tissue with Miller glia. It
was thus proposed that the thick PSE and retinal tissues need the tensile strength provided
by spring-like cells that connect the apical and basal surfaces, in order to resist external
forces (MacDonald et al., 2015). This model has possible implications on PSE growth
studies, as a maximal cell length could exist for PSE progenitor cells due to such spring-
like properties.

With respect to my study, this putative intrinsic length maximum might depend on cell
volume and could be incorporated into the model of limits on PSE proliferative growth, if

one would like to account for all constraints that might act on this tissue’s form.

4.3.3 Timingin retinal PSE development

Whatever the upstream coordinator and the physical mechanism of changes in tissue
size and shape might be, timing is essential during retinal PSE development. My results
show that mechanical constraints that govern tissue development have to be precisely
coordinated in time. If the actin brake on cell height is released too late (i.e., when the tissue
is too large), the retinal shape will be perturbed, as in the hdac1-/- phenotype, causing
irreparable structural and most probably functional damage to the eye.

Timing of developmental events is similarly important in the earlier stages of
development. During zebrafish optic cup morphogenesis, cell migration has to be
coordinated with acquisition of neuroepithelial character. If migration is too slow, cells will
start invaginating outside of their target tissue, leading to a perturbed tissue shape (Sidhaye
and Norden, 2017). Therefore, migrating cells have to reach their target tissue in time in
order to properly form the optic cup. Among the events of later retinal developmental stages,
the timing of neuronal differentiation does not depend on reaching an optimal tissue size. If
proliferation is blocked with HU+A, retinal tissue will be smaller and have fewer cells (Kwan
et al., 2012), but will still differentiate (Icha et al., 2016). Such differentiation inside a smaller
tissue might result in fewer neurons and a less elaborate synaptic network, creating a sub-
optimally functioning retina. My data suggests that differentiation does not depend on retinal
shape, either, because PSE cells differentiate in the tissue that buckled and developed folds
(Figure 18C). In this case, neuronal layers form and cell numbers might be similar to the
WT condition, but the folds in the retina will most likely affect light propagation and detection,
i.e., retinal function.

These examples from the retinal PSE demonstrate that processes that regulate tissue
size, shape and differentiation have to be extremely well coordinated in time, as one does

not necessarily rely on the successful completion of the other. We still do not know what
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level of developmental error (variability) is tolerated in cases where this coordination is
faulty, to still reproducibly generate an optimally functioning tissue.

The question of how tissue size, shape and differentiation are coordinated remains a
major open question in developmental biology. Overall, deciphering how tissue growth,
governed by nutrition and signaling pathways, is spatiotemporally integrated with cellular-
and organ-scale mechanics and dynamics, will be necessary future goals towards an
understanding of how emergent properties coordinate across multiple scales (Dumont and
Prakash, 2014; Lecuit and Le Goff, 2007).

4.4 CONCLUSION AND OUTLOOK

In this thesis, | analyzed the cellular contributions to growth and shape of the retinal
PSE through development, in a 3D tissue-wide study. | tested proposed limits to PSE growth
and suggest that this tissue grows and maintains its shape in accordance with a three-
dimensional constraint specific to the PSE architecture. | revealed that a brake on cell height
increase exists in earlier stages of development and prevents premature cell shape change
during growth. Based on my analyses, | propose that a timely release of this ECM-
dependent brake is necessary to maintain the shape and function of the retinal tissue.

Findings obtained in this study highlight the cytoskeleton and the ECM as the main
players that directly orchestrate changes in size and shape. Furthermore, cell height and its
precise temporal regulation might be a key cellular parameter in generation of functional
epithelial tissues. This might be a more general mechanism, in which thick epithelial tissues
alter their cellular mechanics and by this redefine the major physical constraints that govern
their development. Overall, this work contributes to our understanding of how cell-scale
parameters such as size, cycle length and shape, change during development, to generate
a zebrafish retinal tissue of correct size and shape. It showcases that maintenance of
uniform tissue growth during development is not a default state, but one that requires active

maintenance at the cell level (Shraiman, 2005).

As a model to study developmental shape and size disturbances, the zebrafish retina
provides unprecedented study conditions. It is a transparent tissue that is situated at the
surface of the animal, allowing direct observation and analysis of growth and shape by live
and fixed imaging. This makes it an exceptional system to study size and shape of
developing epithelia on the cellular level and in a tissue-wide, 3D, quantitative manner, a

feature that was extensively employed throughout this study. Such 3D tissue-wide studies
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of long developmental courses have the potential to provide us with unprecedented
understanding of coordination of developmental events across scales.

Future experiments should aim at identifying the exact molecular players that trigger
actin reorganization, e.g., investigate the effect of premature Wnt and Notch inhibition on
cell height in the WT. Biophysical modeling using the measured cellular parameters can
help us understand the necessary distribution, scale and effect of mechanical forces on
PSE cell height increase. Finally, it would be interesting to study growth of the human retinal
organoids in comparison to the zebrafish retinal tissue, to check if the model of cell height-
based coordination of growth and shape, proposed in this study, might be applied to drive

in vivo-like development of the organoid.
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2 P.J. Strzyz et al.

Abstract

Pseudostratified epithelia (PSE) are tightly packed proliferative tissues that are impor-
tant precursors of the development of diverse organs in a plethora of species, inver-
tebrate and vertebrate. PSE consist of elongated epithelial cells that are attached to
the apical and basal side of the tissue. The nuclei of these cells undergo interkinetic
nuclear migration (IKNM) which leads to all mitotic events taking place at the apical
surface of the epithelium. In this review, we discuss the intricacies of proliferation in
PSE, considering cell biological, as well as the physical aspects. First, we summarize the
principles governing the invariability of apical nuclear migration and apical cell divi-
sion as well as the importance of apical mitoses for tissue proliferation. Then, we focus
on the mechanical and structural features of these tissues. Here, we discuss how the
overall architecture of pseudostratified tissues changes with increased cell packing.
Lastly, we consider possible mechanical cues resulting from these changes and their
potential influence on cell proliferation.

1. INTRODUCTION

Pseudostratified epithelia (PSE) are proliferative tissues that feature
elongated epithelial cells. These cells are organized into a single, tightly
packed epithelial layer (Fig. 1). PSE give rise to various tissues in a wide
range of invertebrate and vertebrate organisms. The term pseudostratified
arose from initial observations of PSE, where the various positions that the
nuclei of these epithelia occupy along the apico-basal axis were interpreted as
cell stratification. However, it later became clear that despite its stratified
appearance, all cells within the epithelial sheet are attached to both the apical
and basal surfaces of the tissue (Sauer, 1935; Smart, 1972) (Fig. 1). The nuclei
in PSE are dynamic and perform apico-basal movements correlated with the
cell cycle. These nuclear movements are known as interkinetic nuclear
migration (IKNM) (Sauer, 1935). IKNM consists of different modes of
nuclear movement: Shortly before mitosis, nuclei move to the apical surface
in a rapid and directed manner (Kosodo et al., 2011; Norden et al., 2009;
Strzyz et al., 2015; Tsai et al., 2010). This apical migration is highly con-
served among organisms and appears in all cells within PSE before cell
division. Consequently, all mitotic events in PSE are localized to the apical
surface of the tissue. Following division, daughter nuclei are displaced from
the apical surface and localize to more basal positions. In most systems studied
so far this basal translocation is slower than apical migration (Kosodo et al.,

2011; Norden et al., 2009).
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Figure 1 Pseudostratified epithelia (PSE) can be categorized into three major types. (A)
The short PSE in which cells are 20-30 pm long and their nuclei organize into two to
three layers inside the tissue. Examples include the vertebrate endodermal organ buds
(Bort et al., 2006) and the Drosophila optic lobe (Rujano et al., 2013). (B) The intermediate
PSE [eg, fly imaginal discs (Meyer et al., 2011) and zebrafish retinal neuroepithelium
(Norden et al., 2009)] in which cells are up to 60 pum long and the tissue typically has four
to five nuclear layers. (C) The long PSE found in, for example, in the neural tube of higher
vertebrates at later stages of development. This tissue comprises eight or more nuclear
layers and its cells span up to 100 pm (Smart, 1972). An example of extremely thin and
elongated PSE is found in the developing neocortex, where the length of the radial glial
cells exceeds 200 pm (Taverna and Huttner, 2010).

As cells within pseudostratified tissues are arranged in a tightly packed
epithelial sheet, it has to be considered that nuclear movements during
IKNM do not occur in isolation. On the contrary, nuclei move and divide
within a tissue, which progressively expands and increases its cell density with
every round of division. As cells proliferate, their morphology within the
PSE also changes. They progressively elongate and decrease their apical
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surface (Smart, 1972). As a consequence, proliferation in pseudostratified
tissues influences the overall tissue organization and most likely has implications
for tissue maturation, and consequently, continued proliferation might affect
the tissue-scale mechanical properties and responses to mechanical stimuli in
the PSE (Humphrey, 2003). Even though research has just touched upon it in
the PSE, mechanical stimuli are well known to modulate cellular behavior,
including proliferation [see (Benham-Pyle et al., 2015; Pathak et al., 2014)].
Changes in cell numbers occurring upon proliferation might therefore directly
influence the mechanical properties of PSE, thereby creating a regulatory loop
that feeds back to proliferation and/or differentiation.

1.1 Widespread Presence of Pseudostratified Epithelia

in Diverse Developmental Contexts

PSE are commonly seen during the development of many different species.
In vertebrates, they give rise to a plethora of tissues, including the liver, lung
and pancreas buds, gut, nasal placode epithelia, otic placode/vesicle, lens
placode/vesicle and the central nervous system. Recently, this list has been
further expanded by showing that PSE also play important roles during very
early mammalian development, for example by forming the epiblast of the
gastrulating mouse embryo (Ichikawa et al., 2013). Furthermore, pseudos-
tratified tissues are not restricted to vertebrates. They are also found building
the embryonic ectoderm of the sea anemone Nematostella (Meyer et al.,
2011), imaginal discs of fly larvae [precursors of legs, wings and antennae
(Meyer etal., 2011)], as well as the fly optic lobe neuroepithelium [precursor
of the visual processing centers of the fly brain (Rujano et al., 2013)]. This
means that pseudostratified tissues precede the formation of many organs in
both vertebrates and invertebrates. Therefore, studying their biology should
generate insights on how these organs originate and develop. Additionally,
most likely the tissues described as PSE to date do not exhaust the full
spectrum of pseudostratification occurring in nature. Thus, further studies
of various organisms and tissues at different developmental stages are needed
to fully understand the role these tissues play during ontogenesis.

1.2 Heterogeneity of Pseudostratified Epithelia

As mentioned previously, PSE can be found throughout the animal king-
dom. Although all PSE share the dispersed, “layered” nuclear arrangement,
they can largely vary with respect to their cell length. Difterent PSE can
span apico-basal distances from less than 30 micrometers to hundreds of
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micrometers and even millimeters (Fig. 1). Furthermore, the degree of
pseudostratification of a PSE, which describes how many nuclear layers
are stacked within the epithelial sheet, can also vary. In the remainder of
the review we will refer to this layering feature as tissue packing. One of the
most prominent and most studied pseudostratified tissues is the developing
neocortex in rodents and other mammals. During the development of the
cortex, cells progressively elongate and their length is highly dependent on
their developmental stage (Huttner and Brand, 1997; Florio and Huttner,
2014; Schoenwolf and Alvarez, 1989; Sauer, 1935). Therefore, we will use
the central nervous system as an example to illustrate the large variability of
cell lengths in pseudostratified tissues and to subdivide PSE into categories
with varying degrees of cell elongation and nuclear stacking.

The vertebrate central nervous system originates from the neural plate
(Schoenwolf and Alvarez, 1989; Sauer, 1935; Smith and Schoenwolf, 1989;
Smith et al.,, 1994). Cells forming the neural plate are relatively short,
measuring 20-30 pm and their nuclei arrange into only two to three nuclear
layers. A similar tissue organization is found in the neuroepithelium of the
optic lobes in Drosophila (Rujano et al., 2013), vertebrate otic vesicle
(Clendenon et al., 2009; Hoijman et al., 2015), and endodermal organ buds
(Bort et al., 2006). In all these tissues in which nuclei are stacked into only
two or three layers, cells show a rather columnar morphology. For the
purpose of this review, we will refer to these tissues as short PSE (Fig. 1A).

As the development of the brain progresses, the neural plate forms the
neural tube and the brain vesicles. These structures are built from prolifer-
ative neuroepithelial cells, initially spanning apico-basal distances of
30—60 pm. In these more elongated epithelia compared to the short PSE,
progenitor nuclei arrange on average into four to five layers (Jeong and
McMahon, 2005; Nagele and Lee, 1979). A similar tissue organization is
observed in retinal and hindbrain neuroepithelia of the zebrafish (Leung
et al., 2011; Norden et al., 2009), the epithelium of the developing mouse
intestine (Grosse et al., 2011), the fly imaginal discs (Meyer et al., 2011) and
the ectoderm of the sea anemone Nematostella (Meyer et al., 2011). Cells in
these tissues are discernibly less columnar than those in simple PSE; however,
they still retain some cytoplasm in their apical and basal processes. In this
review, they will be referred to as intermediate length PSE (Fig. 1B).

At later stages of development, intermediate length neural progenitors
elongate further. For example, in the neural tube and the retina of higher
vertebrates, these cells reach a final length of up to 100 pm, arranging
their nuclei into eight or even more layers (Iulianella et al., 2008;
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Nasonkin et al., 2011; Smart, 1972). We will define these as long PSE
(Fig. 1C, upper half). In the developing neocortex, PSE elongation is even
more extensive and accompanied by specification of neuroepithelial cells
and their transformation into the radial glial cells (Bystron et al., 2008).
These cells can be extremely elongated, measuring mms in primates
(Miyata, 2008; Rakic, 1972). The ratio of their length to width is very high
and their processes contain very little cytoplasm. The only bulky region of the
cell is found around the nucleus. This gives radial glial cells a “bead on a string”
appearance (Taverna and Huttner, 2010). Markedly, the nuclei in radial glia are
not dispersed along the entire apico-basal axis of these highly elongated cells,
but reside in a restricted zone within 150 pm of the apical surface, where
they are densely packed, exceeding ten layers (Miyata, 2008; Okamoto et al.,
2014; Smart, 1972) (Fig. 1C). Radial glial cells achieve extreme degrees of
cell elongation that are not comparable to any other pseudostratified tissue
described here, and we will therefore consider them separately.

In sum, PSE are a diverse and heterogeneous group of tissues, exhibiting a
wide spectrum of cell lengths and nuclear layering. The difterences in cell
length can be correlated to differences in the overall cell architecture and
nuclear stacking within the tissue. More specifically, cell elongation seems to
correlate with a thinning of apical and basal processes. Additionally, in more
elongated cells, nuclei are stacked into more layers, leading to increasing
pseudostratification of the tissue. During development, both the degree of
tissue pseudostratification and cellular length increase, with the most extreme
example of this change being found in the neural tissue of higher vertebrates.

Despite the heterogeneity of PSE, one common characteristics of all PSE
is that their nuclei move toward the apical side before mitosis. This apical
nuclear migration occurs irrespectively of cell length or initial nuclear posi-
tion. As a result, all divisions in PSE take place at the apical surface. How this
nuclear movement is accomplished in diverse PSE will be discussed in the
following sections. Additionally, we will consider potential explanations of
its conservation in all PSE.

E 2. APICAL NUCLEAR MIGRATION IN PSEUDOSTRATIFIED
EPITHELIA

In the 1930s, it was first noted by Sauer that nuclei in PSE move to the
apical surface before mitosis (Sauer, 1935). Since then many studies focused
on characterizing the phenomenon of nuclear movements in PSE. It is now
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clear that apical nuclear migration is an active process dependent on cell
intrinsic forces generated by cytoskeletal components (Norden et al., 2009;
Spear and Erickson, 2012a; Strzyz et al., 2015; Tsai et al., 2010). Furthermore,
apical nuclear movements have been shown to occur in a fast, persistent
and directional manner in many systems (Kosodo et al., 2011; Norden
et al., 2009; Okamoto et al., 2014, 2013). Additionally, apical nuclear move-
ments are linked to cell cycle progression and occur specifically in the G2
phase of the cell cycle (Hu et al., 2013; Kosodo et al., 2011; Leung et al., 2011;
Spear and Erickson, 2012a). It was suggested that this apical nuclear migration
can cause passive displacement of other surrounding nuclei following division
(Kosodo et al., 2011; Leung et al., 2011). Together, this means that the apical
surface represents the “proliferative zone” of the tissue, in which mainly
mitotic nuclei reside. Consequently, apical nuclear migration appears to be a
key event, responsible for the spatial organization of proliferation in the PSE.
For this reason, we propose the introduction of a novel term to refer to this
important phenomenon. This will highlight the link between apical nuclear
migration and mitosis and distinguish it from other nuclear motion occurring
during IKNM. As nuclei migrate apically, only shortly before mitosis and this
movement is characterized by high directionality and fast kinetics, we suggest
the term Pre-mitotic Rapid Apical Migration (PRAM). Further, we will
depict in more detail how PRAM occurs and discuss its importance for
proliferation in PSE.

2.1 Machineries Responsible for PRAM

Although PRAM occurs in all PSE observed so far, the molecular mechan-
isms driving nuclear movements vary depending on the tissue investigated.
They can either depend on microtubules (MTs) or the actomyosin contrac-
tile system or a combination of both. MTs drive PRAM 1in radial glia of the
rodent neocortex (Hu etal., 2013; Tsai etal., 2010; Xie etal., 2007) as well as
in the elongated neuroepithelial cells of the chick neural tube (Spear and
Erickson, 2012a). In brief, PRAM in these systems occurs via dynein
recruitment to the nuclear envelope. This is followed by the active transport
of the nucleus along M Ts toward their minus ends which are anchored at the
apically localized centrosome (Baftet et al., 2015; Hu et al., 2013; Kosodo
etal., 2011; Tsai et al., 2010). In radial glia cells this dynein recruitment is a
two-step process that involves two nuclear envelope components in combi-
nation with their respective adaptor proteins. Notably, both these pathways
are activated consecutively and are both necessary to ensure that nuclei reach
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the apical surface for mitosis (Hu et al., 2013). In the chick neural tube,
PRAM also occurs in two steps. However here, the second part of the
nuclear movement is driven by actomyosin and not by dynein recruitment
(Spear and Erickson, 2012a).

Interestingly, in short and intermediate length PSE actomyosin contrac-
tility has been shown to be the major force generator ot PRAM (Meyer et al.,
2011; Norden et al., 2009; Rujano et al., 2013). However, the exact molec-
ular mechanisms underlying actomyosin-driven apical migration are so far
not well understood. What is known is that in preparation for mitosis, cells
undergo extensive remodeling of the actomyosin cytoskeleton, resulting in
the acquisition of a rounded cell shape [reviewed in (Heng and Koh, 2010)].
As apical nuclear migration and mitotic rounding occur at about the same
cell cycle stages and both depend on actomyosin contractility, it has been
suggested that apical nuclear translocation represents mainly an initial step of
cell rounding before mitosis (Meyer et al., 2011; Nagele and Lee, 1979; Spear
and Erickson, 2012b). Although this might be the case in shorter PSE cells, it
was recently demonstrated that PSE cells of intermediate length in the
zebrafish retina can enter mitosis and undergo cell rounding at nonapical
positions (Strzyz et al., 2015). Additionally, in zebrafish retinal neuroepithelia
(Strzyz et al., 2015) as well as the epithelium of Drosophila wing disc (Liang
et al., 2014), apical nuclear migration was still observed after mitotic entry at
basal positions. This indicates that at least in intermediate length PSE apical
migration of nuclei and mitotic rounding in preparation for mitosis are
separate processes.

In addition to the question how exactly actomyosin generates the forces
resulting in PRAM, it is furthermore not understood how and why difterent
machineries underlying PR AM i1n difterent kinds of PSE arose. To date, M'T-
based PRAM has been mainly observed in long PSE, whereas actomyosin-
based PRAM is more prominent in short and intermediate PSE. This might
indicate that the differences in the PR AM machinery are related to different
PSE tissue thickness. What could be the reason for this switch in PRAM
machineries upon increasing cell elongation? It is tempting to speculate that
the two different cytoskeletal machineries are able to generate difterent
amounts of forces to bring nuclei to the apical side. It is, for example, possible
that the forces generated by actomyosin are sufficient to drive nuclear migra-
tion over relatively short distances. Following this line of argument, it can be
imagined that in the short PSE of the Drosophila optic lobe for example,
actomyosin-based cell rounding is sufficient to move nuclei apically.
However, with progressive cell elongation and the need of nuclei to cover
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longer distances before reaching the apical side, PRAM might have emerged
as a separate nuclear translocation mechanism independent of mitotic round-
ing. In the intermediate length epithelia, actomyosin seems to be sufficient to
generate such movements. Once PSE further elongated, reaching the length
scales of radial glia cells and having processes almost devoid of cytoplasm, it is
possible that actomyosin is not able to generate enough force any longer to
cover the increasing length scales of PRAM. In these cases, dynein-depen-
dent migration along MTs might have evolved as the more effective force
generator to drive nuclei toward the apical side. This would imply that tissues
which display progressive changes in the degree of pseudostratification dur-
ing development switch from moving nuclei in concert with cell rounding to
actomyosin-driven PRAM and finally to MT-based PRAM. It would be
very exciting to test this hypothesis in forthcoming studies in tissues ideally
from the same organism but with increasing ratios of elongation.

2.2 Nuclear Migration in Tightly Packed Tissue

As mentioned earlier, a striking hallmark of PSE is that the nuclei are
tightly packed into multiple layers and cells are elongated, with high length
to width ratios. Consequently, nuclei in PSE cells do not move in isolation.
On the contrary, migration to the apical side in G2 from within the depths
of the PSE tissue necessitates the movement of the translocating nucleus
through the crowded environment in which neighboring cells also feature
bulky nuclei moving in different directions. Despite this crowded tissue
packing, nuclei undergoing PRAM keep their directed, apical trajectory.
To achieve this, the cytoplasm and organelles of the cell undergoing
PRAM are likely to be displaced and neighboring nuclei rearranged.
Furthermore, the plasma membrane of the PRAM-cell, as well as of the
adjacent cells, will be deformed by the moving nuclei. This means that
proliferation in PSE leads to significant local nuclear and tissue rearrange-
ments (Fig. 3).

So far, it is not known whether and how nuclear dynamics and rearran-
gements in the PSE correlate to tissue packing. It is possible that the dyna-
micity of nuclei is needed to generate pseudostratification in the first place,
for example, by allowing nuclear displacements within columnar cells.
However, it 1s also possible that nuclear movements are a consequence and
not a cause of pseudostratification. To date, multiple functions of overall
apico-basal nuclear dynamics in PSE have been proposed, including a role in
cell fate specification (Baye and Link, 2007; Del Bene et al., 2008), a role in
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shaping the developing organs (Hoiyjman et al., 2015; Langman et al., 1966)
and optimizing proliferation by preventing local cell over-crowding
(Okamoto et al., 2013). Here, we will focus on the function of PRAM
during the proliferative phase in which an expansion of the PSE takes place.
As mitosis in these tissues is directly preceded by PRAM, in the next para-
graphs we will first discuss links of PRAM to cell cycle events and revisit
the current hypotheses of how PRAM might influence proliferation in
different PSE.

2.3 PRAM and Its Links to Cell Cycle

So far, we described the machineries responsible for PRAM in difterent
types of PSE. Another important question is how these machineries are
regulated to reproducibly move nuclei apically exclusively before mitosis.
Recently, different groups provided evidence that PRAM is tightly linked
to cell cycle progression via the activity of the cell cycle kinase CDK1
(Baftet et al., 2015; Leung et al., 2011; Strzyz et al., 2015). CDK1 is a master
regulator of cell cycle continuation and plays a role in the transition from
the G2 phase into mitosis (reviewed in Vermeulen et al., 2003). It was shown
that CDK1 activity is both necessary and sufficient for PRAM (Strzyz
et al., 2015). Interestingly, CDK1 has been demonstrated to play a role in
PR AM of both, intermediate length neuroepithelia of the zebrafish retina as
well as in the long epithelium in neocortex (Baffet et al., 2015; Strzyz et al.,
2015). Hence, it seems that CDK1 can link cell cycle dynamics to the
cytoskeleton independently of which cytoskeletal element is used for nuclear
translocation. How exactly does CDK1 regulate PRAM in these difterent
tissues? CDK1 phosphorylates multiple cytoskeleton related proteins
[(Sivars et al., 2003) reviewed in (Enserink and Kolodner, 2010)] and thus
influences their localization and function. In the radial glia cells CDK1
directly phosphorylates a specific nuclear envelope protein, and only this
phosphorylated protein can efticiently bind to a dynein adaptor protein and
recruit dynein. CDK1 activity has been further shown to influence subcel-
lular localization of another adaptor protein of the dynein complex, regu-
lating its cytoplasmic distribution, which defines whether it binds to the
nuclear envelope or is sequestered within the nucleus (Baffet et al., 2015).
Most likely, similar mechanisms of modifying protein interactions and their
localization by CDK1 phosphorylation also operate during actomyosin-
driven PRAM and allow localized actomyosin contractility. However, the
details of these interactions still need to be explored.
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Therefore, PRAM 1is a phenomenon that depends on cell cycle progres-
sion and invariably occurs in the G2 phase of the cell cycle. Notably, CDK1
activation is a key step necessary for the initiation of PRAM, despite differ-
ences in cytoskeletal components responsible for nuclear movement, making
it a common regulator of PRAM in different systems.

Together, we so far illuminated the cytoskeletal machineries that drive
PRAM and how they are linked to cell cycle progression. However, an
important question remains: Why do all PSE move their bulkiest organelle,
the nucleus, toward the apical side to undergo mitosis? Why is this apical
nuclear migration, which might at first sight appear as a waste of energy,
found 1n all PSE studied to date? In the next chapters, we will outline some
possible explanations for this seemingly counterintuitive phenomenon.

2.4 PRAM and Establishment of Proliferative Zone
at Apical Surface

As cells acquire a rounded morphology in preparation for cell division, they
occupy more lateral space during mitosis than in the interphase (Smart,
1972). For this reason, it has been suggested that nuclei move to the apical
surface because it might provide more space for mitotic events (Fig. 2B).
Consequently, by alleviating the constraints of tight nuclear packing, this
apical restriction of mitotic nuclei achieved by the reproducibility of PRAM
could help these cells to proliferate (Fish et al., 2008; Schenk et al., 2009). In
some PSE, like the neuroepithelium of the retina, due to its tissue curvature,
the apical surface indeed provides more space for the mitotic nuclei than the
basal surface. In PSE with a flat apical surface, however, which is seen for
most other types of central nervous system neuroepithelia, the basal side and
the apical side harbor the same amount of space, and the conservation of the
apical surface as the mitotic zone of the tissue cannot be explained by
providing more space. This becomes even clearer when we look at the apical
surfaces of the brain that have a negative curvature. Here, the apical surface is
much smaller than the basal surface, but the nuclei undergo PRAM despite
the apparent low apical-to-basal surface ratio. Additionally, cell rounding
should be considered, which is a robust process that increases surface tension
and decreases adhesion. It is to be expected that in such a tissue, in which the
actomyosin cortex of the surrounding cells is not as rigid as in the mitotic
cells, the mitotic cell can easily “make space” by the process of rounding and
thereby deform neighboring cells (Fig. 2B and C). Hence, robust division in
the tightly packed tissue would not require the formation of an apical
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Figure 2 Theories on the purposes of PRAM and apical mitosis. (A) The nucleus of a PSE
cell will rapidly migrate through the tightly packed tissue prior to mitosis (indicated by
the gray arrow), in order to divide at the apical surface. (B) More space for cell rounding
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“mitotic only zone” (Fig. 2B). This argument is supported by data which has
demonstrated that in some contexts cells can divide at nonapical locations,
despite tight nuclear packing (Strzyz et al., 2015; Weber et al., 2014).

Thus, compartmentalization of mitotic nuclei to a particular apical zone
might not be absolutely necessary for successtul cell proliferation in PSE.
Still, such a restriction of mitotic nuclei to a defined tissue region of the apical
side, from which interphase nuclei are usually displaced, might allow cells to
divide more freely, without the interfering presence of nonmitotic nuclei in
the vicinity. Therefore, moving nuclei apically might contribute to the
optimization of cell proliferation in a densely packed tissue.

2.5 PRAM and Mitotic Entry

In rat radial glial cells it was observed that when PRAM was blocked during
the final stages of nuclear movement, just before the nucleus had reached the
subapical region, the cells were not able to enter mitosis and remained in a
premitotic state (Hu et al., 2013). On the basis of these observations, it was
speculated that the apical side might provide some signals essential for mitotic
entry (Fig. 2C). This would mean that successtful PRAM is critical for the
proliferation of cells in the PSE, as it would represent a prerequisite for
mitotic entry. However, in other systems including the mouse neocortex,
chick neural tube, as well as the intermediate lengths PSE of the Drosophila
wing disc and the zebrafish retina, it has been shown that cells within the
intact PSE can enter mitosis also at nonapical locations (Liang et al., 2014;
Spear and Erickson, 2012a; Strzyz et al., 2015; Tsuda et al., 2010; Yang et al.,
2012). Therefore, it seems that PR AM is not absolutely necessary for mitotic

at the apical side than within the tissue. Due to the apical endfeet attachments and/or
displacement of interphase nuclei from this region upon rounding, a mitotic zone
devoid of neighbor nuclei might thereby be created apically and aid in PSE
proliferation (Fish et al.,, 2008; Schenk et al., 2009). (C) By entering mitosis at the apical
surface, a cell might gain contact to putative factors that ensure proper completion of
mitotic events (Hu et al., 2013). The identity of such factors, as well as whether they are
intra- or extracellular is so far unknown. (D) PRAM might be important to allow contact
between the nucleus and the apical centrosome (Fish et al., 2008; Miyata, 2008). In
vertebrates, the centrosome is associated with the primary cilium at the apical side of
the cell during interphase. Upon mitotic entry, the cilium is resorbed and the
centrosome participates in spindle formation. (E) Apically dividing proliferative cells
have a horizontally aligned spindle, and both daughters reintegrate into the tissue
after mitosis. Nonapical divisions, however, impede cellular reintegration and cause
perturbations in PSE architecture, suggesting that PRAM helps to maintain tissue
integrity (Strzyz et al., 2015).
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entry in many PSE. Nevertheless, certain signals stimulating mitotic entry
might be provided by the apical surface and some tissues might rely more on
these signals than others.

2.6 PRAM and Centrosome Position

In PSE the centrosome remains apically of the nucleus during the whole cell
cycle (Fig. 2D). In vertebrates, this apical centrosome is involved in nucle-
ating the primary cilium, which serves as a signaling hub during interphase
(Chen et al., 1998; Miyata, 2008; Miisch, 2004; Rodriguez-Boulan and
Macara, 2014). Although in cuboidal and columnar epithelia the distance
between nucleus and centrosome is often in the range of one to five micro-
meters, in PSE these distances can reach up to tens of micrometers depending
on nuclear position before PRAM (Fig. 2A). In mitosis however, the cen-
trosome and the nucleus need to meet, as centrosomes are important factors
for the organization of the mitotic spindle (Nigg and Raft, 2009).
Consequently, it has been speculated that one reason for the occurrence of
PRAM is to bring the nucleus into the vicinity of the apically localized
centrosome for mitosis (Fig. 2D). This, in turn, would ensure that the
centrosome can serve as a basal body for the primary cilium in interphase
and as a spindle organizer in mitosis (Fish et al., 2008; Miyata, 2008, 2015;
Schenk et al., 2009). Therefore, it was suggested that the apical position of
the centrosome is the major cause for PRAM. This indeed seems to be the
case in elongated PSE as well as neocortical radial glia, since in these tissues
the apical centrosome is involved in arranging the MT tracks, along which
the nucleus is transported apically. However, in intermediate length PSE,
PR AM has been shown to occur independently of centrosome position. It
was recently demonstrated that in the zebrafish retinal neuroepithelium
PR AM still occurs following centrosome mispositioning or ablation. It even
ensues after nonapical centrosome-nucleus association (Strzyz et al., 2015).
Similarly, in the Drosophila wing disc apical mitoses take place even in the
absence of centrosomes (Poulton et al., 2014), indicating that also in this
tissue PRAM occurs independently of centrosome position or existence.
This means that apical centrosome localization is not an absolute prerequisite
for PRAM in intermediate length PSE. Nevertheless, by moving nuclei
apically to meet the centrosome in the control scenario, mitotic entry is
most likely facilitated. As the constant apical position of the centrosome is
important for robust signaling from the primary cilium, this might enable the
cell to orchestrate signaling and mitotic events (Fig. 2D).
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It 1s further possible that the apical position of the centrosome also has
additional functions in interphase independent of primary cilia function, as
cells in Drosophila PSE lack primary cilia, but still show apical positions of
centrosomes throughout the cell cycle (Meyer et al., 2011). In this context, it
1s 1maginable that apical centrosomes are important for maintaining the
characteristic apico-basal organization of the MT cytoskeleton observed in
PSE (Norden et al., 2009; Z. Xie et al., 2007; Yang et al., 2012) and thereby
for intracellular trafficking and organelle positioning in these tissues.

2.7 PRAM and Efficient Cell Reintegration Into Tissue
Following Division

Despite the fact that in many PSE nuclei can enter mitosis and even divide
nonapically (Liang et al., 2014; Spear and Erickson, 2012a; Strzyz et al.,
2015; Tsuda et al., 2010; Yang et al., 2012), PRAM and subsequent apical
divisions are highly conserved in all PSE. A hallmark of cell divisions during
progenitor expansion in PSE is the perpendicular cleavage plane orientation
with respect to the apical surface (Cui et al., 2007; Das et al., 2003; Kosodo
etal., 2004; Nakajima et al., 2013; Sauer, 1935; Y. Xie etal., 2013) (Fig. 2D).
This control of the cleavage plane positioning is important for the bisection
of the apical membrane and thereby can influence the distribution of apical
components into both daughter cells. In some examples of PSE, namely
mouse radial glia cells, the chick neural tube and the Drosophila wing disc,
perturbation of cleavage plane orientation can cause one daughter cell to lose
its apical attachment leading to cell delamination (Konno et al., 2007,
Morin et al., 2007; Nakajima et al., 2013). Importantly, components such
as aPKC, LGN, NuMa, SCRIB/DLG, which regulate cleavage plane ori-
entation in various PSE localize apically in these tissues (Cui et al., 2007;
Horne-Badovinac et al., 2001; Konno et al., 2007; Morin et al., 2007).
Consequently, PRAM appears to be necessary to ensure perpendicular
divisions and thus the generation of two daughter cells that both inherit
parts of the apical cellular compartment. Additionally, it has recently been
suggested that the importance of PRAM in maintaining overall PSE integ-
rity reaches beyond the need of cleavage plane orientation. It was shown in
the intermediate length PSE of the zebrafish retina that here the interference
with the mitotic cleavage plane does not induce cell delamination while the
inhibition of PRAM does. In this case, perturbation of PRAM led to non-
apical mitotic entry followed by nonapical cell division. This in turn resulted
in the generation of cells that were not able to efficiently reintegrate into the
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tissue following division. Consequently, cell delamination and ectopic pro-
liferation were observed (Fig. 2C). Such ectopic divisions majorly interfered
with retinal layer formation and subsequent organ morphogenesis (Strzyz
et al., 2015). Together, these insights reveal that by ensuring apical mitosis,
PR AM allows the cells in diverse PSE to maintain or reestablish their apical
contact following division. Thus, PRAM serves as a mechanism that safe-
guards PSE tissue integrity and architecture (Fig. 2E).

In conclusion, while it is clear that PRAM allows cells to reproducibly
divide at the apical location, the impact of interference with this process
varies depending on tissue type. Generally, PRAM appears to optimize the
proliferative output of the tissue, support mitotic entry and allow the cen-
trosomes to meet the nucleus apically for mitosis. Furthermore, PRAM
seems to play a major role in maintaining PSE tissue integrity as well as
preventing cell delamination (Fig. 2). However, further cross-organismal
studies are necessary to better understand functions of PRAM.

> 3. TISSUE-WIDE PROPERTIES OF PSE

To date, most studies of PSE focused on single cells and their dynamics,
as discussed in the previous chapters. Tissue scale mechanical properties,
however, are so far only scarcely explored, but tissue-wide understanding of
proliferation, mechanical properties, and responses to stimuli is necessary
to fully comprehend the development and function of these important
tissues. In the final part of this review we will therefore oftfer some ideas
regarding the crosstalk between tissue architecture, mechanics and cell
proliferation, aiming to open new grounds for future studies in the field of
PSE biology.

3.1 PSE Tissue Packing

As noted previously, PSE are tightly packed, increasing cell density with
increasing PSE elongation. When cells round up at the apical side in order
to undergo mitosis, they take up several times more apical surface area than
their apical endfeet do during interphase (Smart, 1972) (Fig. 3B). Because of
this, the available apical area could represent a constraint to PSE proliferation
and division rates. This means that the number of layers of interphase nuclei
that will eventually divide apically must be coordinated with the availability of
this apical surface and packing of the PSE might serve as readout of proliferative
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Figure 3 Mechanical stimulation and responses to it can originate in cell deformation
during PRAM and mitosis. (A) By mechanosensitive ion channels such as Piezo localized
throughout the lateral cell membranes, lateral forces arising during PRAM might regulate
proliferation and proliferation-driven growth of the PSE. (B) Upon mitosis, the rounded
cell has increased surface tension (Stewart et al., 2010) and takes up several times more
space at the apical side than the endfoot of an interphase cell (Smart, 1972, 1973). In this
way, rounding might displace apical junctions between the rounded cell and
neighboring, interphase cells. Depending on the amplitude of this displacement,
rounding could result in the release of a junction-bound signaling molecule, such as a
components of the Hippo pathway (Benham-Pyle et al., 2015), signaling to the cell cycle
machinery and thus controlling proliferation rates throughout the tissue.
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capacity. To understand the limitations to PSE proliferation and the maximal
number of nuclear layers that can make up a specific PSE, it is important to
know how much of the apical space a mitotic cell inhabits and for how long it
occupies this apical surface unit. Additionally, it is important to identify how
long interphase nuclei need to reach the apical surface. Building upon this idea
Fish et al. (2008) defined the optimal packing as the maximal number of
proliferative layers that can be packed under the apical surface of a specific
PSE, without altering its cell cycle parameters. This number of nuclear layers is
expected to be proportional to the total cell cycle length and inversely pro-
portional to the length of mitosis. It is important to note that Fish et al. treat
proliferation as the only contributor to PSE packing. With respect to this, one
might argue that both proliferation and minimization of cell extrusion/death
lead to increased packing. However, cell death is not widespread in most
PSE investigated to date (Dzafic et al., 2015; Milan et al., 1997; Naruse and
Keino, 1995) and might often be negligible when it comes to its effect on total
cell number and growth. Proliferation, on the other hand, is the major con-
tributor to PSE cell numbers and we will thus continue our discussion with the
assumption that cell extrusion/death can be neglected.

Due to the fact that M phase and total cell cycle length, as well as the size
of the rounded, mitotic cell can diftfer between tissues, the optimal packing
introduced previously will also vary between different PSE. As a simple
illustration of this difference, one can consider two theoretical PSE tissues,
A and B, that both have a packing level of 10 (ie, they harbor 10 layers of
nuclei stacked in an apico-basal tissue column). We assume that A and B both
have equal cell cycle and M phase lengths of respectively 12 h and 30 min.
What they differ in, though, is the relative size of mitotic cells. In tissue A, the
mitotic cell 1s relatively small compared to tissue B—it takes 2 times more
apical surface than an interphase nucleus does, whilst in tissue B the M-phase
cell takes up three times as much apical surface as an interphase nucleus.
Taking these facts together this would mean that PSE A has the highest
proliferative efficiency at its packing optimum of 12 layers, and PSE B at the
optimal 8 layers. Since they both harbor 10 nuclear layers, PSE A would result
as under- and PSE B as overpacked. The underpacked tissue might occur earlier
in development and could further increase its proliferative efficiency by
packing more nuclear layers. Here, a positive feedback loop mechanism
might act, sensing the tissue packing state and allowing cells in these tissues
to further increase their proliferative capacity. Conversely, tissue B, because it
is overpacked, might be a more developed PSE at the onset of difterentiation.
In this scenario the apical surface might become overcrowded with mitotic



Pseudostratified Epithelia 19

cells and consequently hinder its own proliferation through a negative feed-
back loop. Still, tissue B could potentially reach its optimal packing level,
provided that M-phase is shortened and/or overall cell cycle length pro-
longed. In conclusion, packing of the PSE might serve as readout of prolif-
erative capacity as mentioned previously, but only if the tissue’s optimal
packing level is already known from measuring all cell cycle parameters.
Following this rationale Fish et al. (2008) calculated the packing level that
allows maximal proliferation of mammalian radial glia cells. Using values of
cell cycle parameters and M-cell size obtained from fixed samples, they
concluded that, in the PSE of the mammalian cortex, radial glia proliferation
seems most efficient when eight layers of nuclei are stacked in a nuclear
column beneath the apical surface. This layering thus represents the optimal
packing level of this particular PSE tissue (Fish et al., 2008).

However, so far these thoughts are merely theoretical. It would therefore
be now important to experimentally verify whether packing of difterent
PSE tissues follows these predictions. This can be achieved by examining
proliferation in presumably over-, under-, and optimally packed PSE, as well
as by investigating the links between packing and tissue development. As PSE
tissue packing has so far not been systematically analyzed, many fundamental
questions regarding this feature remain: Whether, and, if so, how does the
proliferation rate in different PSE scale with this increase in tissue packing?
Can PSE sense and increase their packing levels? Assuming that changes
in packing also affect PSE mechanical properties, can this feed back to
proliferation control mechanisms? If yes, how could this mechanofeed-
back be regulated? As suggested here and in the example above, intricate
feedback loops might be at the center of coordinating growth and cell cycle
parameters to keep proliferation of a PSE at its intrinsic optimum. It would
be fascinating if such mechanisms would indeed be identified, and the
upstream cues and downstream molecular cascades involved in their regula-
tion dissected. Further, we provide a discussion on how PSE packing under
spatial constraints could potentially be controlled raising outlooks for future
studies.

3.2 Packing Increase in PSE

In the underpacked state, the apical surface unit might accept a higher mitotic
frequency, meaning that the tissue could robustly proliferate and further
increase its packing, as illustrated in the previous section. More nuclear layers
could, in turn, result in growth by increasing tissue thickness. This might
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turther raise the tissue’s proliferative capacity and total cell number. Therefore,
it could be beneficial for the developing PSE to maximize its packing by
increased proliferation instead of remaining in the underpacked state.
However, as this way of packing more nuclear layers would eventually
lead to overall tissue expansion, it might be most efticient only in case when
growth is spatially unrestrained. Additionally, with increased number of
cells and packing, proliferation would rise as well, resulting in the need for
more (apical) space to accommodate mitotic cells. Tissue growth is, however,
typically limited in the developing organism, for example, it might be
internally restricted by the tissue’s apical surface tension (Okamoto et al.,
2013). Consequently, proliferation and packing within the PSE might be
affected by significant external spatial constraints (Streichan et al., 2014)
imposed by the limited space in which the tissue develops. Hence, in order
to increase packing, these limiting effects would need to lessen (LeGoff and
Lecuit, 2015). Cell elongation and/or cell volume decrease could be poten-
tial strategies that might be employed to increase packing upon constrained
growth. It is known that PSE tissues indeed elongate and pack more nuclear
layers as they mature. In Smart’s 1972 study of the mouse diencephalon, a
10-day-post-conception (E10) PSE had a thickness of 90 pm with six layers
of nuclei. Atday 11 the tissue was 110 pm thick, with eight nuclear layers, to
grow up to 150 pm in thickness and a twelve-layer pseudostratification at day
12 (Smart, 1972). In order to undergo such changes in degrees of pseudos-
tratification, cells would have to undergo multiple structural rearrangements.
Specifically, they would need to elongate and thin their cellular processes,
reorder their nuclei as well as decrease the attached endfeet areas (Miyata,
2015) in a tissue-wide, coordinated manner. With respect to this, mechanical
tests have shown that apical endfeet are contractile in the PSE of the mouse
cerebral wall (Okamoto et al., 2013). Active deformations such as endfoot
shrinkage would thus most likely be mediated by actomyosin cortex con-
tractions, which are known to play a central role in controlling cell shape
(Salbreux et al., 2012). Such changes might also be largely enhanced by the
abundant dynamicity of neighboring cells. Cell elongation, on the other
hand, might be a more complex change, as it would imply both thinning of
cellular processes, and elongation leading to the thickening of the entire
tissue. Thus, cell elongation might require greater forces and might be
governed by both cortical contractions/rearrangements, and microtubule
polymerization throughout the cell body. However, cell elongation as a
packing strategy might be an option only if spatial constraints acting per-
pendicular to the tissue plane are mild, as it would also result in tissue growth
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and an increase of tissue thickness. With even further increase in packing
prior to reaching the maximum, these constraints might become impossible
to overcome. At this point, a decrease in cell and nuclear volume might
be the only strategy allowing further increase in layering. With respect to
this, it seems that cells do possess autonomous mechanisms to measure and
adjust their size in accordance to the environment and cell cycle (Ginzberg
et al., 2015). With this in mind, introducing cell size-related research to the
PSE field and relating it to tissue-wide packing studies would largely con-
tribute to our understanding of mechanisms governing PSE proliferation.

Because of the phenomenon of packing, growth in the PSE might not
be directly coupled to proliferation, making research both experimentally
and theoretically challenging. Nevertheless, it would be fascinating to
understand how proliferation, elongation and volume decrease relate to
each other and temporally overlap. So far nothing is known about the
mechanisms behind any of these three possible packing strategies or about
their developmental regulation in the PSE. Hence, multiscale, tissue-wide
developmental studies, focusing on architectural changes in different PSE,
are needed to link proliferation, elongation, and volume decrease to tissue
expansion.

3.3 Linking Mechanical Stimulation to PSE Responses

The research field of tissue mechanics emerged in the 19th century, founded
by D’Arcy Thompson, who was interested in the mechanical forces shaping
biological systems. During the last decade it has reemerged as a highly
multidisciplinary field of developmental biology (Mammoto and Ingber,
2010), owing to advances in live imaging and biophysical methods. It is
now well known that diverse mechanical stimuli play major roles in prolif-
eration, tissue development and function. Examples of animal development
being affected by sensing mechanical stimuli include the developing zebrafish
heart and nephrons, the developing mouse lung, and chick neural tube
closure (reviewed in (LeGoft and Lecuit, 2015; Mammoto and Ingber,
2010)). The PSE, a highly dynamic epithelium with tightly packed elongated
cells could serve as a model system providing novel insights into the role of
mechanical cues in tissue development and function.

Recently, more pathways underlying the mechanisms of translating
mechanical stimuli into cellular responses have been unraveled (Provenzano
and Keely, 2011). In the recent years, studies have also touched upon
mechanosensation in difterent pseudostratified tissues
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(Mao etal., 2013; Porazinski et al., 2015; Schluck et al., 2013). Upon the
application of force the studied PSE altered their proliferation levels or
exhibited developmental changes. For example, a study of a fish mutant in
the Hippo signaling pathway demonstrated organism-wide responses to
gravitational force (mechanostimulation) (Porazinski et al., 2015). The
mutant developed malformed (flattened) and misaligned organs, including
the neural tube and optic cup, both of which derive from a PSE. In another
study, direct links between mechanical strain and PSE proliferation were
investigated (Schluck et al., 2013). By mechanically stretching Drosophila
wing disc epithelia, it was confirmed that a proliferation increase by mechan-
ical tension can exist in this PSE. With these two studies in mind, we can
speculate that PSE are indeed mechanosensitive and can respond to mechan-
ical forces such as strain by changing proliferation rates or other develop-
mental parameters. Furthermore, several studies have dealt with mechan-
osensation by the cell nucleus (Dahl et al., 2008). This central organelle
might be a possible mechanotransducing element in the PSE due to the tight
packing of nuclear arrangement. Further, we discuss two exemplary
mechanosensing pathways that might also be important regulators of PSE
proliferation.

3.4 Hippo Pathway as Example of Mechanosensitive

Signaling Pathway

The Hippo signaling pathway is well known to play a central role in regu-
lating cell proliferation through its response to mechanical stimuli. Because
its constituents have also been found to aftect the development of PSE tissues
(Porazinski et al., 2015), we believe that more detailed research focusing on
the PSE could provide interesting insights into how Hippo regulates prolif-
eration of complex tissues.

The Hippo pathway [reviewed in (Yu and Guan, 2014)] is conserved
across the animal phylogeny, with orthologous genes studied in models
ranging from Drosophila to mouse. It comprises a signaling cascade that
affects tissue growth and homeostasis by controlling cell number by prolif-
eration, growth, differentiation and death. As a result of these essential
functions, the constituents of the Hippo pathway, their cascades and activities
are extensively studied. Many Hippo signaling components localize to the
cellular junctions (eg, PAR6, B-catenin) and several have been confirmed to
interact with the cytoskeleton (eg, a-catenin, Zyxin) in both mouse and
Drosophila (Yu and Guan, 2014). Upstream factors known to affect this
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pathway are cell polarity, G-protein-coupled receptor (GPCR) signaling
and mechanotransduction. In the latter, the master mediators of signal trans-
duction seem to be cellular tension and the actin cytoskeleton (Yu and Guan,
2014). A mechanotransduction pathway following the cascade formed by
tension sensors, Hippo and proliferation (Fig. 3B) is of special interest to this
review because of the tightly packed state of the pseudostratified tissue.
Therefore, a crowded, dynamic and polarized environment such as the
PSE, with its PRAM and apical mitoses, likely provides a plethora of
mechanical stimuli and the need for their efficient transduction throughout
the tissue (Fig. 3).

It has recently been demonstrated in an epithelial cell culture study that
mechanical strain controls proliferation via junction-associated YAP and
B-catenin (Benham-Pyle et al., 2015). Stretching quiescent epithelial sheets
resulted in the relocation of B-cat and YAP from the tight junctions to the
nucleus. This, in turn, resulted in the activation of transcription leading to
cell cycle reentry and increased proliferation. In an epithelial tissue such as
the PSE, with the important feature of highly efficient proliferation, a similar
Hippo-associated pathway might play a role and mediate cell cycle responses
to proliferation, packing or nuclear dynamics (Fig. 3). In this regard, it would
be helpful to have tension-sensing and strain-inducing in vivo methods in the
PSE, to serve as read-out of the tissue’s physical properties and test its Hippo
pathway response to mechanical stimulation.

3.5 Piezo Channel as Example of Mechanosensitive Cellular
Response Element

As another possible PSE mechanosensitive mechanism, we here describe the
Piezo mechanosensitive ion channel (Coste et al., 2012). Although not yet
studied in the PSE, Piezo might be distributed along lateral cell membranes
and act as the mechanoresponsive element able to respond to forces arising
from PRAM,

Mechanosensitive channels (Guharay and Sachs, 1984) are membrane-
bound force-transducing molecules, whose working principles rely on
their ability to respond to a wide range of external and internal local
mechanical stimuli {eg, flows, (osmotic) pressure changes, stretching or
position information) [reviewed in (Kung, 2005)]}. Following the stimu-
lus, diffusion of ions (cations in eukaryotes) through the channel triggers an
intracellular signaling cascade. Two current principal models of their gating
mechanism are (1) the lipid bilayer tension or stretch model, in which
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membrane tension induces a conformational change and opens the pore
and (2) the spring-like tether model, in which tethers connect the channel
to the ECM or the cytoskeleton (Lumpkin and Caterina, 2007), and the
channel opens upon their displacement by local extra- or intracellular
torces.

The Piezo is a pore forming protein of a mechanosensitive cation chan-
nel, conserved in mouse, zebrafish, and Drosophila (Coste et al., 2012;
Eisenhoffer etal., 2012). With its highly specific structure, this channel opens
upon changes in membrane tension, allowing the influx of Ca®" ions. By
promoting subsequent nuclear localization of YAP (Benham-Pyle et al.,
2015; Pathak et al., 2014), Piezo represents another link of mechanical force
transduction to cellular responses via the Hippo pathway. In the highly
proliferative PSE, a mechanosensitive ion channel such as Piezo might form
a signaling cascade involving Hippo, as well as downstream cell cycle reg-
ulators (Fig. 3). By localizing mechanosensitive ion channels throughout the
lateral cell membranes, the tissue could respond to mechanical stimuli that
are not directly related to apical junction displacements (Fig. 3A). In this way,
lateral forces might also regulate proliferation and proliferation-driven
growth of the PSE.

3.6 Possible Origins and Effects of Mechanical Forces in PSE

As mentioned previously, mechanosensing plays an important role in
proliferation control of the Drosophila wing disc and development of the
zebrafish neural tube and optic cup. Employing both junctional localization
of Hippo pathway components and lateral membrane localization of
mechanosensitive channels such as Piezo, the dynamic PSE would be “tully
equipped” to respond to mechanostimuli originating anywhere along the
apico-basal cell axis (Fig. 3). These tension-altering stimuli in the PSE
might arise from local events such as PRAM (Fig. 3A), apical mitotic cell
rounding (Fig. 3B), or from more global events such as crowding of the
apical surface or increased tissue packing. For example, during apical
mitosis, the rounded mitotic PSE cells could change their physical prop-
erties by increasing surface tension and weakening the junctions, similar to
cells in culture (Stewart et al., 2010). Rounded cells could influence their
neighbors as well, by compressing their apical endfeet. Furthermore, lateral
membranes of the elongated PSE cells are subject to various deformations
resulting from nuclear dynamics. Together, apical mitosis and PRAM
might cause displacements and tension changes in the membrane-bound
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apical polarity components (Fig. 3B), as well as in the neighboring cell
lateral membranes under tension (Fig. 3A). Such shape changes could act as
powertful signaling sources by, for example, changing the tension of plasma
membranes (Tsujita et al.,, 2015). Additionally, overall changes in tissue
packing result in significant alterations of PSE architecture as discussed
previously, and could feed into mechanosensitive pathways. An important
first step in future studies should be to investigate whether Piezo and/or
other mechanosensitive channels act in the PSE. Furthermore, it will be
important to demonstrate if and how PSE-specific events mentioned pre-
viously influence junctional components and the localization of Hippo
pathway constituents such as YAP.

Altogether, mechanical stimulation in the PSE could lead to specitfic,
tissue-wide coordinated cellular responses that aftect proliferation. Recent
work done on mechanosensing via the Hippo pathway and the Piezo
channel opened new exciting research possibilities for PSE mechanobiol-
ogy. Furthermore, research focusing on the localization, dynamics and
function of Hippo components and mechanosensitive channels in the
PSE will most likely shed light on the mechanical control of proliferation
and growth. To accomplish this, developmental cell biological in vivo
studies should be complemented with PSE in vitro research. Both in vivo
and 1n vitro studies in the PSE, however, have their own advantages and
limitations. Tissue-scale studies represent a challenge for live imaging due
to the very tight packing and tissue thickness, but would allow unprece-
dented insights into tissue-wide dynamics of, for example., YAP or ion
currents upon mechanical stimulation. On the other hand, maintaining a
PSE as epithelial sheets or organoids in vitro is possible, but by no means
trivial (Eiraku et al., 2011). These cells exhibit most of the PSE features
(IKNNM, difterentiation) and might ease both imaging and manipulations.
In the future, reproducible biophysical methods including tension sensors
and packing alterations, together with powerful live imaging methods,
would help to understand local and global physical properties of this tissue
in both in vivo and in vitro environments. Further, investigation of pos-
sible feedback loops between mechanical forces and proliferation and
growth at both the tissue as well as the cellular levels will be important.
We believe that the PSE with its tight packing, nuclear dynamicity and
developmental relevance represents an excellent model to expand our
knowledge of tissue mechanics to more complex epithelial tissues and
will provide new insights into general regulation of cell proliferation and
tissue growth.
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4. CONCLUSIONS

Until now studies of PSE mainly focused on single-cell behavior. As a
result, we gathered a significant understanding of the PSE cell biology, includ-
ing valuable insights into nuclear dynamics occurring in these cells as well as
their importance for cell and tissue proliferation. What we need to explore in
much more detail, however, is how the dynamic events occurring in single-
cells, such as PRAM and apical mitoses translate to tissue-wide changes.
Future studies of mechanisms linking mechanics to PSE proliferative dynamics
are essential to fully comprehend the development and function of these
tissues. In addition, large-scale comparative quantitative studies are necessary
to understand the versatility of PSE types and their packing levels. Finally, we
believe that a transition toward a more mechanobiological approach, together
with a shift toward a more comparative, tissue-scale perspective in the field of
PSE biology should be underway. These additional routes in PSE research will
result in unprecedented insights into the developmental and evolutionary
causes and consequences of pseudostratification itself.
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HDAC1 genotyping

Pt.1: DNA extraction by finclipping
(modified Utrecht protocol)

Lysisbuffer: final stock
100 mM Tris HCI pH 8.8 1 M Tris HCI pH 8.5
200 mM NacCl 5 M NacCl
0.2% SDS 10% SDS
5 mM EDTA 0.5 M EDTA

Day1

Day2

10 mg/ml ProteinaseK
prepare and keep at RT
add ProteinaseK (final
concentration: 100 pg/ml)
just before the preparation
starts

anaesthetise fishes in MESAB/fishwater (4.2 ml MESAB/Tricaine in 100 ml fishwater)
clip fins and directly transfer them into precooled Eppendorf tubes or deep well
plates, kept on dry ice

finish all clips before continue with isolation

add 500 pl lysisbuffer (incl. ProteinaseK), - take care when thawing (not too cold but
do not leave it at RT for too long)

plates: seal carefully, and spin to make sure that all fins are in the lysisbuffer

eppis: close, check that fin is in the lysisbuffer

incubate ON at 55°C, vortex from time to time (important in the beginning)

spin down debris at

deep well-plates: 4.600 rpm* (3761 g) for 1h (and transfer supernatant to new plate -
optional and very tedious)

eppis: 8.000 rpm for 10 min, (transfer supernatant into new tubes)

add 400 pl Isopropanol,

deep-well plates: seal with alu-foil, mix by inverting several times (check if foil still
seals tightly), seal with new sheet of foil

eppis: just invert several times

deep-well plates: spin at 3761g for 1h at RT, discard supernatant immediately
eppis: spin at 13.000 rpm (full-speed) for 15 min at RT, discard supernatant
immediately

wash once with 300 ul 70% ethanol, seal with alu-foil, invert several times, (seal with
fresh foil)

deep-well plates: spin at 3761g for 30 min, discard supernatant immediately

eppis: spin at 13.000 rpm for 15 min at RT, discard supernatant immediately

2nd washing step optional

dry several minutes at RT (5min upside down + 20min open)

add 200 ul TE (library), vortex and shake for several hours at RT, store at -20°C ---

check 5ul of genomic DNA on 0.7% agarose gel, use AHindlll digested as length
marker (separate 2,4,8 ul of marker on the agarose gel)
for PCRs dilute genomic DNA 1:50

Version 191103



- take out 70 ul of genomic DNA and generate masterplate (kept at —20°C), the deep
well plate is the working plate

o Multifuge 3S-R, Swing-out rotor 7500 6445, microtiterplates: 4600 rpm (=

3761g) is max speed
e deep well plates: Nerbe 1.1 ml deep well plates , order no. 04-072-0000

Version 191103



HDAC Genotyping

Pt. 2: Restriction Fragment Length Polymorphism

Bfal digestion

Primer(fwd): #655 HDAC-Bfal
Primer(rev): #647 hdac1 R1

name

PCR reaction:

(modified ZIRC assay)

seq
tctcagetggtgcggtgaaactcaacaac
GAAATAACTTGATGTTAGAGC

X (u)
10 mM dNTPs 0.6
10uM primer 0.6
10uM primer 0.6
PCR buffer 3.0
ddH20 10.05

Taq 0.15

DNA from lysis 15.0

Vit 30.0 use 10ul of PCR product to check on gel
PCR Profile:

Step] Temp Time
1]94°C 2 min
2]94°C 15 sec
3]55,1°C 20 sec
4]72°C 20 sec
5| repeat steps 2-4 for 30 cycles
6] 72°C 1 min
7| store at 4°C

Precipitation: work in 96well PCR plates

add 2ul 3M NaOAc to 20ul of PCR product and mix by shaking

add 66ul 100% EtOH and mix by shaking

store at -80°C for 15 min or at -20°C for 1 hr

centrifuge at 3760 RZB for 1 hr and remove carefully the supernatant

wash with 100ul 70% EtOH

centrifuge at 3760 RZB for 30 min and remove carefully the supernatant
dry the pellets and disolve in 10ul H20

shake for 2 hrs




Bfal digestion: @ 37°C

1X (uh)
ddH20 8.0
10X NEB Cutsmart 1.5
PCR product 5.0
Bfal 0.5
V= 15.0

Run products out on 3% agarose TAE gel:
(2% Lonza Metaphor Agarose and 1% Agarose)

PCR product size = 250bp

Mut = 220bp + 250bp
Wt = 250bp

Bfal digestion fragments

100 bp Hdac1+/- WT
ladder



SUPPLEMENTAL MOVIES AND SCRIPTS
On the link below and on attached CD.

QR-code links to cloud.mpi-cbg.de

DATA
All data can be found at DOI: 10.5281/zen0d0.1316912





