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Abstract

Hydra is a freshwater polyp belonging to the phylum Cnidaria. These polyps are known
to exhibit tremendous regenerating potential. It is still unclear how the regenerating
tissue is reorganized, how the complex interplay of signaling cascades required for
generating positional information in regenerating tissue is produced and regulated.
Specifically, the question of how biophysical forces govern the regeneration process
by integrating early injury response with positional cues has been a subject of intense
research in recent times in regenerative model organisms, including Zebrafish and
Axolotl. Owing to the simple tissue organization and the well-characterized
morphallactic regenerative biochemical signaling pathways, Hydra provides an ideal
system for developing a model system to study biomechanical regulation. In this study,
we employed the paradigm of head regeneration in Hydra to understand how tissue
damage invokes changes in tissue mechanics and how the mechanical forces can
affect the regenerative response. Hippo signalling is a well-known pathway for
mechanotransduction in cells. In this study, we report for the first time the existence of
a complete repertoire of the Hippo pathway core components in Hydra. By staining
Hippo effector YAP during head regeneration, we report that mechanosensitive (YAP
positive) cells migrate to the site of injury early during regeneration. We show that by
disrupting the Hippo pathway by the perturbation of the interaction of YAP (a
transcription co-activator) and its cognate transcription factor TEAD, we can
accelerate the regeneration in Hydra. Further, scanning electron microscopy (SEM)
based evaluation of the ultrastructure demonstrated an extensive fibrosis-like
condition of the extracellular matrix (ECM) in regenerating tips of Hydra upon YAP-
TEAD disruption.

We then characterized the role of ECM structure and tissue stiffness in regulating
regeneration in Hydra. Towards this, using Atomic Force Microscopy (AFM) to
measure the Young’s modulus of Hydra body column, we show that tissue stiffness is
tightly regulated during head regeneration. We also demonstrate that the fibrotic
condition upon YAP-TEAD disruption causes a drastic increase in tissue stiffness.
Using a combination of biochemical inhibition as well as ultrastructural studies using

SEM, we show that tissue stiffness is a function of fibrillar collagen deposition and



cross-linking frequency in the ECM (referred to as mesoglea). Observations from this
study argue in favor of the role of a hypothetical tissue stiffness threshold in the
regulation of Hydra head regeneration. In support of this argument, perturbations
leading to lowering the tissue stiffness during regeneration inhibit regeneration in
Hydra while perturbation leading to an increase in tissue stiffness above the threshold
lead to an enhanced regenerative response in Hydra.

Next, we focussed on understanding the alterations in gene expression patterns during
regeneration and the role of YAP-TEAD interaction towards the same. Transcriptomic
analysis of regenerating Hydra under inhibition of YAP-TEAD interaction revealed
upregulation of pro-fibrotic genes and early activation of crucial developmental
signalling pathways. More importantly, we find that B-catenin transcriptional targets
such as Brachyury (bra) are upregulated earlier than the wni(s). This study
convincingly demonstrates that YAP is an important player in the regulation of
regeneration in Hydra, having the capability of modulating fibrosis induced stiffness
and integrating the resulting mechanical changes to the cross-talk with B-catenin to
activate its potential as a head organizer for initiating the downstream regenerative
programme needed for oral fate determination. Taken together, this study not only
provides a therapeutic window to enhance the regenerative response in higher model
systems without genetic modifications but also predicts an interesting prospect of 3-
catenin. Rather than the currently implicated WNT being the head organizer molecule,
our study suggests that  -catenin acts as the head organizing factor which can be
activated by a simultaneous WNT-independent mechanical stimulus and WNT-

dependent signalling.



1 INTRODUCTION

1.1 HISTORY OF REGENERATION

Humans have been fascinated by the phenomenon of regeneration from
ancient times. There was a mention about the regeneration of liver in Greek
mythology when Prometheus was punished for bringing the gift of fire to humanity.
His punishment entailed him being tied to a rock and his liver being fed upon every
day by an eagle since his liver would grow back. However, the scientific community
took an active interest in studying regeneration only in the early 18" century when
French scientist René-Antoine Ferchault de Réaumur reported regeneration in
crayfish and certain other arthropods. A few years later, Abraham Trembley
discovered the regeneration in Hydra in 1744". Later, Lazzaro Spallanzani carried
out detailed regeneration studies in vertebrates such as newt and tadpoles and
documented various internal and external factors affecting regeneration process.
Regeneration studies later fell out of interest and were briefly renewed by Thomas
Hunt in the late 19" century only to go out of favour again due to lack of tools to
study the phenomenon. However, since last 40-50 years due to emergence of
multiple model organisms such as Hydra, Planaria, Drosophila, Xenopus, Axolotls,
Mice and availability of modern genetic analysis and modification tools have
renewed and restored the interest of the scientific community in trying study
regeneration at more closely. Thus, accelerating the understanding of underlying

cellular and molecular mechanism involved in regeneration.

1.2 WHAT IS REGENERATION

Regeneration is the process of repair and restoration of lost or damaged cells,
tissues or organs. There are different modes and strategies of regeneration which
can be observed across phyla and is present in one or the other form in every
organism. Regeneration potential varies according to the stage of the life cycle and
also the age of the organism. This variability in regenerative potential is not only
seen among different phyla or class but also among different tissues of the same
organism has long puzzled the scientific community. Hence, essential questions in

this field pertain to what is the biological and evolutionary reason for this diversity or



multi-faceted “ness”. The figure below depicts the underlying mechanism of
regeneration in any given mode of regeneration. All the events depicted may or may

not co-occur in a given organism.

/ Tissue remodelling
Amputation

# g Activation and proliferation > Determination
of stem cells 1

\ Differentiation and /

trans-differentiation Differentiation

Endoderm &
(EEmr

Pre-existing tissues
provides polarity cues

Re-establishment of
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Figure 1.1: Basic mechanism of regeneration. After amputation, all the organisms undergo wound
healing as the first stage of regeneration. Then, tissue polarity is set using pre-existing cues. This is
then followed by three different paths, which may or may not occur in the same organism. This
mainly involves tissue remodelling, trans-differentiation, de-differentiation and/or activation and
proliferation of stem cells. After this, all of them usually culminates in re-establishment of the lost
tissue or organ at the required scale and proportion. (Adapted from Alvarado and Tsonis, 2006).

Regeneration has various physiological roles in organisms too. It helps in
maintaining cellular turnover in some animals, avoid predation or help in asexual
propagation. The efficiency of an organism to regenerate is also dependent on its
ability to maintain a specific pool of stem cells ready to respond to injury signals and
replace the lost tissue by proliferation and differentiation. Hence organisms like
Hydra and Planaria are well adept at regenerating lost tissue than other organisms
such as Human or mouse. These observations indicate the probability of evolution of
terminally differentiated cells required for achieving complexity in cell types but at the
cost of regenerative capability. In these more complex organisms, the injury
response often leads to scarring instead of complete replacement of lost tissue.
Scarring is a process whereby an injury response includes heightened immune
response followed by a rapid closure of the wound by keratinocytes. Recruitment of
specific fibroblasts to the site follows which laydown fibrillar collagen for support and
structure. In normal tissues, the collagen network is laid down in a reticulate, but

during scarring, specific fibroblasts lay down collagens cross-linked in such a way



that they unidirectional and parallel’. Such a process leads to a rapid wound healing
and fibrosis but with a stiffer yet weaker tissue structure.

1.3  WHY STUDY REGENERATION

Worldwide, approximately 20-50 million people get injured or disabled
annually due to road accidents alone. In India alone, there are 20,000-25,000 annual
cases of amputations. Concurrently, there is a need for about 10 million organ
transplants annually worldwide, and out of this, presently only 10% requirement is
met. Humans have a limited ability to regenerate their damaged or dysfunctional
tissues. Acquiring the ability to regenerate has been a long-sought dream of
humanity. A healthy human adult can only regenerate some organs like skin, liver
and blood cells. Most of the natural attempt to regenerate tissue in humans leads to
scarring which changes tissue characteristics irreversibly. The scarring is seen as a
significant deterrent to perfect regeneration of tissues in most of the complex

organisms.

Interestingly, it has been observed in many organisms in their neo-natal
stages, including humans, that they can undergo regeneration in some tissues
without any scarring. Human neonates have been reported to regenerate wounded
skin and amputated phalanges without and scars. These raise the tantalising
possibility that humans do have the necessary signalling networks to accomplish
scar-free healing and possibly loses or blocks it in favour of attaining cellular
complexity. Hence by studying various facets of regeneration will help unlock this
missing link in our capability and understanding the phenomenon of regeneration in

humans.

1.3.1 Problems and drawback of studying regeneration

Despite a plethora of attempts at studying regeneration, we are still a long
way from completely understanding the process to the extent of having the ability to
emulate scar-free healing or regeneration in humans. There are multiple reasons for
this inability. Regeneration study is inherently a multi-disciplinary science. Hence,
lacunae in knowledge present in fields required for studying regeneration will affect
our ability to understand the process effectively. For example, lack of clear
understanding of lineage differentiation of cells, need for more understanding of how

cell-niche/microenvironment interaction regulates cell fate and function, need for



better bio-compatible biomaterials for supporting the tissue engineering,
deeper understanding of mechano-regulation of cells etc.

1.3.2  Why study non-model organisms for regeneration

Owing to the ethical issues and the fact that not all tissues in neonates heal
scar-free makes studying human embryos very difficult. Additionally, many of these
problems mentioned above in studying regeneration arise due to the apparent
complexity of the signalling processes involved in the regeneration of the mammalian
model systems. Such problems can be alleviated by answering specific problems in
a more minimalistic or simpler ‘non-model organisms where there are less
redundancies or cross-talks in the pathways involved. On the same lines,
researchers have been studying regeneration in organisms such as Hydra, Planaria,
Axolotls, Zebrafishes. These studies have yielded many new insights into the

regeneration process which wouldn’t have been otherwise possible.

1.4 HYDRA

Among the ‘non-model’ organisms, Hydra is a very unique system to study
regeneration. Hydra is a freshwater living organism and belongs to the class
Hydrozoa of phylum Cnidaria® 4. Cnidaria is a sister group to Bilateria and an early
divergent phylum comprising multicellular animals with the tissue-level organization
(Fig. 1.2 A). Members of the phylum are radially symmetrical and evolved with two
germ layers. Animals from this phylum share bilaterian cell types such as neurons
and muscular epithelial cells (Fig. 1.2 B). These properties have positioned the
members of this phylum as favourite models to understand the molecular evolution

determining organized body plan and evolution of cell types conserved in Bilateria.
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Figure 1.2: Phylogenetic position of Hydra and general morphology. A) Phylogenetic relation of
basal metazoans and different classes of phylum Cnidaria with Hydra being a representative member
of class Hydrozoa. B) The general body plan of Hydra (left) and histology cartoon depiction with the
two germ layers and cell types typically seen in Hydra. (Reproduced from Reddy et al.,2019°).

Hydra is a diploblast possessing two layers of the cells which form a cylindrical body
containing a gastric lumen. These polyps are among the earliest animals to have
evolved a defined body plan and have an oral-aboral axis with the oral end consists
of a dome-shaped hypostome (mouth) being surrounded by a ring of 5-6 tentacles
which help them in feeding. The body column of a polyp can be divided into a gastric
region, a budding region and a peduncle region. The aboral end of the polyp is called
basal disk, which can secrete mucus that helps in the attachment of Hydra to various
substrates®. As seen in Figure 1B, the cell layers are mainly constituted of epithelial
cells with either ectodermal or endodermal stem cell origin. The epithelial cells have
myofibrils at the base, due to which they are called as epitheliomuscular cells’.
These myofibrils are oriented perpendicular to each other in ectoderm and
endoderm. This organization of myofibrils helps in contraction or elongation of the
polyp®. Endodermal cells are ciliated and have phagocytic capabilities while the
ectodermal cells secrete a glycocalyx layer on the outermost side of the cells to
protect the polyp from the environment’. Apart from epithelial cells, Hydra also
possesses multipotent interstitial stem cells located in the interstitial spaces of
epithelial cells. These stem cells differentiate into cells with unique functions such as
gland cells, mucous cells, neuronal cells, nematocytes and gametes (oocytes or
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sperms)®. The ectoderm and endoderm are divided by an acellular mesoglea which
is essentially the extracellular matrix (ECM)'°.

1.5 REGENERATION IN HYDRA

Hydra can regenerate missing body parts upon transverse or longitudinal amputation
(Fig. 1.3 A). The Hydra polyps are also capable of regenerating from re-aggregated
cells. These polyps, when dissociated into single cells, can reorganize and
regenerate into a whole polyp when these cells are pelleted (Fig. 1.3 B). The cells
reorganize into a lumen within first 12 h with ectodermal cells outside and
endodermal cells facing inside the lumen' 2. This reorganization (possibly) arises
from differential cell adhesion between ectodermal and endodermal cells''. This
process is followed by the establishment of head organizer de novo within 18-30 h
(Figure 1.2 C)'3. The first appearance of the head and tentacle structures can be
seen by 48-72 h and finally, the whole adult Hydra body forms within 4 to 7 days'’.

([

— — g _.Q_.O_.

Figure 1.3: Regeneration capacity of Hydra vulgaris. The ability of Hydra to regenerate when
dissected in various manners and the morphological changes observed are shown. A) Hydra can
regenerate missing parts upon both transverse and longitudinal dissection in a morphallactic
manner. B) Hydra can regenerate even after being dissociated into a single-cell suspension if the
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cells are reaggregated and allowed to self-reorganize. C) Kinetics of gross morphological changes
during Hydra head regeneration. (Reproduced from Reddy et al.,2019°)

During regeneration, the site of injury responds by re-organization of the epithelial
cells to close the wound within an hour. This is then followed by a lack of any gross
morphological changes until 30 hrs post-amputation. After 30-36 h, small tentacle
buds begin to emerge from the regenerating tip beginning the process of
morphological differentiation of cells. The emergence of the tentacles happens over
the next 24 h with the completion of the whole process taking place by 72 h, where
the tentacles are mature enough to catch the prey. On the other hand, basal disk
regeneration is completed within 30-36 h®. During regeneration wound healing is the
initial step towards the morphological changes leading to major cellular

reorganisation. This requires remodelling of ECM to facilitate tissue morphogenesis.

1.6 CELLULAR BASIS OF REGENERATION

Regeneration in animals can be either for homeostatic cell replacement like the
replacement of blood cells or reparative replacement wherein a damaged tissue or
organ needs to be regenerated. Regeneration can be broadly divided into two types:

a) Epimorphosis is a type of regeneration involving active cell proliferation for the
completion of regeneration. This process can further be divided into two
types, i.e., blastema-mediated or compensatory regeneration. In blastema-
mediated regeneration, repair of lost tissue or organ proceeds by recruitment
of either pre-existing progenitor cells in the vicinity of the injury or by de-
differentiation of differentiated cells from the vicinity. These cells then start
proliferating to form a mass of heterogeneous undifferentiated cells at the
regenerating tip called a blastema. Once a specified number of cells are
amassed, the cells in blastema start to differentiate and initiate the process of
morphogenesis. This process then culminates with the restoration of the lost
tissue either entirely or partially depending upon the organism, e.g. planaria,
axolotls etc.’. In the compensatory regeneration, the regeneration proceeds
without any blastema formation or requirement of stem cells. In this process,

differentiated cells from the vicinity are recruited to the site of injury and
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proliferate to replace the lost tissue. Liver regeneration is a prime example of
compensatory regeneration’s.

b) Morphallaxis is a type of regeneration hallmarked by the absence of cellular
proliferation. The existing tissue is re-patterned to replace the lost tissue. This
kind of regeneration is frequently observed in lower invertebrate organisms

such as Hydra'® 17,

Epimorphic type of regeneration is the most prevalent type of regeneration across
the animal kingdom. It would be wrong to assume dividing cells as the sole
contributors towards the new tissue during regeneration. There exist possibilities of
contribution from trans-differentiated and de-differentiated cells which might
contribute to a new population of dividing and differentiating cells'. Hence to
understand how regeneration process is regulated, it becomes important to dissect
the origins of cells involved as a source of new cells required for regeneration upon
specific injury signals. In planaria, multiple studies have shown that a continuously
dividing population of cells called neoblasts contribute to the formation of new
tissue'. These cells are clonal and pluripotent in nature; have the capability to
rescue regeneration deficit planarians to regenerate with as few as 3-5 cells®®. These
clonogenic neoblasts are recruited to the site of injury where they proliferate into a
mass of undifferentiated cells to form a blastema. The blastema cells then undergo a
differentiation process for patterning the lost tissue'®. In vertebrate systems,
blastema formation doesn’t consist entirely of one type of clonogenic pluripotent cells
like the neoblasts. There seems to have a pre-determined heterogeneous group of
cells having unipotent or multipotent capabilities. For example, in Xenopus, the
muscle regeneration is solely dependent on the dormant population of satellite cells
found adjacent to the muscle fibres?!. These are the muscle stem cells which upon
activation, differentiate into muscle fibres. In axolotls, it was shown using lineage-
tracing experiments that muscular satellite cells and Schwann cells are found to be
unipotent and were responsible for muscular and Schwann cells respectively; while,
dermis cells of mesodermal origin contribute to a diverse repertoire of cartilage and
connective tissues??. In the zebrafish caudal fin regeneration model, it was shown
that most of the cell types required for regenerating the fin were derived from specific
unipotent progenitors and the same is the case during the fin development during

embryogenesis?3.
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In Hydra, regeneration is manifested in two different modes depending on the region
of amputation. Any amputation away from the mid-gastric region will exhibit a
morphallactic mode of regeneration. In this mode, the wounded tissue undergoes
wound healing by bringing together the ectodermal and endodermal cells which are
initiated by the endodermal cells from the severed edge in a fashion similar to
blastopore closure?*. This is then followed by cellular re-arrangements and
differentiation required for regeneration without any proliferation. It has also been
reported that there is no involvement of interstitial stem cells or their derivatives
towards the regeneration process and hence only requiring epithelial stem cells for
the whole process?®. On the other hand, it was reported that head regeneration after
a mid-gastric cut proceeds through a process similar to the epimorphosis?®. Upon
amputation, there are detectable levels of activation of the apoptotic pathway in
interstitial cells such as neurons, nematocytes etc. present near the area of injury.
These cells start secreting Wnt3a in a yet unknown manner. These molecules of Wnt
ligand then activate the Wnt signalling in nearby interstitial stem cells and induce
them to do compensatory cell proliferation. This proliferation, however, does not form
a very large mass of cells like in blastema. Simultaneously, the epithelial stem cells
which are located at the apical end starts secreting Wnt3a and assume the role of
head organizer after which follows the process of regeneration as seen in

morphallactic regeneration?”.

Several studies have shown in Hydra that certain strains of Hydra do not exhibit any
signs of ageing or senescence while other strains can be induced to senesce upon
induction of gametes?® 2%, The immortality in Hydra is attributed to the ability of Hydra
to maintain a steady-state of shedding of cells and cell proliferation. The stem cells in
the body column divide continuously either to replenish themselves or differentiate
into specialized cells. The epithelial cells divide roughly every 3-4 days, and
interstitial cells divide every 1.5 days?8. These cells produce differentiated cells which
are pushed to either end of the body column and are sloughed off. The differentiated
cells proceed to move towards their destination, depending on the origin of the cells.
They move to the basal disk if the cells originate from the peduncle region, the
tentacles if they originate from the region just below the tentacle ring or are pushed
to form new bud if the cells originate from the region above the budding region and

below the tentacle ring. The cells moving towards their respective destinations have
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a variable rate of movement depending on their position. Cells at the base of the
tentacles take an average of 4 days to reach the tip and being pushed off. The cells
at the base of the hypostome and at the peduncle reach their respective destination
in 20 days. The cells in the body column require about 2-8 days to reach the budding
zone and bud depending on their position (Fig. 4)%. In conclusion, it is evident that

specific cell types play an important role in regeneration and tissue homeostasis.

little/no movement

m Terminally differentiated cells

Figure 1.4: Cellular dynamics in Hydra. The various cell movements that take place during
maintenance of the Hydra body plan are depicted here. Cells undergo continuous proliferation and
movement in both directions along the oral-aboral axis. The empty cells denote proliferative cells,
and the blue coloured cells are terminally differentiated. The number of days taken by the cells to
reach their respective destinations such as buds or the hypostome and peduncle termini is shown.
The arrows depict the direction of the cell movements. (Reproduced from Reddy et al., 2019 °).

1.7 SIGNALLING PATHWAYS INVOLVED IN HYDRA REGENERATION

Regeneration requires a concerted regulation of multiple cells and tissue

types. For such a synergistic process to occur, there requires tightly regulated cell-
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cell communication. There are eight developmentally essential signalling pathways
known to exist in the metazoans - Wnt/Wingless (Wg), transforming growth factor-f3
(TGF-B)/BMPs, Notch, Receptor tyrosine kinase (RTK), Hedgehog (Hh), JAK-STAT
[signal transducers and activators of transcription] pathway), nucleic acid
receptor/hormone receptor-mediated signalling and Hippo pathway3'. The molecular
players of these pathways are spatio-temporally regulated for body axis
establishment and symmetry breaking related function during embryonic
development. Since regeneration involves morphogenesis to regain lost tissues, the
pathways used to regulate cell-cell signalling during the embryonic development
process are co-opted for the regeneration process.

In Hydra, Wnt signalling has been ascribed to contribute towards the head
organizer function®2. Wnt ligands are secreted by select cells and act as a function of
their diffusion coefficient and ability of cells to express Wnt specific receptors on the
cell membrane. This property of Wnt ligands hence is important for establishing
anterio-posterior axis during organismal development in both embryos as well as
newly developing buds. Similarly, Wnt signalling is crucial in regenerating amputated
head in a Hydra®. Similar to Wnt ligands, ligands of TGF-B superfamily are also
secreted molecules. TGF-B superfamily of signalling pathway contains many
important players reported to be crucial in Hydra development. For example, BMP5-
8 homolog in Hydra has been reported to be important for tentacle and foot formation
during regeneration 34. Nodal signalling has been shown to facilitate head organizer
activity for new body axis to form a new bud from the parent Hydra body column by
breaking the radial symmetry3®. The TGF-B antagonisers have also been shown to
be crucial for regulating head organizer function. Gremlin and Chordin-like proteins
in Hydra have been shown to regulate head formation during regeneration and
budding in Hydra3®:37. Members of the RTK family — VEGF and FGF have also been
reported to be involved in regulating regeneration in Hydra%8. The remaining two
secretory/ long-range developmental pathways — JAK-SAT and Hedgehog signalling
pathways are yet to be reported in Hydra.

The above-mentioned long-range morphogens are then further modulated
and fine-tuned using other short-ranged signalling pathways. One among them is the
Notch signalling which is a juxtacrine signalling system. The membrane-associated

Notch ligands like Serrate/Jagged and Delta from one cell interact and associate with
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the membrane-associated Notch receptors®. This module of signalling has been
reported to be involved in head organizer activity, boundary formation and
maintenance in Hydra. It has been shown that the Notch signalling is required for
maintaining defined zone for Hypostome and tentacle zone possibly by using the
lateral inhibition function through the balance of cis-trans interaction of Notch ligand
and receptors®® 4. This boundary formation function has been indicated to modulate
the ability of nearby cells to respond differently to the Wnt signalling, which comprise
head organizer unit in Hydra. Similarly, another member of RTK signalling family, the
Ephrin signalling system has also been reported to be involved in juxtacrine
signalling during regeneration. Ephrin receptor HyEph1 has been reported to be
upregulated later during regeneration (24 hpa) and suspected to aid Wnt and Notch
signalling for boundary formation between the tentacles and the hypostome?*’.

Another short-ranged pathway — The Hippo pathway is yet to be reported in Hydra.

The role of epigenetic cues and mechanical constraints in influencing the
organismal development has recently gained traction among research communities.
Mechanical forces can be transformed by cells into biochemical signals in a process
called mechanotransduction*?. Parameters like cell shape, ability to spread on the
extracellular matrix and stiffness of the cell environment can directly govern cell
differentiation and proliferation rate*3. Recent experimental studies have begun to
elucidate roles for mechanotransduction in regeneration and embryonic
development, such as regulation of gene expression, pattern formation, and
organogenesis*-’. In Drosophila, external mechanical stress-induced the key
mesoderm determinant twist, whereas in zebrafish, mechanical stress-induced
expression of brachyury, which is crucial for mesoderm development in all
vertebrates*®. Notably, in both organisms, this mechanically induced gene
expression is dependent on [-catenin. In Nematostella, B-Catenin-dependent
mechanism of mechanotransduction has also been reported to act through
brachyury*®. However, it is unclear till now how the mechanical changes are linked to
Whnt signalling. One of the major player to emerge as this link is the Hippo pathway.
Hippo pathway is a very important developmental pathway since it can modulate
cellular and tissue morphology based on mechanical changes happening in the

extracellular environment®0. However, the role of the Hippo pathway in regulating the
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cellular division makes it very difficult to study what their role is in the regenerative
process since regeneration is linked to both cell differentiation and proliferation.

In this study, we have chosen Hydra to study the mechano-regulation in
regeneration and how Hippo effector protein YAP acts as a mediator of change in
mechanical forces and cellular response to amputation or injury. Head regeneration
in Hydra exhibits the morphallactic form of regeneration and hence can be de-linked
to the cell-proliferative properties of the Hippo pathway. This property, along with the
ease of maintaining Hydra as well as its robust regenerative capability makes Hydra

an ideal model system to be developed to undertake such a biomechanical study.
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2 CHARACTERIZATION OF THE ROLE OF HIPPO EFFECTOR YAP IN HYDRA
REGENERATION

2.1 INTRODUCTION

Hippo Pathway and its Role in Mechanotransduction

Hippo signalling pathway is a kinase-based pathway which has been
implicated in promoting cell death, inhibiting cell proliferation, cell differentiation,
tissue regeneration, and Regulating Organ size. It was first described and reported in
Drosophila while screening for tumour suppressor genes in 1995'. However, it was
only in 2005 when Yorkie, a transcription co-activator, was linked to Hippo signalling,
and the importance of the Hippo pathway in regulating transcriptional landscape was
truly realised. Since then, the Hippo signalling pathway has been in actively
researched upon uncovering its various facets in cellular signalling and regulation.
The core components of Hippo characterized in Drosophila consists of Ser/Thr
kinases- Hippo (Hpo) and Warts (Wts); and their adapter proteins- Salvador (Sav)
and Mats. In mammalians, the equivalent set of factors is named as- Mst, Lats, Sav
and Mob, respectively.

It has been reported that in mammals and Drosophila that MST/HIPPO
undergoes auto-activation upon homo-dimerization (Figure 2.1)2. This dimer
formation requires a single Hippo molecule to bind to the SARAH domain of SAV (a
scaffolding protein) which then forms a hetero-tetrameric complex to bring together
two MST/HIPPQO3. This leads to the dimerization of MST/HIPPO and undergoes
auto-activation to regulate downstream interactors, including LATS. In humans,
MOB1 binds to LATS at the MOB-binding domain, recruits LATS1 to the cell
membrane and forms a complex with the MST1/2 dimer. LATS1 T1079 is
phosphorylated by MST1/2 to allow auto-phosphorylation of T-loop at LATS S909
required for the kinase activity of LATS*. T35 residue in MOB1a of human has been
reported to be phosphorylated by MST1/2 and is required for binding to LATS®. S127
and S381 phosphorylation by LATS has been extensively reported to be essential for

YAP localization and stability in mammals®. The hippo signalling culminates with
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inactivation of Yorkie (YAP/TAZ), a transcriptional co-activator. Phosphorylation of
S127 has found to be essential for cytoplasmic retention of YAP and sequestration
through 14-3-3 protein. While phosphorylation of S381 by LATS primes YAP to be
phosphorylated at the downstream phosphodegron motif by CK1-y. The activity of

Yorkie (Yki) is regulated by its phosphorylation.

N MST1/2 (Hpo)

- SAV

J MOB
o LATS1/2 (Wis)

e YAP/TAZ (Yki)

ﬁ% TEAD (5d)

[P} Phosphorylation
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DNA
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Figure 2.1: Hippo signalling pathway. This figure schematically depicts how the core components of
the Hippo pathway regulate YAP activity through a cascade of kinases. The activation of MST1/2 but
various specific cues causes MST1/2 to be free to heterodimerize with SAV. Hetero-tetrameric MST-
SAV complex is formed causing an auto-phosphorylation of MST1/2 which in-turn acts as a scaffold
for recruitment of MOB to the tetrameric complex at the cell membrane. The MOB is
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phosphorylated by the MST1/2 and allows MOB to recruit LATS1/2 to the complex. The LATS1/2 is
then phosphorylated and activated by MST1/2. The active form of LATS1/2 is now able to regulate
the YAP activity by phosphorylating it. The YAP phosphorylation leads either cytoplasmic
sequestration or degradation. An unphosphorylated YAP can shuttle across into the nucleus and act
as transcription co-activator for TEAD.

The active-unphosphorylated form localizes to the nucleus and is then known to
regulate a variety of cellular processes by binding to transcription factors including
TEAD, SMAD, RUNX etc. Since the pathway was first discovered in Drosophila, it
has been extensively studied and characterized in this model organism. The core
components and homologs of the pathway in Drosophila are named differently and

hence they been represented in Figure 2.2 to draw parallel from the mammalian

system.
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Figure 2.2: The Hippo pathway in Drosophila and mammals. This figure shows a schematic
comparison of the Hippo pathway phosphorylation cascade and its effect on YAP/Yki activity in
Drosophila and mammals. The left panel is represented by names of Hippo pathways components of
Drosophila while the right panel represents the names of the mammalian counterparts.

Hippo signalling is involved in Stem cell differentiation, self-renewal and

expansion. It has also been implicated in tissue regeneration. YAP and TAZ have
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been reported to regulate embryonic stem cell self-renewal in response to
TGFB/BMP signalling’. YAP is inactivated during mouse embryonic stem cell
differentiation and activated in induced pluripotent stem cells (iPSCs)®. The same
study also goes on to report that YAP/TEAD directly binds to the promoter region of
many genes which are known to be important in the regulation of stem cells. In
Drosophila mid-gut, YAP is restricted to the intestinal stem cells. Under normal
resting conditions, YAP is localized in the cytoplasm. Under injury, YAP is activated
and transported to the nucleus®. In a recent study of mice heart development, it was
shown that the Hippo Pathway Inhibits Wnt Signaling to restrain cardiomyocyte
proliferation and heart size'®. The same group also showed that Yap interacts with B-
catenin on Sox2 and Snai2 genes. In invertebrates, Demircan et al. showed that
Hippo pathway in Macrostomum lignano regulates tissue homeostasis and its
disruption causes tissue outgrowths and aberrant organ size to shape ratio during

regeneration’".

Increasing evidence from recent studies suggests that the Hippo pathway is
regulated by mechanical cues (Figure 2.3). YAP/TAZ has been shown to be
regulated by cell geometry, with active YAP/TAZ present in cells that have
undergone cell spreading, and inactive YAP/TAZ found in round and detached cells
2. The same group also showed that YAP/TAZ could respond to the stiffness of the
ECM, with active YAP in cells seeded on stiff surfaces, and inactive YAP/TAZ in cells
seeded on soft surfaces. These studies increasingly pointed out that rearrangement
of the actin cytoskeleton in response to different mechanical cues is associated with
changes in the YAP/TAZ activity. Depletion of actin-capping protein, which inhibits
actin polymerization, resulted in Yki activation and tissue outgrowth'3. Zhao et al.
showed in 2012 that RhoA strongly enhanced YAP/TAZ activity with CDC42 and Rac
also showing the same effect but with less potency. Dupont et al. also showed that
YAP/TAZ could sense cellular tension. Another report related to the aforementioned
study of the role of collagen VI in muscle regeneration showed that YAP plays a
crucial role in muscle satellite cell fate. Hence, it is evident that YAP/TAZ seems to
be a function of mechanotransduction for cells and is involved in regulating various
genes accordingly. A schematic illustration shown in Figure 2.3 summarizes the

mechanical cues regulating the Hippo pathway.
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Figure 2.3: Regulation of Hippo signalling by mechanical cues. The figure shows different
mechanical cues like cell-cell contact, cell shape changes, fluid flow pattern changes, cellular tension,
ECM stiffness differential and cell spreading regulates Actin cytoskeleton dynamics. These changes,
in turn, can directly or indirectly regulate YAP activity by regulating various effectors like the Rho
GTPase among other small GTPases. These GTPases are known to regulate the activity of YAP
regulators- MST1/2 and LATS1/2

Cell tension

There has been a paucity of literature to date about Hippo signalling in lower
organisms. Role of Hippo signalling in highly regenerative lower organisms like
Hydra is unknown. It is, therefore, of immediate interest to study the role of Hippo
signalling in the backdrop of changing ECM composition during regeneration from
amputated regions. Since the Hippo pathway has been shown to transduce changes
in ECM in a more complex organism, it is quite possible that it might play an
important role in lower organisms. Hence, it is pertinent to characterize the homologs
of core Hippo pathway components in Hydra and probe their role during regeneration
in Hydra. A recent study has characterized the core components of the Hippo
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pathway in Nematostella'®, suggesting that this pathway has fairly conserved ancient

origin during the evolution of multicellular organisms.
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2.2 MATERIALS AND METHODS

2.2.1  Animals and culture conditions

Hydra polyps (Hydra sp. ‘Ind-Pune’) kindly gifted by the Ghaskadbi laboratory were
cultured and clonal cultures were propagated in crystallizing bowls with Hydra
medium (Horibata et al., 2004) at a constant temperature of 18+1°C and 12 hours
light/dark cycle.

Cultures were fed daily with freshly hatched Artemia salina and washed 6—8 hrs after
feeding. Prior to RNA isolation, the animals were starved for at least 48 hrs to avoid
contamination of the preparations with Artemia nucleic acids.

Hatching of Artemia cysts - Half a teaspoon of Artemia cysts was added per 1 L of
artificial seawater (3.2 g rock salt in distilled water) left to hydrate for an hour and
incubated overnight at room temperature with aeration. Freshly hatched larvae were

collected and washed with Hydra medium before use for feeding.

2.2.2 I|dentification of Hippo pathway homologs in Hydra

Hydra magnipapillata genome draft comprising 82.5% of 1.05 Gbp sequenced
genome available as Refseq was initially used for identifying Hippo Pathway core
components™. It was found that the assembly was incomplete and we were unable
to fish out any homologs. An in-house transcriptome assembly generated in the
Galande laboratory'® was therefore used for the present study. To further improve
the assembly, the in-house transcriptome was merged with the NCBI RefSeq to
generate a Hybrid assembly. The hybrid assembly was found to be 99.6 % complete
as compared to 95.7% exhibited by NCBI RefSeq'6. Using Stand-alone NCBI BLAST
program, hits of homologs of Hippo pathway core components were identified'’. To
confirm the hits, Reverse BLAST was performed. Finding a hit of a homolog in
different phyla or species would confirm the homolog status. To further confirm, the
amino acid sequences of these homologs were searched in HMMER for affirmation
based on the hits returned'®. Once the homologs were identified, further analyzed for
domain organization by SMART™. After manual evaluation of the domain
organization, the domain architecture was constructed to scale using DOG 2.0

software?0.
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2.2.3 Molecular phylogenetic trees

Alignments and molecular phylogenetic trees of the protein sequences were carried
out using MEGA 6.0 software?!. MUSCLE algorithm was used for amino acid
sequence alignment??. Phylogenetic trees were computed with a minimum evolution
method by using the Jones-Taylor-Thornton (JTT) model for amino acid substitution
23, ME method was selected because of its speed and minimum errors in tree
topologies. A bootstrap test for all trees was conducted with 10,000 replicates. All the
trees were validated by the maximum likelihood method using JTT amino acid
substitution model and 1000 bootstraps in PhyML3.0%.

2.2.4 Total RNA extraction

Total RNA from 48 hrs starved Hydra was extracted using TRIzol (Invitrogen) as per
manufacturer’s protocol?®. Fifty Hydra polyps were homogenized in 1 ml of TRIzol/
TRI reagent. To the homogenate, 200 ul of chloroform was added, mixed well and
centrifuged at 12000 rpm for 15 min at 4° C. Aqueous phase was collected and the
previous step was repeated. 2/3rd volume of isopropanol was added to the aqueous
phase collected and after incubation at -20° C for 30 min, RNA was precipitated by
centrifugation at 12000 rpm for 15 min at 4° C. The precipitate was washed with 70%

ethanol, air-dried and dissolved in RNase-free water.

2.2.5 Agarose gel electrophoresis:

DNA was resolved, visualized and analyzed on 1% agarose gel (or based on the
size of the DNA being run). Agarose gel is prepared by mixing 1% Agarose type Il in
0.5X TBE buffer and heated until it is completely dissolved. After melting, for
visualization of DNA, ethidium bromide was added to the final concentration of 0.5
Mg/ml and poured in appropriate casts (BioRAD) with suitable combs. DNA mixed
with xylene cyanol FF and orange G were loaded in the gel and electrophoresis was
carried out in 0.5X TBE buffer at 70-80 V till the dye front reaches 3/4th of the gel.
DNA was visualized under a UV transilluminator and the image was captured using
Syngene Gel Doc system or band of interest was excised using a sterile blade for

further processing.
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2.2.6 cDNA synthesis

First-strand of cDNA was synthesized from total Hydra RNA using ImProm-Il reverse
transcription system (Promega)/ Applied Biosystem High Capacity cDNA Reverse
Transcription Kit (Thermo Scientific). Reverse transcription reactions were performed

according to the manufacturer’s instructions (Tables 2.1 and 2.2).

Table 2.1- cDNA synthesis reaction with ImProm-Il reverse transcription system
(Promega)

Component Volume

ImProm-II™ Reaction 5X Buffer | 4 pl

dNTP Mix 2 ul

MgCl2, 25 mM 1.6 pl

ImProm-Il reverse transcriptase | 1 pl

RNase inhibitor 0.5 ul

Nuclease-Free Water 5.9 ul

RNA+Primers (oligo dT) 1-4 yl (1-2 pg)+1pl =5 pl
Total volume 20 ul

Table 2.2- Applied Biosystem High Capacity cDNA Reverse Transcription Kit
(Thermo Scientific)

Component Volume

10X RT Buffer 2 ul

25X dNTP Mix (100 mM) 0.8 ul

10X RT Random Primers 2 pl
MultiScribe™ Reverse Transcriptase | 1 uL

RNase inhibitor 1l
Nuclease-Free Water 5.9 ul
RNA+Primers (oligo dT) 1-5ul (1-2 pg)
Total volume 20 ul

Reaction conditions:

ImProm-II reverse transcription system (Promega) - Initially, primer-template mixture
was denatured at 70°C for 5 min and chilled on ice. Denatured primer-template was
added to the reaction mixture and reaction was carried out by annealing at 25°C for
5 min, reverse transcription at 42°C for 60 min and final inactivation at 72°C for 15

min.

Applied Biosystem High Capacity cDNA Reverse Transcription Kit (Thermo

Scientific) - Initially, the primer-template mixture was denatured at 70°C for 5 min
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and chilled on ice. Denatured primer-template was added to the reaction mixture and
reaction was carried out by annealing at 25°C for 10 min, reverse transcription at

37°C for 120 min and final inactivation at 85°C for 5 min.

2.2.7 Polymerase chain reaction
Polymerase chain reaction’®® was used to amplify different fragments and/or
complete genes. Reaction mixtures and conditions used are given in the tables

below. Elongation time for standard PCR reaction was calculated as 1 kb/min.

Table 2.3 — PCR reaction and programme

Component Volume
10X Reaction buffer 5 ul
PCR Nucleotide mix, 10mM | 1 pl
MgCI2, 256mM 5l
Forward primer (100 uM) 0.5 ul
Reverse primer (100 uM) 0.5 ul
Taq DNA polymerase 0.35 pl
(3u/ul)
Template DNA variable
(<0.5ug)
Nuclease-Free Water Variable
Final volume 50 ul
Programme Temperature | Time Cycles
Initial Denaturation 94°C 5 min 1
Denaturation 94°C 10s 25-40
Annealing (Primer Tm) 30s
Elongation 72°C 1min
Final Elongation 72°C 10 mins 1
Cooling 4°C unlimited

2.2.8 Cloning of identified genes

Preparation of competent cells:

A single colony of E. coli DH5a was inoculated in 5 ml LB medium and incubated
overnight at 37°C. The following morning, primary culture (1:100) was inoculated in
250 ml of LB medium with 10 mM MgCl2 and incubated at 37°C until an OD of ~0.5

was obtained. After cooling the culture on ice for 15 min, cells were collected by
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centrifugation at 4500 rpm for 10 min at 4°C. The pellet was resuspended in 30 ml of
TFBI and incubated on ice for 60-90 min. Resuspended cells were centrifuged at
4500 rpm for 5 min at 4°C, the supernatant was decanted, and the cell pellet was
resuspended in 2 ml of TFBIl (ice-cold). The final cell suspension was stored as

50/100 ml aliquots in sterile microfuge tubes at -70°C.

Ligation:

The PCR products were ligated into pPGEM-T Easy vector using pGEM-T Easy vector
systems or TOPO TA/ Blunt vector (Thermo Scientific). The ligation reaction was
carried out as per the manufacturer’s protocol. A molar ratio of 3:1 of PCR product:

vector was used.

Transformation:

The transformation was carried out by using chemically competent E. coli DH5a cells
as per standard protocol?’. The ligation reaction was added to 50 ul of thawed
competent cells and incubated for 30 min on ice. Heat shock was given to cells for
90 sec at 42°C and cooled on ice for 2 min. 950 pl of LB medium was added and
incubated for 45 min at 37°C with shaking. 50 to 100 pl of transformation cell
suspension was plated out on LB Ampicillin plates and incubated overnight at 37°C.

Recombinant colonies were screened for the expected size of the insert.

Screening for recombinant colonies:

Colonies were screened for the correct insert size by performing colony PCR. Here,
each colony was picked into 10 yl PCR reaction mixture, and one vector-specific
primer (generally SP6 and T7) and other gene-specific primer were used for
amplification and orientation confirmation. Colonies with the right size of inserts were

grown for plasmid extraction and preparation of glycerol stocks.

Plasmid purification:

Plasmids were extracted by a modified alkaline-SDS lysis method using the
GenElute plasmid miniprep kit (Sigma) according to the manufacturer’s protocol.
Bacterial cells harbouring recombinant plasmids were cultured in 5 ml LB medium

and harvested for plasmid preparation.
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2.2.9 Whole-mount in situ hybridisation for localisation of transcripts

Preparation of template DNA:

TOPO plasmids (TOPO TA/ TOPO Blunt) with the gene of interest (partial/complete)
were used for the preparation of template DNA. The gene of interest was PCR
amplified in sense and anti-sense direction using SP6/T7 primer and a gene-specific
primer. This strategy ensured confirmation of the orientation of the gene, preparation
of separate set of templates for sense and anti-sense probes and also a larger
amount of template for in vitro transcription as compared to usage of linearized
plamid. The amplicons were loaded on a 1% agarose gel. The amplicons were cut
and eluted from the gel, and the eluant was used as the template for in vitro

transcription.

In vitro transcription:

In vitro transcription reaction was performed using the DIG RNA labelling kit (Roche)
as per instructions in the product information. For a 20 pl reaction, 1 pg of linear
DNA was used as the template, 2 pl of 10X NTP labelling mixture, 2 yl of 10X
transcription buffer, 1 uyl of Protector RNase inhibitor and 2 uyl of SP6/T7 RNA
polymerase were added. After mixing the reaction mixture gently, it was incubated
for 2 hrs at 37° C, and the reaction was continued with an addition of RNase-free
DNase to digest the template DNA for 15 more minutes and stopped by the addition
of 2 ul of 0.2M EDTA. DIG-labelled RNA was precipitated with 2.5 pl of 4 M LiCl and
ice-cold absolute ethanol by overnight incubation at -20° C followed by centrifugation
at 10000 rpm for 15 min at 4° C. The pellet was given a wash in 70% ethanol, air-
dried and dissolved in nuclease-free distilled water. Alternatively, the probes were
purified using Invitrogen™ MEGAclear™ Transcription Clean-Up Kit (ThermoFisher)

using the procedure as given in the product manual.

Checking labelling efficiency of the riboprobes:

For checking DIG-labelling efficiency, the following procedure was carried out: 2 ul of
the reaction product was denatured in RNA loading buffer and separated on 1%
denaturing agarose gel electrophoresis. DIG-labelled RNA was transferred on to a
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positively charged nylon membrane by capillary transfer with 10X SSC overnight.
The blotted RNA was UV-cross linked for 90 sec on each side and equilibrated in
buffer | for 5-10 min. In order to block the non-specific sites, the blot was incubated
in buffer Il for 30 min at room temperature with shaking. Blocking solution was
replaced with buffer Il containing AP labelled anti-DIG antibody (1:5000 dilution) and
further incubated at room temperature for 30 min. After removing the antibody
solution, the blot was equilibrated in buffer Ill, replaced with a colour substrate for AP
and allowed to develop in the dark. Once bands of the desired intensity appear, the
developing reaction was stopped by removing the detection solution and by the
addition of autoclaved distilled water. After washing with autoclaved distilled water,
the blot was stored in 2XSSC at 4° C. A rough estimation of labelled RNA was done
by comparing the intensity with control DIG-labelled RNA.

2.2.8.4 In situ hybridization:

Whole-mount in situ hybridization (WISH) technique used for the study of gene
expression pattern was modified from?8. Hydra polyps were starved at least for one
day before fixation. Animals were relaxed in 2% urethane for 1-2 min and fixed in 4%
paraformaldehyde (in 1XPBS) overnight at 4° C or 1 hr at RT and stored at -20° C
after washing in methanol. Animals were rehydrated to PBT by ethanol (alternatively
methanol can be used)/PBT gradients [100% Methanol -3 washes, 5 min each; 75%
methanol+ 25% PBT- one wash for 10 min; 50% methanol+ 50% PBT- one wash for
10 min; 25% methanol+75% PBT- one wash for 10 min and 100% PBT- 3 washes,
each wash for 10 min]. Animals were permeabilized with 10 ug/ml proteinase K at
room temperature for 15 min to facilitate the diffusion of the probe into the cells. The
animals were treated with 1X Glycine solution to stop the Proteinase K reaction
followed by 3 washes in PBT (each wash for 10 min). Proteinase K treatment
exposes NH2* of tissue surface proteins which may result in non-specific binding of
riboprobes. To neutralize amine groups, TEA (pH 7.8; 10 min each) wash was given
to the animals - treated once with TEA+0.25% for 5 min followed by TEA + 0.50%
acetic for 5 min. After three washes in PBT (10 min each), animals were re-fixed in
4% paraformaldehyde overnight at 4° C. Fixed animals were washed thrice with PBT
(10 min each), twice with 2XSSC (10 min each) and heated to 70° C for 15 min in

2XSSC to inactivate endogenous alkaline phosphatase. Hydra polyps were

34



equilibrated to prehybridization buffer, for which the animals were washed in pre-
warmed hybridization solution/2X SSC (1:1) for 10 min at hybridization temperature
followed by a wash in 100% prewarmed hybridization solution for 10 min at the
hybridization temperature. Blocking was carried out with pre-warmed hybridization
buffer (hybridization solution with 0.2 mg/ml of tRNA) for 2 hrs at the hybridization
temperature. Hybridization was carried out by the addition of DIG-labelled riboprobes
at the same temperature for 18-60 hrs. Animals were transferred back to 2X SSC
using hybridization solution and 2X SSC gradients at the hybridization temperature
[100% Hybridization solution for 10 min, 75% Hybridization solution + 25% 2X SSC
for 10 min, 50% Hybridization solution+50% 2X SSC for 10 min, 25% Hybridization
solution + 75% 2X SSC for 10 min and 100% 2X SSC for 10 min]. Animals were
washed twice in 2X SSC + 0.1% CHAPS (30 min each) at hybridization temperature
to remove unbound and non-specifically bound riboprobes.

The hybridized probe was detected as follows: The initial two washes of MAB-T were
given at room temperature (10 min each) followed by a long wash for 1 hr. The non-
specific protein binding sites were blocked by incubating the animals in blocking
solution (80% MAB-T + 20% Foetal Bovine Serum) for 3-4 hrs at 4°C. Blocking
solution was replaced by alkaline phosphatase-conjugated anti DIG-antibody (1:
3000 dilution in blocking solution) and incubated overnight at 4°C. Unbound and non-
specifically bound antibody were removed by giving eight washes in MAB-T (20 min
each). Animals were equilibrated in alkaline phosphatase detection buffer NTMT (pH
9.5) for 5 min, followed by incubation in NTMT + levamisole for 5 min. NTMT +
levamisole solution was replaced with BMP substrate solution and allowed to
develop in the dark. Once animals develop colour, the reaction was stopped by
washing in methanol and were stored in methanol at -20° C. Stained animals were

observed under incident light with ZEISS AxioZoom.V16 apotome microscope.

2.2.10 Cryosectioning of WISH stained Hydra samples

The stained polyps were rehydrated to PBS gradually through PBS: methanol
gradient (25%, 50%, 75% and 100 % wash each for 10 mins). These polyps were
then shifted to a 30 % sucrose solution by gradually taking it through 10 % and 20 %
for 30 mins each. The polyps were left in 30 % sucrose overnight. These polyps
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were then embedded in 10 % PVP (polyvinyl pyrrolidone) by making cubes of PVP
(1 x 1 x 2 cm®) made from aluminium foil cast. The embedded polyps were then
sectioned (25 ym) using Leica CM1950 — Cryostat. The sectioned ribbons were then
collected on a glass slide and covered and sealed under a coverslip. The sectioned

ribbons were then photographed under ZEISS Axio Zoom V16 apotome microscope.

2.2.11 In-silico identification of Hvul YAP expressing cells in Hydra

Single Cell Portal is a web-based tool made available by Broad Institute for
visualization of results from a recent study published on the molecular signature of
various cell types in Hydra at the different spectrum of cell states obtained by
sequencing transcriptomes of approximately 25,000 single Hydra cells using Drop-
seq?®. “Juliano aepLRv2” specific id for Hvul_YAP was obtained by BLAST from

www.research.nhgri.nih.qgov/Hydra/sequenceserver/. The ID obtained was

“t14163aep|YAP1_ORYLA”. This ID was used as a query for obtaining expression

profiles of Ectodermal, Endodermal, Interstitial and Neuronal cell types.

2.2.12 In-house antibody generation against Hvul_YAP and Hvul_TEAD

The Hippo pathway is a kinase activity cascade-based pathway, and hence a study
undertaking regulation of the same requires experiments to analyse the protein
regulation of these components. Antibodies needed to be generated against Hippo
pathway proteins for an in-depth understanding of the regulation of pathway in
Hydra. An initial strategy of expressing full-length proteins did not succeed
(expressed proteins were insoluble and aggregating), specific peptides were used as
antigen for immunization. Peptide design was done using Web-based “The immune
epitope database” (IEDB)®® 3'. The peptides were designed using the following

algorithms:

1) Bepipred Linear Epitope Prediction

2) Kolaskar & Tongaonkar Antigenicity
3) Chou & Fasman Beta-Turn Prediction
4) Parker Hydrophilicity Prediction

5) Emini Surface Accessibility Prediction

6) Karplus & Schulz Flexibility Prediction
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Each full protein sequences were run in all the above predictions, and only the
peptide regions which overlapped in most of them were chosen. Two peptides were
designed for Hvul_YAP and Hvul TEAD- one from C-terminal region and another
from N-terminal region based on their ease of accessibility to antibodies. A cysteine
residue was added to the N-terminal of all the peptides for allowing coupling with
Sulfo-link columns. Following were the peptide sequences finalized for each of the

Hippo pathway components:

Hvul_Hpo N-terminal: CIMQQCDSPYYV (67-76)
Hvul_Mob1 N-terminal: CDOHCTSESCPV (77-86)
Hvul_SAV N-terminal: CYPKDNKIPSDEI (62-73)
Hvul_LATS1 C-terminal: CVSVPNSDANKS (1040-1050)
Hvul_YAP

N-term: CLPASFFRPPPSL (49-60)

C-term: CLSPNNKPNA (376-384)

Hvul_TEAD

N-terminal: CSNTDPEQMAS (13-22)

C-Terminal: CKVETEYPRYE (361-370)

Since YAP is the effector to the Hippo pathway regulation, it was decided that this
study will focus on YAP-TEAD signalling axis. To enable the same, peptide-specific
polyclonal antibodies were generated against Hvul_YAP and Hvul_TEAD in Rabbits.
For the injections, peptides were first conjugated with the carrier protein- keyhole
limpet hemocyanin (KLH) using Pierce Imject Activated Immunogen Conjugation Kit
(Product Number 77611) to increase the antigenicity of the peptides. Two mg KLH
per 2 mg peptide was used for the preparation. The solution was then dialyzed to
wash away unconjugated peptides and then filter sterilized with 0.2-micron syringe
filters. These were then quantified using BCA and then frozen at -20 °C until
required. 2-3-month-old rabbits were selected for immunization. The first injection to
the rabbit was done with 200 ug coupled peptide-KLH. The coupled peptides were
then mixed with Freund’s complete adjuvant (1:1 by total volume) in a total volume of
1ml (500 ul adjuvant + coupled peptide + NFW). The mix was then emulsified using

a syringe and then injected into the rabbit using a 25-gauge needle as follows:
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* 0.5 ml of the injection mix into six sites intradermally on the back.

* 0.3 ml into two sites intramuscularly (thigh).
* 0.2 ml into two sites subcutaneously in the neck region.

Subsequently, booster injections of 100 upg protein emulsified with Freund’s
incomplete adjuvant (1:1 by total volume) were given at intervals of 28 days. About

20 ml of blood was removed from the rabbit pinna ten days after each boost.

The blood was then allowed to coagulate for 2 hours at room temperature and stored
overnight at 4°C. The following day, the serum was separated from the blood by
centrifugation at 3500 rpm for 15 mins. The supernatant was collected as serum and
filtered through a 0.2 ym syringe filter. The serum was then affinity purified. Affinity
purification column was prepared by coupling peptides used for immunization to
Sulfolink columns. Since these peptides contained cystine in the N-terminals, a free
sulfhydryl group could be generated using a reducing agent like Tris(2-
carboxyethyl)phosphine (TCEP). These peptides can then be coupled to the column
using Thermo Scientific SulfoLink Immobilization Kit for Peptides (Cat no. 44999).
The exact protocol for peptide coupling and affinity purification was followed as given
in the kit.

2.2.13 Protein lysate preparation, SDS PAGE and Western Blotting

Protein lysate for Western blots and Immunoprecipitation (IP) was prepared by
collecting the requisite number of polyps (100 polyps per experiment for Western
blotting and 2000 polyps per experiment for nuclear isolation needed for IP). Polyps
were collected and lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris-ClI, pH 7.5,
5 mM EDTA, 0.5 % NP-40, 1 mM Sodium orthovanadate, 0.1 mM PMSF & 0.1 %
SDS) for preparing lysate for western blot. For the co-IP experiment, the nuclear
fraction was prepared by suspending Hydra in ice-cold Wash buffer 1 (0.25 % Triton-
X, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES (pH 7.5), 1TmM PMSF& 1mM DTT)
with PIC. The suspension was incubated on ice for 5 mins. The polyps were
aspirated in 200 ul pipette multiple times to dissociate the cells and release the
nucleus. The nuclear pellet was made by spinning down the suspension at 1000 x g
for 5 mins at 4°C. These pellets were then washed with Wash buffer 2 (0.2 M NaCl,
1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES (pH 7.5), 1TmM PMSF& 1mM DTT) with
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PIC on ice and the nuclear pellet was made by spinning it again. This pellet was then
lysed in IP buffer 1(10 mM HEPES pH 7.9, 300 mM NaCl, 0.2 % NP 40, 20 %
Glycerol & 0.1 % EDTA). The antibodies needed for the experiment were coupled to
Dynabeads using the Invitrogen Dynabeads Coupling Kit. The lysate was then used
for binding to the antibody-coupled Dynabeads for IP. The beads were incubated in
the lysate for overnight at 4°C. IP buffer 2 (10 mM HEPES pH 7.9, 400 mM NaCl,
0.2 % NP 40, 20 % Glycerol & 0.1 % EDTA) was used for washing the beads. The
protein was finally eluted using 100 mM glycine pH 2.5.

2.2.14 Immunofluorescence staining

Immunofluorescence assay was performed as per the protocol given by Takaku et.
al., 2014 32, Hydra polyps were starved at least for one day before fixation. Animals
were relaxed in 2% urethane for 1-2 min and fixed in 4% paraformaldehyde (in
1XPBS) overnight at 4° C or 1 hr at RT. 1:100 concentration of primary antibody was
used for anti-Hvul YAP and anti-Hvul TEAD antibodies. 1:100 concentration of
Invitrogen Alexa-conjugated secondary antibodies were used throughout. Invitrogen
Alexa 488 or 568 conjugated Phalloidin was used for this study. DAPI was used for
nuclear staining throughout the study.

2.2.15 Ciytia hemisperica specific CheYki antibody

Since in-house developed Hvul_YAP antibody didn’t work for IFA for Hydra. A
recently published paper reported the presence of Yorkie (YAP/Yki) in Clytia
hemispherica and producing polyclonal antibody specific to CheYki in rabbit against
the peptide FNRRTTWDDPRKAHS?33. This antibody along with the pre-immune
serum was kindly gifted by Dr Michaél Manuel (Sorbonne Universités, Université
Pierre et Marie Curie (UPMC), Institut de Biologie Paris-Seine (IBPS) CNRS) to us.

The antibody was validated by Western blot and Immunofluorescence.

2.2.16 Hydraregeneration assay

Multiple experiments in this work use Hydra regeneration paradigm as a model for
studying the regulatory roles of the various aspects. Regeneration assay was done
by taking the requisite number of regularly fed polyps. These polyps will then be
decapitated (all the experiment in this study used head amputation model) and
allowed to regenerate for the required amount of time. Most of the experiments in
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this study use early regenerative time points involving a subset of following time
points: 0, 0.5, 1, 2, 4, 8, 16 and 24 hrs post-amputation (hpa). For 0 and 0.5 hpa time
points, if the number of polyps to be amputated is large, then the amputation is done
on ice to slow down metabolism of Hydra to effectively synchronize the regenerative

or wound healing process of all the decapitated polyps.

2.2.17 Verteporfin treatment assay

Verteporfin (Vp) was procured from Sigma (SML0534) and dissolved in DMSO. A 2
mM stock was prepared and kept in 50 pl aliquots at -20 °C for long-term storage in
the dark. The vial was thawed for 30 minutes in dark before use. For the assay, the
polyps were treated with 5 uM Vp in Hydra medium and the same volume of DMSO
in Hydra medium as vehicle control. For regeneration assay, the polyps were pre-
treated with Vp for 12 prior to decapitation and fresh Vp was added post-amputation.
The Vp solution was replaced every 24 hrs. For the budding assay, the non-budding
polyps were collected and incubated in Vp. The Vp solution was replaced every 24
hrs and reading for number buds were taken every 24 hrs. Every step of Vp

treatment assay was performed in the dark.
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2.3 RESULTS AND DISCUSSION

2.3.1 Prediction and analysis of core Hippo pathway homologs in Hydra vulgaris

Core Hippo pathway homologs — Hippo/MST, MOB, LATS, SAV, YAP and TEAD
were identified from in-house Hydra transcriptome using NCBI stand-alone BLAST.
In mammals, Hippo, MOB, LATS and YAP have 2 paralogs each while TEAD has 4
paralogs. SAV, on the other hand, have no reported paralogs. The occurrence of
these paralogs has been attributed to Whole-genome duplication event correlated to
certain fish species34. Therefore, any species evolved earlier to fishes do not contain
paralogs as reported for Hippo pathway genes. Conforming to these studies, Hydra
consists of only one gene was identified for each of the core Hippo pathway
components. Since this is the first report of the Hippo pathway in Hydra, they were
named as follows: Hvul Hpo, Hvul MOB, Hvul LATS, Hvul SAV, Hvul YAP and
Hvul_TEAD. The homologs were analysed and curated using the methods described
in the Methods section. The nucleotide and peptide sequences of the confirmed

Hippo pathway homologs in Hydra are enlisted in the appendix (4.2 & 4.3)

A detailed domain analysis using SMART website for the amino acid sequence of
Hippo pathway homologs revealed highly conserved domain organization of the
proteins analysed which indicated a fully functional pathway consisting of these core
components (Figure 2.4 A). Hvul Hpo domain analysis revealed conserved N-
terminal Protein kinase domain (PKinase Domain) and a C-terminal SARAH
(Salvador-RASSF-Hippo) domain. Presence of these domains indicates the
conserved regulation of activation of Hvul_Hpo kinase activity. The Hvul_SAV also
can be seen to have conserved the SARAH domain required for orchestrating the
reported scaffolding activity. Hvul_LATS domain architecture indicates conservation
of the hydrophobic motif (Motif: AFYEFTFRHFFDDGG) (a 37.5% hydrophobicity
confirmed using web-based peptide analysis tool at

www.peptide2.com/N_peptide hydrophobicity hydrophilicity.php) containing the

Threonine residue (T993) required for activation of LATS by HIPPO phosphorylation.
The MOB binding motif is highly conserved in Hvul_LATS as compared to the human
and mouse (Figure 2.4 B). The auto-activation T-loop (near S909) of Hvul_LATS is
100 % conserved (Motif: AHSLVGTPNYIAPEVL) near S830. Hvul_MOB is highly
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conserved (83-84 % identity) as compared to any other components of Hippo
pathway homologs in Hydra indicating highly conserved function. The same site as
reported for Human MOB is also highly conserved in Hvul_MOB at T35 (Motif:
LLKHAEATLGSGNLR). Hvul_YAP domain analysis revealed that it had a conserved
TEAD-Binding Domain (TBD) and two WW domain. A serine phosphorylation
prediction for YAP protein sequence was performed using GPS 2.1 web-based tool
35 Based on GPS prediction and manual curation, Hvul_YAP is predicted to have
LATS phosphorylation site at S74 (motif: PIHTRARSLPSNIGQ) and S277 (motif:
YTAYMNSSVLGRGSS) homologous to the S127 (motif: PQHVRAHSSPASLQL) and
S381 (motif: SDPFLNSGTYHSRDES). Similar to mammals, a phosphodegron motif
was identified immediately downstream to the S381 site FFDSLQASNVDLDIL which
could be phosphorylated by CK1-y at S344 of Hvul_YAP. These analyses indicated
that the Hippo pathway effector protein YAP was well equipped to regulation from
the LATS and CK1-y and with its defined TEAD binding domain and WW domain, it
could interact with transcription factor TEAD and other reported PPXY domain-
containing proteins. Upon determining the nucleotide percent identity with other
reported model organisms used for studying the Hippo pathway, we find that Hydra
had higher percent identity with humans than Drosophila (Figure 2.4 C). Hvul_HPO
shows about 60 % identity with human and 56 % identity with Drosophila. Hvul_SAV
is comparatively less conserved with a 24 % identity with human and 22 % identity
with Drosophila. Hvul_MOB is highly conserved across the animal phyla with about
84 % identity with human and 83 % identity with Drosophila. Hvul_LATS has about
41.6 % identity with human and 42 % identity with Drosophila. Hvul_YAP shows 34.6
% identity with human and 34 % identity with Drosophila. Hvul_TEAD exhibits about
65 % identity with human and 59 % identity with Drosophila. Molecular phylogenetic
analysis revealed that these genes reported in vertebrates have a closer
evolutionary relationship to Hydra homologs than that of Drosophila (Figure 2.4 D).
Certain organisms including C. elegans and Drosophila have been known to diverge

a lot from their common ancestors of the metazoans.

2.3.2 Confirmation of core Hippo pathway component transcripts

To confirm the presence of predicted Hippo pathway components, we amplified the
genes from the cDNA prepared from Hydra vulgaris Ind-Pune strain total RNA (Table
2.4) (Section 2.2.4-7). The amplicon size was confirmed and cloned into TOPO TA/
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Figure 2.4: Hippo Pathway homologs in Hydra. A. Domain architecture of the homologs as
visualized using DOG 2.0. B. Multiple sequence alignment of Hvul_LATS at the MOB Binding domain
with other species indicating high conservation. C. Depicts the percent identity of Hydra homolog
with Drosophila and Human. D. Molecular phylogenetic tree of individual Hippo pathway homologs.
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Blunt vector, sequenced and verified (Section 2.2.8) (Figure 2.5). Hvul_Hpo was
amplified at 1503 bp and cloned into in the 3’ to 5’ direction of TOPO TA vector (See
Appendix 3.3). Hvul_Sav was amplified at 1434 bp and cloned into in the 5’ to 3’
direction of TOPO TA vector. Hvul LATS was amplified at 1360 bp and cloned into
in the 3’ to 5’ direction of TOPO Blunt vector. Hvul _Mob was amplified at 645 bp and
cloned into in the 5 to 3’ direction of TOPO TA vector. Two such clones were
obtained (See Appendix 3.3). Hvul_YAP was amplified at 1170 bp and two clones
were obtained with both 5’ to 3’ and 3’ to 5’ direction of TOPO TA vector. Hvul_TEAD
was amplified at 1356 bp and cloned into in the 5’ to 3’ direction of TOPO TA vector.
The presence of the predicted transcripts ensures the reliability of predicted gene

models and their functional involvement in Hydra.

Marker Amplicon Marker Amplicon

1.5 Kbp

1Kbp

500 bp

Hvul_Hpo (1503 bp) Hvul_Mob (645 bp)

Hvul_Lats (1360 bp)

D - Marker Amplicon E - Marker Amplicon F Marker Amplicon

1.5 Kbp|

1 Kbp
1.5 Kbp

1Kbp

500 bp

Hvul_Sav (1434 bp) Hvul_YAP (1170 bp) Hvul_TEAD (1356 bp)

Figure 2.5: Validation of the Hippo Pathway homologs in Hydra by PCR mediated amplification
using the predicted sequence. A. Hvul_Hpo was amplified at 1503 bp. B. Hvul_Mob was amplified at
645 bp.C. Hvul_LATS was amplified at 1170 bp. D. Hvul_SAV was amplified at 1434 bp. E. Hvul_YAP
was amplified at 1170 bp. F. Hvul_TEAD was amplified at 1356 bp.
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2.3.3  Expression pattern of Hvul_YAP gene

This study mainly focuses on Hvul_YAP expression and regulation in Hydra. An in-
depth analysis of YAP expression will be done in this section. The expression pattern
of Hvul_YAP in Hydra polyp was studied by whole-mount in situ hybridization (WISH)
(Described in Section 2.2.10). The staining pattern observed from the whole polyp
indicates low-level expression throughout the body with higher expression at the
tentacle base and tip of new bud (Figure 2.6 A.i). A closer look indicates that the
expression is stronger in the endodermal cells as compared to the ectodermal cells
(Figure 2.6 A.ii - iv). YAP expression in the early stages of bud development
indicates its role in budding. Higher YAP expression at the region of high mechanical
stress such as the tentacle base, early budding tip and mature bud-parent polyp
boundary indicates a probable ancient mechano-sensory role of YAP in Hydra.
Cryosectioning of these polyps was done to have a closer look at the types of cells
expressing YAP (Section 2.2.11). The images of these sections revealed cells in
doublets, quadruplets and groups of cells among other stained cells indicating cells
of interstitial stem cell origin, plausibly nematoblast and nests of nematoblasts
(Figure 2.6 B.i). In-Silico Analysis of YAP expression using Single Cell Portal
(Section 2.2.12) was in line with the observation from WISH results. There was a
low-level expression of YAP in almost all cell types of Hydra (Figure 2.6 B.ii-v). Few
cell types like i_n_ec2 which indicate ectodermal cells co-expressing neuronal
markers; i_nb5 (nematoblast cells), i_nem (nematocytes); head and tentacle region-
specific endodermal cell showed marginally higher expression compared to other cell
types. Such an expression pattern indicates a ubiquitous requirement of YAP for
regulatory roles and a possible protein level regulation for a finer activity related

regulation as reported in more complex model systems.

uuuuu
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Figure 2.6: Hvul_YAP expression analysis in Hydra. Whole-mount in situ hybridization of Hvul_YAP
expression at i) Region across the polyp (inset shows polyp probed with sense RNA probe). ii) Head,
iii) early bud/bud foot, iv) mid-stage bud, v) basal disk.
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Figure 2.7: Hvul_YAP expression analysis in Hydra. Cell-type analysis of YAP expressing cells in
Hydra. For visualizing cells stained by RNA WISH, the whole polyps stained using WISH were
cryosectioned into 25 um and imaged under apotome. A. Cryosection of YAP WISH at tentacle
showing specific cell-type expression. B-E. Cell clustering of YAP expressing cells was generated using
Single Cell Portal®.B. Interstitial cell clustering, C. Ectodermal cell clustering, D. Endodermal cell
clustering & E. Neuronal cell clustering of Hvul_YAP expressing cells. Cluster Label Abbreviation Key:
bat: battery cell, bd: basal disk, db: doublet cluster, ec: ectoderm, ecEP: ectodermal epithelial cell,
en: endoderm, enEP: endodermal epithelial cell, fmgl: female germ-line, gc: gland cell, gmgc:
granular mucous gland cell, i: cell of the interstitial lineage, id: integration doublet, mgl: male
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germline, mp: multiplet, nb: nematoblast, n: neuronal cell, nem: nematocyte, pd: suspected
phagocytosis doublet, prog: progenitor, SC: stem cell, smgc: spumous mucous gland cell, tent:
tentacle, zmg: zymogen gland cell.

2.3.4 Expression pattern of Hvul_Hpo and Hvul_MOB genes

An RNA WISH study of Hvul_Hpo showed expression throughout the gastric region
(Figure 2.7). No expression was observed at the differentiated zones of Hypostome,
tentacle or basal disk which might indicate a role in stem-cell maintenance or
differentiation but not in terminally differentiated cells. There is a slight reduction in
expression at the budding zone and early buds which might indicate the antagonistic
role of Hpo towards YAP activity in areas of high mechanical stress as reported in
other organisms. Hpo expression can also be seen at mature bud-parent polyp
boundary indicating a fine-tuning of regulation Hippo pathway-dependent during bud
detachment. Hvul_MOB expression showed a similar pattern to that of Hvul_YAP
with a distinct down-regulation at the basal disk region of both adult and budding
Hydra (Figure 2.7). Hvul_SAV expression reflected the expression pattern of
Hvul_Hpo indicating similar role. It can also be noted that there is marked reduction
in expression at the budding region, early and late buds, unlike the Hvul_Hpo.

Antisense
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Figure 2.7: Hvul_Hpo, Hvul_MOB and Hvul_SAV expression analysis in Hydra. Whole-mount in situ
hybridization of Hvul _Hpo (Top), Hvul MOB (middle) and Hvul _SAV (bottom)expression for the
whole polyp. The small images on the right indicate negative controls probed with sense RNA probe.

2.3.5 Generation of antibodies against Hvul_YAP and Hvul_TEAD

Since no antibodies were reported to be generated against Hydra homologs
previously, we had to generate antibodies in-house. To generate the antibodies, we
designed two peptides corresponding to the N & C terminal region of proteins of
interest because these regions are considered to be comparatively more accessible.
Four rabbits were immunized with N-terminal specific Hvul _YAP, N-terminal specific
Hvul TEAD, C-terminal specific Hvul YAP & C-terminal specific Hvul TEAD
respectively. Among these, C-terminal specific Hvul_TEAD immunized rabbit died
unexpectedly after the first booster. Rest of all the rabbits were immunized with a
total of 17 boosters before terminating the experiment. Out of the three, C-terminal
Hvul_YAP immunized rabbit did not generate any immunogenicity to Hvul_YAP. N-
terminal specific Hvul_YAP & N-terminal specific Hvul_TEAD immunized Rabbits
generated specific polyclonal antibodies against their immunogen. Western blotting
of Hydra lysate was performed to test the specificity of the antibodies generated. N-
terminal specific Hvul_YAP antibody was able to detect Hvul YAP in total Hydra
lysate at about 40 KDa (Figure 2.8 A) while N-terminal specific Hvul_TEAD antibody
was able to detect Hvul_TEAD in total Hydra lysate at about 48 KDa (Figure 2.8 B i.).
The expected molecular weights for Hvul_YAP and Hvul _TEAD is 42 KDa and 50
KDa respectively. Immunofluorescence assay (IFA) was performed for both the
antibodies. Anti-Hvul_YAP antibodies did not produce any signals in IFA. Anti-
Hvul TEAD antibodies worked for IFA and were able to produce expected
expression patterns. The TEAD positive cells were observed throughout the body of
the Hydra polyp (Figure 2.8 B ii.). A closer look at 100X magnification confirmed

nuclear localization of the transcription factor TEAD.

2.3.6 Cross-reactivity of Clytia hemispherica specific CheYki antibody with Hvul YAP Hydra

The CheYki antibody was immunized using a peptide from the WW1 region of
CheYorkie. The CheYki peptide sequence was extracted from the Marine
Invertebrate Model Database (MARIMBA) and aligned using CLUSTAL. The full

protein alignment showed just a 39.36 % identity. However, a peptide-specific
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(immunogen) alignment gave a 66% similarity and a 60 % identity which raised the
probability of cross-reactivity of this antibody against Hvul_YAP (Figure 2.9 A). To

test the same, a western blot was run using CheYki antibody or pre-immune serum
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Figure 2.8: Western blotting and Immunofluorescence assay of in-house generated antibodies. A.
Western blot of Hydra lysate (120 pg) probed with anti-Hvul _YAP showing a band at about 40 KDa
and B. i. with anti-Hvul_TEAD showing a band at about 48 KDa. B. ii. Immunofluorescence assay of
whole Hydra polyps using anti-Hvul_TEAD antibody at 10x magnification. B. iii. Inmunofluorescence
assay using the anti-Hvul _TEAD antibody of macerated cells at 100x. Red: YAP & Blue: Nucleus.
(Magenta indicates merged image)

as the primary antibody. Unfortunately, the CheYki failed to give a specific signal
against Hvul_YAP as against the negative control of pre-immune serum. The inability
of the antibody to work for western blot might stem from the fact that the proteins are
in denatured form and hence lose their 3D structural features. An
immunofluorescence assay, on the other hand, yielded a robust signal for CheYki
antibody as compared to the negative control (Figure 2.9 B) In IFA, the protein
structure is retained. It may be hypothesized that the CheYki antibody may be
structure-specific and not exactly sequence-specific. A careful examination revealed
prominently nuclear-localization of the signal. Cytoplasmic localization was not
apparent and maybe too diffused to be detectable by IFA. Examination of localization
of YAP expressing cells (YAP positive cells from here onwards), shows a pattern

similar to what we found in YAP ISH (Figure 2.9 C). There was more or less
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expression throughout the body. The sub-hypostomal region encompassing the
tentacle ring or the base of the tentacle had high expression similar to that seen in
ISH but the number of YAP positive cells drops soon into the tentacle zone. Unlike
the pattern of transcripts seen in the ISH for basal disk, the YAP positive cells are
very sparse in the region. The body column is uniformly interspersed with YAP
positive cells. The YAP positive cells are almost exclusively seen in groups (Figure
2.10). There were specific patterns of these groups which looked similar to the ones
seen in cryosections of ISH samples. Since the IFA staining was mostly nuclear, it is
difficult to ascertain the cellular morphology. A careful analysis of cells expressing
YAP based on the staining intensity and intercellular distance, as seen in IFA
indicates different subsets of cells. Based on the YAP expression intensity, there
seem to be cells having High expression (Blue arrow), medium expression (yellow
arrow) and low expression (green arrow). Based on the cellular clustering, cell types
can be divided into cells which are duplets or quadruplets (orange arrows) which
may be interstitial stem cell undergoing first and second mitotic division. There are
also clusters of cells which are arranged into a linear file whose identity is difficult to
judge (red arrows). Yellow arrows indicate clusters of cells which looks like part of a
nest of nematoblasts. These nest cells are typically arranged into 8-16 cell-clusters.
As can be noticed here, these clusters are not completely YAP positive, and only a
subset are expressing YAP. This may indicate that these cells are expressing only at
certain stages of nematoblast differentiation. Such similar clusters can be observed
even in the high-level YAP expressing cells (blue arrows) indicating a yet different
subset of nematoblast cells. A different population of cells show extra-nuclear
staining (white arrow). These stains might be non-specific since they are localized in
cysts similar to that seen in desmonemes and stenoteles. These results suggest that
at least some of the YAP positive cells have interstitial cell origin and a detailed IFA
study of individual cells made from dissociated cells separated by FACS is required

for a thorough investigation into identifying the full gamut of cell-types.

2.3.7 YAP expressing cells are early responders to head amputation

YAP IFA performed on decapitated polyps shed light on the participation of
YAP positive cells during early regeneration (Figure 2.11). YAP positivecells can be
observed occupying the site of injury within one hour of amputation. These cells

increase in density as time progresses until 4 hours post-amputation (hpa). Since
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wound healing takes approximately 1-2 hpa, the YAP positive cells may migrate
along with the epithelial cells during the wound-healing phase. An increase in density
might be caused by either further migration of the YAP positive cells from the body
column or by division from the pre-existing cells at the site of injury. The interest-

ing observation to note is that the population of YAP positive cells at the site of injury
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Figure 2.9: Immunofluorescence assay of the CheYki antibody. A. Alignment of Hvul _YAP and
CheYki protein primary sequences (red box indicate the immunogen peptide used). B. IFA of CheYki
antibody showing staining pattern of Hvul_YAP against the negative control (pre-immune serum). C.
Localization of YAP positive cells throughout the adult polyp. D. Localization of YAP positive cells at
the hypostome, body column and Basal region of mature bud in Hydra (dotted line indicates bud-

parent boundary).

until 4 hpa is similar to the population seen in the body column of Hydra (green
arrows). This changes after 8 hpa as the YAP positive cells at the distal-most region
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of regenerating tip assumes a new cell-type characteristic. These cells stop being
clustered or paired. They can now be seen as individual cells arranged arbitrarily at
the tip. Since YAP is a known mechanotransducers, these cells are either
differentiated from the cells migrated from the body column or are cells assuming

a new phenotype in response to the mechanical change in the cellular environment

Figure 2.10: Types of YAP expressing cells. Immunofluorescence assay using the anti-Hvul_YAP
antibody of macerated cells at 60X. A. This panel shows cell types based on signal intensity or YAP
expression level in cells. Blue arrow represents cells with high YAP expression, yellow arrow
represents cells with medium YAP expression, cells with a green arrow represents low YAP
expression. White arrow indicates extra-nuclear staining in nematocysts. B. This panel shows cell
types based on the cellular arrangement. Orange arrows represent cells with duplet or quadruplet
arrangement and red arrow represents cells arranged linearly. Red: YAP & Blue: Nucleus (Magenta
indicates merged image). Immunofluorescence assay using the anti- Hvul YAP antibody of
macerated cells at 60X. (Scale bar: 20 um)

due to lack of ECM and physical disruption of cells. The dynamics of YAP positive

cells in the regenerating tips indicate that they are recruited to the site of injury early
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during the regeneration and are probably early responders of mechanical changes

caused due to amputation.

2.3.8 \Verteporfin is an effective inhibitor of YAP-TEAD interaction in Hydra

Verteporfin (Vp) is a benzoporphyrin derivative small inhibitor generically known as
Visudyne. It was originally used for photodynamic therapies in Ophthalmologic
sciences?®. It was later found as a potent inhibitor for YAP-TEAD interaction without

photoactivation®”. The mode of action of Vp is represented in the schematic diagram

Actin  Hvul YAP Hvul_YAP

8 hpa — 8 hpa

Figure 2.11: YAP positive cells are recruited early to the regenerating tip. Inmunofluorescence
assay using the anti-Hvul_YAP antibody for head regenerating Hydra showing recruitment of YAP
positivecells to the regenerating tip. The density of YAP positive cells can be seen increasing at the
site of injury from 1 hr post-amputation (1 hpa). White arrows indicated in the zoomed-in image
shows the generation of a new type of YAP expressing cells at the regenerating tip by 8 hpa as
compared to cell population seen away from the tip or previous time points. (green arrows) Red:
YAP & Green: Actin.

shown below indicating disruption of YAP-TEAD interaction by binding of Vp to YAP

and preventing it from interacting with TEAD (Figure 2.12). This drug is extensively
used for inhibiting Hippo pathway signalling axis in mouse and human cell lines for
studying the role of the Hippo pathway in cell and cancer biology. Since the
YAP-TEAD interaction domain in Hydra and Human are conserved, we tried to assay
whether Vp could inhibit Hvul_YAP-Hvul_TEAD interaction as well. We performed a
dose response assay to test the optimum dosage of Vp to be administered to Hydra
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polyps before which it becomes lethal to the animals (Figure 2.13). It was found that
a concentration of 5 uM, all the polyps remained healthy and responsive to stimuli
(touch and light) but were having a notably reduced flexibility as compared to normal
polyps. A concentration of 10 uM and above were lethal to the polyps within 24 hrs of
treatment. Therefore, five yM concentration of Vp was used for treating the polyps
for the study. A co-Immunoprecipitation of YAP was performed using TEAD
antibody to check for a change in YAP-TEAD interaction in Hydra upon 3hrs of Vp
treatment in adult polyps (Figure 2.14 A). For better results, nuclear lysate from 2000

YAP
)

Cytoplasm

Cytoplasm

Vp treatment
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‘/TVE;;DE)\\ |—.><
Np)
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Figure 2.12: Schematic representation of the action of Verteporfin (Vp) on YAP-TEAD interaction.
The Hippo effector protein YAP (transcription co-factor) and the transcription factor TEAD
interaction in the nucleus is disrupted by Vp by binding to the TEAD-binding domain of YAP. This
disrupts transcription of target genes of TEAD.

Vp treated and DMSO treated polyps each was used for the assay. A slight reduction
in the amount of YAP pulled down by TEAD was observed by checking the
immunoprecipitated proteins on western blot (Figure 2.14 B). Densitometric analysis
was done for the same to confirm the visual difference (Figure 2.14 C). It indicated
that there was about a 60% drop in the amount of YAP co-immunoprecipitated upon
Vp treatment as compared to the DMSO treated. This result indicates that Vp
treatment has an inhibitory effect to Hvul_YAP-Hvul_TEAD interaction in Hydra as
well and can be used for modulating or disrupting the YAP co-transcriptional activity

in Hydra.
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2.3.9 Verteporfin treatment accelerates Hydra head regeneration

Regeneration assay was performed to observe the effects of Vp treatment on the
regenerative ability of Hydra. The assay was performed as shown in the schematic
below (Figure 2.15 A). Accelerated regeneration dynamics were observed in these
animals (Figure 2.15 B). Tentacles can be seen growing in the Vp treated polyps at
36 hpa while in control polyps, polyps take about 48-55 hrs to start growing the
tentacles. Examination of the regeneration assay by plotting the number of Hydra
with newly emerged tentacles confirms that control polyps start making most of the

tentacle buds after 48 hpa while there is a linear increase of number new buds from

12 hrs 24 hrs 36 hrs

Vp 10 uM Vp 5 uM DMSO

Vp 15 uM

Figure 2.13: Vp dose response assay shows that a concentration of 5 uM is the optimal
concentration for treatment on Hydra polyps. Effect of Vp treatment on polyps were studied for a
concentration of 5 uM, 10 uM and 15 uM. A concentration of 10 uM and above has deleterious
effect on Hydra polyps by 24 hours of treatment.
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36 hpa in Vp treated polyps and hence giving a jumpstart (Figure 2.16 A).A closer
look at the number of Hydra with a given number of tentacles (1, 2, 3 & 4 nos.) on a
time points clearly indicates that more polyps show three or more tentacles from 36
hpa in Vp treated Hydra as compared to control (Figure 2.16 B). This indicates an
acceleration in the growth rate of new tentacle due to Vp treatment. These
observations hence indicate that VP treatment caused YAP-TEAD interaction
inhibition cause accelerated regeneration in Hydra. Such an observation seems
counter-intuitive since YAP-TEAD signalling is known to be pro-regenerative in more
complex organisms like the Zebrafish species Danio rerio 38 39. One way to reconcile
this would be the fact that regeneration in Hydra is morphallactic and hence might
have a different regulatory network in place to control regeneration without cell

proliferation.
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Figure 2.14: Hvul_YAP-Hvul_TEAD interaction is disrupted by Vp in Hydra. A) A schematic
representation of the experimental set-up of co-IP of YAP using TEAD antibody. B) Western blot of
TEAD IP of nuclear lysate of Vp treated Hydra shows a slight decrease in co-IP of YAP (lower blot)

56



compared to the DMSO treated Hydra. C) Densitometry of the western blot clearly shows a 60 %
decrease in YAP-TEAD interaction normalized to the TEAD intensities in Hydra after Vp treatment (N
=1 & n=2000).

It is possible that in Hydra this signalling pathway controls some kind of a checkpoint
which may be in place before the actual regenerative process is initiated. Another
possibility is the availability of YAP to now interact with other transcription factors like
Runx and SMADs due to the stoichiometric shift produced due to inability of YAP to
bind TEAD.

2.3.10 Verteporfin treatment increases the rate of budding in Hydra
A budding assay was performed to assay the effects of Vp on budding. Vp treatment
leads to increase in the average number of buds per polyps (total number of buds

from a set of 48 polyps were calculated and then divided by 48 to obtain the value)

A. DMSO Treated

[
Hydra Head
polyps Amputation

Vp Treated (5 pM)

-. ﬁ

Imaging/Tentacle
count
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12 hrs pre-
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Control

SIY9E

Vp

Control

s1ygy
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Figure 2.15: Vp treatment causes accelerated regeneration dynamics in Hydra. A) A schematic
representation of the experimental set-up for the Vp regeneration assay. B) image panels showing
stages of regeneration in Vp treated and DMSO treated polyps (5 polyps represented) at 36 hrs and
48 hrs post-amputation.
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(Figure 2.17 A). To confirm whether this was an effect due to increased rate of bud
detachment and not new budding, an assay was performed to quantitate the
cumulative number of fallen buds (detached). As can be seen from the graph below,
the detachment rate didn’t change drastically (Figure 2.17 B). These observations
indicate that Vp treatment causes the polyps to produce more new buds than the
control. Since the budding rate is indicative of the rate of cell proliferation and
maintenance of steady-state*?, Vp treatment is also indicative of increased cell

proliferation.
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Figure 2.16: Regeneration kinetics of Vp treated Hydra. A) This graph indicates kinetics of number
Hydra with new tentacles from 24-72 hpa in DMSO (blue) vs Vp (orange) treated polyps. N=3,n =
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48 B) This graph indicates the number of Hydra with the indicated number of tentacles (1, 2, 3 or 4)
at a given time point (24, 36, 48 or 72 hpa). Number of experiments (N) = 1, Number of experiments
(n) = 48.
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Figure 2.17: Vp treatment causes increased budding rate in Hydra. A) This graph indicates kinetics
of 2 sets of experiments showing the average number of buds per Hydra in DMSO treated vs Vp
treated polyps. Number of experiments (N) = 2, Number of polyps per experiement (n) = 48. B) This
graph indicates the rate of bud detachment in DMSO treated vs Vp treated polyps.Number of
experiments (N) = 1, Number of experiments (n) = 48.
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2.3.11 Verteporfin treatment accelerates Actin dynamics during Hydra head regeneration

To understand how early Vp treatment has an effect on regeneration, actin dynamics
around early wound healing and re-establishment of trans-cellular actomyosin
bundles (myoneme) were examined. F-Actin dynamics in Hydra head regeneration
was studied by fluorescently staining actin using Alexa 568-conjugated Phalloidin.
The wound healing of decapitated Hydra can be equated blastopore closure where
‘actin cables’ surround the gap in tissue and the associated actomyosin contraction
leas to closing the wound. Upon Vp treatment, it can be clearly seen that actin-
assisted wound closure is at its completion by 0.5 hpa while control polyps take
about an hour to do so (Figure 2.18). As can be seen from the figure, the myoneme
structures at the wound are broken down in response to injury and it takes about 8-

12 hrs for these trans-cellular actomyosin bundles to be reformed. In Vp treated

polyps, it is can be seen formed between 1-3 hrs. These observations indicate that

0 hpa
3 hpa

‘ 0.5 hpa
8 hpa ‘

12 hpa

1 hpa
895 Jno|4 ex3|y ulpiojjeyd

Figure 2.18: Vp treatment leads to faster actin-assisted wound healing and myoneme
establishment in Hydra. The regeneration time course assay for actin dynamics was performed by
staining the fixed polyps at different time points using Phalloidin. The figure shows that actin
dynamics is faster in Vp treated polyps. Vp treated polyps shows faster wound closure than the
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DMSO treated polyps. The re-formation of myonemes can also be seen to occur earlier in Vp treated
animal. Red: Actin

the effects of Vp are not just on cell proliferation and regeneration specific, it also

has an effect on wound healing and actin dynamics very early during regeneration.

2.3.12 Vp causes an increase in recruitment of the number of YAP positive cells at the site of injury

Since the Vp treatment caused an accelerated regeneration and wound healing
dynamics, the effect of the same on dynamics of YAP positive cell recruitment to the
site of injury was assayed by IFA. This assay showed that Vp treated polyps had
higher and brighter YAP positive cells being recruited to the regenerating tip (Figure
2.19). A careful examination indicates an increase in YAP positive cell numbers
within 1 hpa. Such an increase indicates that inhibition by Vp doesn’t affect the YAP
nuclear localization or the ability of these cells to migrate or proliferate in response to

injury and mechanical changes.

0.5 hpa 1 hpa 4 hpa 8 hpa

DMSO Treated

Vp Treated

Figure 2.19: Vp treatment causes rapid accumulation of YAP positive cells at the site of injury.
Immunofluorescence assay using the anti-Hvul_YAP antibody for head regenerating Hydra in Control
(DMSO) and (Vp treated) state showing increased recruitment of YAP positive cells to the
regenerating tip upon Vp treatment. Higher number of cells can be seen as early as 1 hours post
amputation in Vp treated regenerating tips. Red: YAP, Green: Actin & Blue: Nucleus.
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2.4 CONCLUSION

Detailed characterization of the Hippo pathway and its components in pre-bilaterians
has not been reported to date. There have been few studies reporting the presence
of Hippo homologs in these primitive organisms. Capsaspora owczarzaki, a single-
celled eukaryote is the primitive-most organism predicted to have a complete set of
functional core Hippo pathway homologs indicative of a holozoan origin of the
functional pathway*'. Another study confirmed the presence of Yki in a Ctenophore
species: Pleurobrachia pileus and a Cnidarian species Clytia hemispherica®:. They
showed indirectly that the role of Yki in these animals are conserved for the
regulation of cell proliferation and growth. In this study, we have for the first time
reported and confirmed a complete set of core Hippo pathway components in Hydra
vulgaris by bioinformatic analysis and cloning. We have also made functional
antibodies against Hvul YAP and Hvul TEAD which can be used for studying
protein-level regulation of these proteins in various context. By performing IFA
against Hvul_YAP, we have for the first time reported early recruitment of YAP
positive cells to injured tissue in a morphallactic regenerative model system. Using
YAP-TEAD inhibitor- Verteporfin, we show that disruption of TEAD transcription
activity causes acceleration of regenerative kinetics in amputated polyps. Our
observation that Vp treatment accelerates budding rate in Hydra indirectly affirms the
conserved role of the Hippo pathway in cell proliferation in Hydra. The effect of Vp
treatment can also alter actin dynamics during head regeneration causing an
accelerated wound healing in these polyps. Although, at this point it is difficult to
establish a cause or effect link to the accelerated wound-healing observation. A
more detailed study involving YAP-GFP transgenic and a CRISPR based Hydra
transgenic with inducible YAP deletion-mutant incapable of TEAD interaction would

be required to shed light on the exact nature of these observations.
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3. CHARACTERIZATION OF THE ROLE OF ECM STRUCTURE AND
TISSUE STIFFNESS IN REGULATING REGENERATION IN HYDRA

3.1. INTRODUCTION

Role of ECM in morphogenesis and regeneration

The extracellular matrix (ECM) in animals has been shown to contribute towards
diverse functions including cell-adhesion, mechanical support, cell-signalling, and
scaffolding for other extracellular molecules. The transition of unicellular organisms
to multicellular organisms requires ECM as a conduit for the integration of various
information between cells to function together. Recent studies have shown that the
basic ‘Toolkit’ required to form the basal membrane coincided with the emergence of
multicellularity. ECM components are encoded in eukaryotes as early as the
unicellular choanoflagellate Monosiga brevicollis. More recently, it was reported that
a unicellular organism named Ministeria vibrans belonging to a filozoan clade of
filasterea which diverged earlier to Choanozoa contains a gene similar to collagen IV
1. This premetazoan origin of collagen type IV indicates that it is possibly the most
primitive form of collagens and possibly other components of ECM evolved from this.
Earliest phylum reported to have a complete functional set of ECM components and
related proteins is in Cnidaria. The fact that ECM components expanded their
repertoire from phylum Cnidaria onwards indicates their eumetazoan specific
functions. Hence, studying cnidarian ECM can shed light on the role of ECM

components in the organization of the body plans of early multicellular organisms.

ECM has been reported to play a crucial role in regulating cell fate and tissue
morphology in multiple organisms. The chemical and physical properties of ECM can
influence cell behaviour and fate (Figure 3.1). It was reported that solely by varying
the stiffness properties ECM, the differentiation fate of mesenchymal stem cells
could be altered?. The regulation of cell fate by ECM occurs as a function of its
interaction with ECM specific cell receptors such as integrins which in turn transmit
the information either through chemical signal transduction or mechanically through
force distribution via actomyosin networks®. ECMs can also regulate tissue

morphogenesis by controlling and sequestering morphogenic ligands, including
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BMP*. These capabilities of ECM can, therefore, make them an important player in
‘sculpting’ an organism during embryogenesis. A recent study showed that during
Drosophila embryogenesis, ECM components in the basement membrane are
differentially deposited to form a morphogen-like gradient during tissue elongation °.
This creates an anisotropic resistance to isotropic tissue expansion and hence helps
in shaping organs by creating a mechanical imbalance. Another study in sea urchins
showed how spatio-temporal incorporation of the hygroscopic chondroitin sulphate
proteoglycan causes swelling of ECM which creates hydrostatic pressure for folding
of the epithelial sheet during embryonic invagination®. The branching morphogenesis
in mice salivary gland has been shown to be regulated by fibronectin deposition
which signals the tightly packed epithelial cells to lose the E-cadherin contacts and

help in the conversion of cell-cell adhesions to cell-matrix adhesions’.

/  Cell receptor
regulation

Cell migration
tracks

Morphogen and
cytokine regulation
and reservoir

Cell anchorage ' Mechanical force

Figure 3.1: Role of ECM in regulating tissue morphogenesis. The figure illustrates how different
functions of ECM (depicted in red lines) related effects can alter tissue behaviour required for

regeneration, epithelial-to-mesenchymal transition (EMT), scarring, organogenesis or embryogenesis
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through signal transduction. Cell-ECM adhesion is required for anchorage dependent pathways. The
mechanical properties of ECM will cause mechanotransduction effected through actomyosin (green
rod with black striations) regulation. Various morphogens and cytokines (represented as circles,
hexagons and stars) like BMP, WNT etc. can be stored and regulated in ECM by controlling its
diffusion and accessibility to cellular recptors. ECM also contains various MMPs (represented as
scissors) capable of regulating ECM and cell receptor availability by cleaving the extracellular domain

of the receptors. ECM is also acts as a track to help in cellular migration.

In mammalian systems, ECM has been reported to be crucial for regeneration and
sustaining cell proliferation and differentiation post-injury. Mammals possess very
limited potency to regenerate their lost or injured tissues. Skeletal muscles are
among the few tissues that mammals can regenerate, and it was found that upon
muscle degeneration, it leaves behind a hull of basement membrane ECM which
acts as a scaffold to facilitate myofiber fusion®. In mammals, early stages of skeletal
muscle regeneration are associated with downregulation of laminin and collagen
type | to facilitate de-differentiation of satellite cells to form myoblasts®. Fibronectin,
Hyaluronic acid and Tenascin-C are shown to be up-regulated during the same
period. Another study showed that by altering the ECM stiffness of a three-day old
mouse, it was possible to restore the ability to regenerate heart which is lost after
day 10, Certain species of mammals are reported to have an astonishing capability
to regenerate. For example, the African spiny mouse (Acomys sp.) which can loose
and regenerate up to 60% of its dorsal surface including hair, follicle, skin, sweat
glands etc. Here, It was shown that laminin and collagen type | molecules are down-
regulated while the cells de-differentiate and later upregulated during cellular
differentiation’’. Another study which looked at the regeneration of skeletal muscle of
tibialis anterior in Acomys found that it has higher collagen type VI in the
regenerating tissue as compared to Mus sp.'?. This difference renders a softer
biomechanical property to the Acomys tissue which is believed to be important to
achieve a faster, scar-free regeneration with higher macrophage infiltration, low
expression of inflammatory and fibrotic genes at the site of injury. A recent study has
demonstrated that fibronectin in the niche was necessary for maintaining a functional
muscular stem cell population capable of regenerating lost muscular tissue. The
reconstitution of fibronectin levels in aged stem cell niche is enough to remobilize

and restore functional muscular stem cells’3.
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In axolotls, skeletal muscle regeneration follows similar regulation of collagen type |,
laminins, fibronectin, hyaluronic acid and tenascin-C as in mammals in the early
phase of regeneration to allow de-differentiation of satellite cells'*6. In Xenopus
tadpoles, it has been reported that Hyaluronic acid plays an important role in the
regeneration of tailbud after amputation'®. An adequate level of hyaluronic acid in the
regenerating tail bud is required for sustaining mesenchymal cell proliferation.

Studies in zebrafish also indicate a similar role of ECM in regeneration. Fin
regeneration studies indicate an early upregulation of fibronectin, hyaluronic acid and
tenascin-C, which seems to be a conserved mechanism across different organisms
in the vertebrates'®. Additionally, Hapln1a, hyaluronan and proteoglycan aggrecan
are also upregulated during the process. On the other hand, laminin levels do not
show any appreciable changes during fin regeneration in zebrafish. Fibronectin is
necessary for heart regeneration and is shown to be expressed by epicardial cells.
The cardiomyocytes start to express itgb3 receptors which can respond to the
presence of fibronectin at the site of injury for a successful heart regeneration'”. A
study on the caudal fin regeneration indicates a crucial role of collagen type IV and

specific matrix remodellers from the MMP and TIMP family of proteins’®.

Regulation of ECM during Hydra regeneration

ECM in cnidarians are arranged discretely sandwiched between the two germ layers.
Since they were initially noted as a gelatinous noncellular layer and found between
the germ layers, they were termed as mesoglea. Hydra mesoglea is 0.5 - 2 ym thick
depending upon its position in the body. The mesoglea is a trilaminar structure
dividing the two epithelia’. The epithelial cells are in direct contact with the basal
lamina which sandwiches a thick central layer of interstitial matrix. The mesoglea
also has trans-mesogleal pores which enable inter-epithelial cellular interactions via
cell processes running through them?°. ECM secretory dynamics have been studied
using the Hydra regeneration model. It is known that post-amputation there is a
retraction of mesoglea, and its restoration is required for initiation of regeneration?'.
Post-amputation, loss of ECM is followed by sealing of wound which causes direct
contact of ectoderm and endoderm cells, leading to change of morphology of these
cells from being cuboidal or columnar to flattened (Figure 3.2)%% 2'. During

regeneration, within 3 hours, all the components of ECM are actively transcribed by
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their respective cells and then by 7 hours components of the basal lamina -
endoderm secretes laminin and HyCol IV such that basal lamina is formed and
hence leading to regaining the normal cuboidal morphology of the cells. Contact of
the basal lamina with receptors of the ectodermal cells results in the secretion of
components of the interstitial matrix and hence leading to complete formation of
mesoglea within 20 hrs post-amputation?2.

Interstitial matrix [Fibrillar collagen] .... !‘!‘ ”!Q
—— Basal lamina [Laminin+Collagen V] > . - '
@ Ectodermal epithelial cell ~

Endodermal epithelial cell

E ® Contact of ectoderm and endoderm ® Laminin and Col IV are secreted ® Fibrillar collagen is deposited
! to form basal lamina to form interstitial matrix

1 ™ Laminin and Col IV mRNA synthesis ® Fibrillar collagen mRNA synthesis

1 by Endoderm by Ectoderm

i

n;nn
wr908e
-
Tywed

Amputation Oh 1h 24 h

® ECM retraction ® Cells migrate to seal the wound ® Completion of ECM reformation
® Change in endodermal cell shape

Figure 3.2: Cellular and structural changes in mesoglea during head regeneration in Hydra. ECM is
retracted immediately upon decapitation followed by a change in cell shape. This is succeeded by
wound closure and secretion of ECM components completing the early stages of head regeneration.
(Reproduced from Reddy et al., 2019%).

During the regeneration of re-aggregated cells, it is reported that mesoglea formation
takes place immediately after the reorganization of ectoderm and endoderm cells
into a lumen?*. The mesogleal components are first secreted by 12-17 hrs of
aggregation, and the maturation of the mesogleal structure is reported to be
completed by 48-72 hrs?5. The morphogenetic processes required for regeneration of
reaggregated cells succeed the mesoglea formation, and the formation of a mature
mesoglea is an absolute necessity for the success of regeneration?®. It has also been
reported that disruption of any of this process either by knockdown of the ECM
components or by inhibiting their biosynthesis chemically or by preventing ECM-
receptor interaction, the process of regeneration is arrested?. Therefore, it seems
very plausible that the important role of ECM in regulating regeneration and other
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tissue function evolved very early during evolution. As can be noted from above, the
precise mechanistic role of ECM during regeneration in more complex organisms is
unclear despite strong pieces of evidence showing its importance. A highly
regenerative model system such as Hydra with its less complicated tissue system
and signalling networks could be crucial in shedding light to ECM mediated
regulation. Studies focussing on biomechanical aspects of ECM in Hydra could
unravel various aspects of their role in physiological regulation and how it evolved to
perform the more complex function in a system such as a human. The previous
chapter showed that the accelerated head regeneration from Vp treatment was also
accompanied by faster actin dynamics and stiffer or less flexibility in polyps. These
factors point towards an a possibility of active biomechanical regulation of ECM
during Hydra head regeneration. Keeping in consideration that Hvul_YAP expressing
cells are recruited early during regeneration and the fact that the Hippo pathway is a
known mechano-sensitive signalling pathway, a detailed ultrastructural and
biomechanical study was undertaken. This chapter discusses our findings from the
ultrastructural and biomechanical study undertaken to elucidate how acceleration of
head regeneration by disruption of YAP-TEAD interaction using Vp treatment is a
function of increased tissue stiffness due to mesogleal fibrosis’.
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3.2. METHODS AND MATERIALS

3.2.1. Scanning Electron Microscopy (SEM) Imaging of Hydra

Anaesthetized polyps (using urethane (Sigma)) were fixed using EM fixing solution
(2.5 % Paraformaldehyde (Electron Microscopy Sciences - EMS), 2.5 %
Glutaraldehyde (EMS) and 0.1 M Cacodylate buffer (Sigma)) at 4 °C overnight. The
polyps were then washed in 0.1 M Cacodylate buffer thrice. These polyps were then
embedded in 5 % Agar. These were then cut into cubes of 1 cm? one polyp. These
cubes were then mounted on a vibratome (Leica VT1200 S) and sectioned into 200
um slices. These were then treated with 1 % Osmium tetroxide (Sigma) (5 mins)
followed by 3 x washes with 0.1 M Cacodylate buffer and 3 x washes with Milli Q
water. This was followed by treatment with 1% Tannic acid (EMS) (5 mins in dark)
and 1 % Uranyl acetate (EMS) (30 mins in dark) sequentially with 3 x washes of Milli
Q purified water after each treatment. These sections were then dehydrated by
washing them with ice-cold ethanol with increasing concentration for 5 mins each:
30%, 50 %, 70%, 90 %, 96% and finally 100% ethanol at RT. The dehydration of
these sections was then completed by drying them at COz2 critical point using a
critical point dryer (Leica CPD030). The dehydrated sections were then mounted on
carbon-taped stubs. These were then coated with 5 nm platinum by sputtering. The
coated samples were then imaged using Zeiss Ultra 55, Zeiss Sigma 500 or Zeiss

Supra 55 FEG electron microscopes at 2-3 kV at 4-14 mm working distance.

3.2.2. Transmission Electron Microscopy (TEM) imaging of Hydra

The regenerating polyps were fixed and stained according to the protocol described
for SEM. The stained were then dehydrated in an ethanol gradient similar to the one
used for SEM. The polyps in 100 % ethanol were then replaced by 100 % Acetone
and given 2 x washes for 10 mins each at RT. The polyps were then processed for
resin infiltration (Epon/EMbed 812 EMS): 25% mix of Epon in acetone overnight,
50% mix of Epon in acetone for 8 hrs, 75% mix of Epon in acetone overnight, 100 %
Epon for overnight & fresh 100 % Epon change incubation for 1 hr. The polyps were
then transferred into the resin moulds with appropriately labelled paper prints. The
polyps were oriented according to the sectioning requirements and then polymerized
in a hot air oven at 70 °C for 12 hrs. These polymerized blocks were then sectioned

into 70 nm slices from the regenerating tip using Leica EM UC7 ultramicrotome. The
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slices were then mounted on carbon-coated grids (5 nm thick, 300 mesh type from
EMS). They were then stained with Lead citrate (Thermo Scientific) for enhancing
contrast. These sections were then imaged using FEI Tecnai T-12 Spirit Biotwin
TEM (Thermo Scientific).

3.2.3. Measurement of Hydra tissue stiffness using an atomic force microscope (AFM)

Attaching bead to the AFM lever:

A tipless cantilever with a glass bead attached to its free end (stiffness ~ 0.2 N/m)
was used for AFM measurements. The diameter of the glass bead is 20 ym (Figure
3.3 A). The attachment was accomplished using the micromanipulation available
with the AFM. A small amount of UV curable glue (Dymax 431) was spread on the
coverslip. Using the servo control of the AFM, the end of the tipless lever was
lowered onto the glue. A drop of glue was picked up on the lever and lowered again
on a bead. The lever was maintained under positive load and UV light was directed
at the bead-lever assembly. After curing the lever was pulled back from the surface
along with the bead (Figure 3.3 B). The elastic modulus of the glue is 570 MPa and it
is not deformed while pushing on the tissue. Before performing force-distance
measurements, the cantilever is calibrated using BSA coated glass surface by

thermal tuning.

zerss R EHT = 3.00kv  Signal A= SE2 Date :9 Oct 2014 ‘!l s EHT= 300kv  Signal A=SE2 Date :9 Oct 2014
WD=20mm  Mag= 1.13KX  Time:12:41:38 SERPORE WD=44mm  Mag= 463KX  Time 12:53:12 WSERTONE

Figure 3.3: Attachment of glass beads to the cantilever. A. The figure shows the SEM image of the
final placement of the 20 um glass bead on the cantilever B. Magnified image showing the UV-
cured glue at the bead-cantilever interface.
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Measurement of tissue stiffness using AFM:

Since Hydra is an aquatic organism and posesses a protective slippery glycocalyx
covering on its body, it is difficult to use adhesives to fasten them. Hydra body is
unstable for mechanical measurements if it is not strongly adhered to the glass
surface. A thin layer of BSA was coated on the glass for strong adherence of the
tissue. Young’s modulus of various tissues typically ranges from 100 Pa to 1 MPa.
The Young’s modulus of glass is of the order of 10-100 GPa. The coating of BSA
alters it to some extent. Assuming the glass-glass contact to be infinitely stiff
compared to the glass-tissue contact - a reasonable assumption since it is 10,000
times stiffer, the slope of the curve in the contact region for glass and BSA coated
glass is nearly one implying no deformation. The slope of the curve on tissues is
much less suggesting a certain amount of deformation. We use glass-glass contact
for calibration of deflection sensitivity and the subtraction of cantilever deflection from
the push given by the piezo extension yields deformation in the tissue. The force is
calculated by multiplying the cantilever deflections by its stiffness. The force versus

deformation curve is then fitted with the Hertz model.

E &+ R’ R.,+a

F= 1—1)2[ 2 lnRS—aiaRsl
a R,+a

0= -1
2 nRS—a

Where F is the measured by the cantilever possessing the bead, which is pressed
against the tissue. R is the bead radius, the delta is the deformation in the tissue, E
is the Young’s modulus and v is the Poisson ratio.

Hertz contact mechanics theory works for non-adhesive elastic contacts. It is
important to establish that the pressing of bead over the tissue conforms to this
requirement. For small loads (< 1 nN) the extend and retract curves do not show
hysteresis indicating that the contact is non-adhesive and elastic.

Before AFM measurements, Hydra polyps were cultured and starved for a day to
eliminate food material. They were relaxed with urethane (2% for 2 mins) and fixed
immediately with glutaraldehyde (4%) for 30 mins. For regeneration assay, the
polyps were amputated and then fixed after indicated time points. The coverslip

(diameter: 22 ym) was coated with a layer of bovine serum albumin (BSA, 10
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mg/ml), and this layer was allowed to dry. The coverslip was then placed in the AFM
fluid-cell. A Hydra polyp was placed over the BSA layer, and a small amount of BSA
was added to keep it from drying. As the BSA dried, the connections formed
between the Hydra polyp and the surface by BSA were fixed using glutaraldehyde
for 2 min and water was added in fluid cell for performing AFM measurements.

3.2.4. Dipyridyl treatment

2,2’-Dipyridyl (DP) is an inhibitor of lysyl oxidase®®. Lysyl oxidase is an enzyme
which cross-links two adjacent fibrillar collagens to make bundles. Inhibition of lysyl
oxidase prevents the components of the ECM from polymerizing. DP has been
shown to effectively inhibit Hydra ECM?’. The concentration of 100 uM was shown to
be useful in other strains of Hydra. To test the validity of this result and to study the
behaviour of Hydra under this drug concentration from 50 uM to 200 uM DP in Hydra
medium were tested and deleterious effects were detected under physiological
conditions until 175 uM 24 hrs in treatment. We found the 100 uM concentration was
sufficient to block the regeneration process in Hydra and hence used this

concentration throughout this study.
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3.3. RESULTS AND DISCUSSION

3.3.1. Vp treatment alters the morphology of fibrillar collagens in Hydra mesoglea

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
protocol for Hydra tissue was standardized. A careful examination of the mesoglea
ultrastructure in Hydra across the body revealed a differential organization of
mesoglea between head and body region of the polyp (Figure 3.4). Using ImageJ,
we found that the head region was wider (head mesoglea width - 2043nm £744nm)
and more densely packed mesoglea as compared to the body column (body
mesoglea width - 750 £205 nm). The thickness of the collagen fibrils was also found
to be higher in the head region (41 nm + 15 nm) as compared to the body (19.1 nm
+4.5nm). These findings indicate a higher cross-linking of fibrillar collagens in the
interstitial matrix of the head region in Hydra.

i S e

Mag= 50.00 KX EHT= 3.00 KV Signal A= InLens

WD = 13.9 mm Aperture Size = 30.00 pm Signal B = InLens

Figure 3.4: Differential organization of mesoglea in the head versus body regions. This image panel
shows that the mesoglea in the head region is thicker than that of the gastric region. The collagen
fibrils in the head are densely packed (panel on the left) as compared to the gastric region (panel on
the right).
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Considering the Hippo pathway has mechano-regulatory functions, we analysed the
ultrastructural changes in mesoglea between Vp treated and DMSO treated Hydra.
To this effect, we treated polyps for 12 hrs with Vp and performed SEM imaging.
Mesoglea in Vp treated polyps were found to be more densely packed and narrower
than the DMSO treated (Figure 3.5). This mesogleal packing seemed so
compressed that the fibrillar component in the mesoglea is not visible at all.

Figure 3.5: Vp treatment causes dense packing of ECM in the mesoglea. This transverse section
(T.S.) of a polyp shows that the mesoglea in the head region is narrower and densely packed in Vp
treated polyps.

To better understand what is happening in the mesoglea, TEM was performed to
assess the ultrastructure of collagen fibrils in Vp treated polyps. TEM imaging
allowed to see fibrils clearly at much higher magnification (Figure 3.6). A comparison
of DMSO- treated polyps with Vp treated polyps clearly showed that the individual
collagen fibrils in the mesoglea of Vp treated are short and highly branched while
that control is long and less branched. This observation explains why the mesoglea
is dense and narrow since this kind of structure can allow close packing of collagen
fibrils leading to compression of the mesoglea. This also may complement the
observation that the Vp treated polyps are stiffer than normal polyps. Taken together,
the ultrastructural study of Hydra mesoglea reveals increased crosslinking,

branching and shorter fibril length of fibrillar collagens upon Vp treatment.

76



Figure 3.6: Vp treatment leads to shorter and more branched collagen fibrils in mesoglea.
Longitudinal section (L.S.) of the polyp shows the differential organization of collagen fibrils in Vp
and DMSO treated (control) Hydra. Scale bar = 100 nm.

3.3.2. Regenerating tip shows mesoglea in Vp treated polyps are less elastic

To further elucidate the effect of Vp treatment on mesoglea during regeneration of
head amputated polyp, a SEM imaging of the retracted mesoglea immediately after
decapitation was performed. A 2500X magnified image of the longitudinally
sectioned 12 hr Vp pre-treated polyp at 2 hrs after amputation shows a reduced
degree of retraction of mesoglea in Vp treated polyps as compared to the control
(Figure 3.7). This data, combined with the observation noted in previous sections
indicates that the mesoglea is more rigid than the control polyps after 12 hrs of Vp
treatment. An amputation event after this causes less pronounced mesogleal
retraction in these polyps and probably needing lesser time to repair the lost ECM

from the wound.

2 hrs Control

Figure 3.7: Vp pre-treatment causes reduced mesogleal retraction. Longitudinal section (L.S.) of the
polyp placed with the regenerating tip oriented towards the top of the image shows the minimal
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retraction in the Vp treated polyps as compared to the DMSO treated (control) Hydra polyps. Scale
bar =10 um.

3.3.3. Newly formed mesoglea in amputated polyps exhibit a “fibrosis’ type of phenotype

Following the observation from 2 hpa, we monitored the organization of ECM after
24 hrs of amputation whereby a new ECM is generated and mesoglea is completely
restored (Figure 3.8). We found that in 24 hrs, Vp treated polyps have a well
organized and distinctive mesoglea with a very compact and aligned outlook. While
in the control polyps, the mesoglea looked to be restored but the organization of
ECM in the mesoglea looked still work-in-progress as compared to non-amputated
polyps (See Figure 3.5 DMSO treated head). These suggest two interesting
conclusions — 1) VP treatment accelerates ECM organization either due to faster
kinetics or fewer repair requirements due to minimal retraction and 2) Vp treatment
causes a very different ECM organization with collagen fibrils looking polarized and
aligned as against the reticular phenotype we see in the normal mesoglea which can
be compared to condition of ‘Fibrosis’ seen in mammalian organisms upon injury.
This Vp related organization is distinct for a newly regenerated mesoglea since un-
amputated tissue shows compact yet less polarized (Figure 3.4) and more
reticulated (Figure 3.6) fibrils.

3.3.4. Atomic force microscopy (AFM) is a sensitive and robust tool to measure tissue stiffness
differential in Hydra

Based on the results from previous experiments, it was evident that the mesoglea
collagen fibrils were highly crosslinked and less flexible. This leads us to the next
question of whether these changes in mesogleal flexibility or stiffness affect the
tissue mechanics as a whole and as a corollary if these mechanical changes have
any bearing on the accelerated regeneration dynamics as seen upon Vp treatment.
To answer these questions, a method to measure tissue stiffness quantitatively in
Hydra during regeneration was required. At the time the study was initiated, there
were no methods developed or reported for measuring tissue stiffness of a living
animal or even a heterogeneous tissue. Most of the methods involved measuring the
stiffness of a single cell, group of cells from a cell culture in a controlled environment

or tissues of relatively uniform cell-types. To address this question, we chose to
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Figure 3.8: Vp pre-treatment causes less mesogleal retraction and a ‘fibrotic’ ECM organization.
Longitudinal section (L.S.) of the polyp placed with the regenerating tip oriented towards the top of
the image shows the minimal retraction in the Vp treated polyps as compared to the DMSO treated
(control) Hydra. The organization of ECM appeared highly compact and polarized, mimicking
‘Fibrosis’.

develop Atomic Force Microscopy (AFM) for probing Hydra tissue as a method to
measure the Young’s Modulus, indicative of tissue stiffness. Owing to its high

sensitivity and amenability to customization, this method was selected?® 2°.

There were three major issues that needed to be addressed for performing AFM on
Hydra tissue. The first one being the fact that Hydra is extremely dynamic in the
sense that it consistently contracts and relaxes. This would pose a big problem for
stiffness measurements as they would change the measurements drastically. To
address this issue, we relaxed the polyps using Urethane treatment which renders
the polyps to a state which is neither hyper-contracted nor hyper-extended. Since
extended exposure to Urethane may lead to tissue disintegration, we fixed the
polyps with Glutaraldehyde within 2 mins of Urethane treatment. Although
Glutaraldehyde is known to affect the mechanical properties of collagen, it has been

shown that the effect is expected to be uniform throughout®. We assume that the
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Figure 3.9: Hydra tissue stiffness measurement using AFM. A. The schematic represents the
method of probing Hydra from head to basal disk 100 um apart (red dotted line) using the AFM.
Reading at each spot is measured in an area of 25 x 25 um where 25 readings are taken at a distance
of 5 um apart. Force curve at each spot is represented in the graph showing a typical curve
consisting of approach, contact and deformation. B. Young’s modulus mapped across the polyp
length at a spatial resolution of 100 um apart indicating a stiffness differential between the head
region and body.
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stiffness increase in the ECM upon fixation will maintain the original stiffness
differential. The second issue needed to be addressed was the high sensitivity of
AFM cantilever. AFM is a very sensitive method which can have sensitivity at sub-
nanometer resolution. For tissue stiffness, use of a conical or pyramidal type of
cantilever will be counter-productive since it will measure stiffness at the molecular
level. For tissue level stiffness, a less sensitive probe needed to be designed and
hence we attached a spherical glass bead of about 20 ym diameter to a tip-less
cantilever. This way, we could probe a larger surface area and hence we could
measure the stiffness of the tissue in that area. The third issue that needed to be
addressed, was a method to adhere the polyp to the glass coverslip on which the
sample needed to be probed using AFM. Sample to be probed needs to be firmly
tethered to coverslips. Any movement in the sample can lead to false readings in the
force curve. Typically, tissues are adhered to coverslip using poly-I-lysine or gelatin.
Gelatin cannot be used here since it is much softer than the tissue and hence AFM
reading will give stiffness readings of gelatin instead of tissue. Poly-I-lysine did not
work for Hydra owing to a multi-layered covering of epithelial cells by the glycocalyx.
We fixed this issue by using Bovine serum albumin (BSA) as adhesive to be used by
coating the glass coverslip and then dried. The coated proteins from albumin were

then crosslinked to Hydra glycocalyx using glutaraldehyde flash fixation.

After addressing the issues mentioned above, we wished to validate the utility of
Young’'s modulus measured using AFM and verify whether the ECM organization
differential can be correctly captured using measurements of the Young’s modulus in
the same region. Based on understanding that ECM organization is different
between the head region and the body, we measured Young’s modulus across the
polyps using the method shown in the schematic (Figure 3.9 A). The AFM readings
from this experiment supported the observation from SEM and showed conclusively
that the top 25 % of the polyp is about 3 times stiffer than the rest of the body column
(Figure 3.9 B). This experiment also shows a steep gradient or drop in the stiffness
at about 25 % of the body length. A value of approximately 1480 + 20 Pa was
measured for the head region compared to 450 + 6 Pa for the rest of the body. For
tentacles, Young’s modulus (Y) was 378 £ 11 Pa. For ease of recalling, we will term

the value of 1480 Pa as the “Physiological tissue stiffness” of the head region from
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here on. Such sensitivity for measuring Young’s modulus and ability to capture
stiffness changes is in congruence with the ECM organization observed with SEM
supports that we could successfully develop AFM as an effective tool to understand
tissue stiffness with respect to various aspects of Hydra biology as long as there is
no requirement of absolute Young’s modulus reading. This also meant that we could
develop Hydra as a model system to study biomechanics.

3.3.5. Regenerating tip undergoes dynamic changes in tissue stiffness reflecting changes in mesoglea

After developing the AFM technique to quantify the mechanical change in Hydra
tissue, next we wished to understand and quantify the dynamically changing tissue
mechanics during regeneration as a function of ECM dynamics. To this effect, we
chose regeneration time points reflecting changes in the mesoglea. We used the un-
amputated head with tentacles clipped as a control (Y = 1275 £ 23 Pa). We used 2
hrs post-amputation as the earliest time-point which will reflect the stiffness of polyps
after wound-healing is achieved (Figure 3.10). We then used 4 hrs post-amputation
(hpa) for a time point before basement membrane secretion begins at 7 hpa. The 8
hpa time-point was used to reflect completion of basal lamina formation. Sixteen hpa
was used for a time-point between completion of the interstitial matrix and mesoglea
as a whole. Twenty four hpa was used to probe the stiffness when the mesoglea is
understood to be completely reformed. Young’s modulus measurements using AFM
for regenerating polyps at the wound showed a drastic drop in stiffness at 2 hpa (Y =
242 + 16 Pa) which would be expected upon retraction of mesoglea upon
amputation. No significant change was observed in the stiffness at 4 hpa reflecting
no change in mesoglea during the period. A doubling of stiffness was observed from
the previous time-point at 8 hpa (Y = 757 + 124 Pa) which could reflect the
deposition of non-fibrillar collagens in the basal lamina. No significant change in
stiffness was observed at 16 hpa. By 24 hpa, the Young’s modulus jumped to the
“Physiological tissue stiffness” range attaining the similar stiffness as compared to
the control (Y = 1509 + 308 Pa). These results point towards a dynamic modulation
of tissue mechanics as a function of ECM during the course of regeneration. Further,
these findings clearly establish that AFM can be used as a tool to robustly measure

and reflect changes in mesogleal dynamics and tissue stiffness during regeneration.
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Figure 3.10: Tissue stiffness changes during Hydra regeneration reflects mesogleal dynamics. A.
Schematic representation of AFM on regenerating tip of Hydra. B. Changes in Young’s modulus in
early regenerative time points after decapitation. Red bar indicates regenerating samples and blue
bar denote uncut polyps (N=3) (Astrix signify p values with *=0.05-0.01,**=103***>10"%, n.s. not
significant).

3.3.6. Vp treated polyps attain “Physiological tissue stiffness” early during regeneration

Since the ECM organization could affect the tissue stiffness, we next asked whether
structural changes in ECM due to Vp treatment as discussed before (See section
3.3.1-3.3.3) could also reflect in the stiffness measurements. More specifically, we
wished to check the effect of pre-treatment of Vp at earliest regeneration time points
to try to shed light on the cause of accelerated regeneration. To this effect, the
experiment was designed to assay the tissue stiffness in regenerating tip of Hydra at
0.5, 1 and 2 hpa in Vp vs DMSO treated (Control) polyps (Figure 3.11 A). AFM
measurements revealed that at these time points, the stiffness of control tissue
dropped from the “physiological tissue stiffness” to the values reported in the
previous section (Y = 429 + 11 Pa), without changing through 0.5 to 2 hpa (Figure
3.11 B). In contrast, in the Vp treated polyps, the tissue stiffness in the regenerating
tips were much stiffer than the control even at 0.5 hpa (Y = 1393 + 68 Pa). This
indicates that Vp pre-treatment results in an increase in stiffness, which post-
amputation does not drop to the level of the control amputated polyp. This result
aligns with our observation using SEM and TEM that the fibrillar collagens become
more densely packed and branched upon 12 hrs of Vp treatment (Figure 3.4) and
undergoes minimal mesogleal retraction upon amputation (Figure 3.7). It is
interesting to note that the stiffness of Vp treated tissue at 0.5 hpa is well within the
“physiological tissue stiffness” range of uncut polyp head region. This value remains

more or less unchanged in the next half an hour (Y= 1420 £ 52 Pa). The stiffness
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can then be seen jumping to a much higher level at 2 hpa (Y= 2253 + 74 Pa)
indicating a much-accelerated consolidation of ECM organization during the course.
The AFM measurements for the rest of the time points until the 24 hpa time point
and for the whole body-length will be required for a better understanding of the
biomechanical modulation of tissue and mesoglea upon disruption of YAP-TEAD
interaction. In summary, these findings demonstrate that Vp treatment linked
changes in ECM organization result in an increase in the tissue stiffness, which
leads to attaining the “physiological tissue stiffness” level as early as 30 mins post-

amputation.

3.3.7. Dipyridyl can be used to inhibit crosslinking of fibrillar collagen in Hydra
Based on the results obtained and discussed above, we understand that there is a
dynamic change in tissue stiffness during Hydra head regeneration and this stiffness

is a function of the structural organization of the ECM. We also note that tissue
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Figure 3.11: Vp treatment leads to an increase in tissue stiffness . A. Schematic representation of
the protocol for performing tissue stiffness assay on head regenerating Hydra. B. Changes in Young’s
modulus in early regenerative time points (0.5-2 hpa) after decapitation in Vp vs DMSO treated
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polyps. Blue bars indicate DMSO treated samples & Red bars indicates Vp treated sample (N=3)
(Astrix signify p values with **=1073)

stiffness re-attains the “physiological tissue stiffness” value upon the reformation of
mesoglea at about 20-24 hpa. We see that Vp treatment causes collagen fibrils to be
densely packed and branched. This, in turn, causes an increase in the tissue
stiffness eventually leading to minimal mesogleal retraction and negligible loss or
early attainment of the “physiological tissue stiffness”. Interestingly, we noted that it
takes about 24-30 hrs for the appearance of most of the tentacle-buds (at about 48
hpa) after the mesoglea formation is complete. We also observed that in Vp treated
polyps, early attainment of “physiological tissue stiffness” (at about 0.5 hpa) is
accompanied by the appearance of tentacle-buds within 28-30 hpa. We, therefore,
hypothesize that this “physiological tissue stiffness” serves as a stiffness threshold
for downstream signalling events (possibly head organizer activation), presumably
communicating with the cells that the physical cellular niche has been re-established

and hence to proceed for morphogenesis as a part of the regenerative programme.

|
2 Qe Collagen Dipyridyl

Figure 3.12: Dp treatment can result in loss of collagen crosslinking in newly secreted collagens. A.
Schematic representation activity of Dp. B. The transverse section (T.S.) of a polyp shows that the
mesoglea in the head region is less densely packed in Dp treated polyps due to reduced cross-linking
of fibrillar collagens.
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To test this hypothesis, we needed to disrupt this threshold such that tissue never
attains the “physiological tissue stiffness” value. Considering the tissue stiffness
measured by us using AFM is a function of ECM organization, we needed to develop
a strategy to disrupt collagen organization without affecting cell-ECM attachment. In
the mesoglea, the fibrillar type of collagens, present exclusively in the interstitial
matrix, can be assumed to contribute more towards tissue stiffness owing to its
structural properties. Taking advantage of the unique organization of Hydra
mesoglea where cells interact exclusively with basal lamina and not with the
interstitial matrix, presented us the possibility of disrupting the fibrillar collagen in an
isolated manner. We used the inhibition of Lysyl oxidase activity as a means to
disrupt collagen fibril formation. Such a strategy would effectively cause disruption of
physical bundling of fibrillar collagen in newly formed or secreted collagen without
chemically modifying any pre-existing collagens or newly secreted ECM components
of the basal lamina. 2,2’-Dipyridyl (DP) is one such inhibitor which can specifically
disrupt the lysyl oxidase activity (Figure 3.12 A). Hence, in a normal polyp where
ECM is recycled every 3 days, treatment with DP for 72 hrs will lead to a drastic
change in ECM organization and assume a less densely packed and cross-linked
interstitial matrix. As can be seen from the results, DP treatment indeed leads to
loosely packed mesoglea with individual collagen fibrils easily visible (Figure 3.12 B).
These results indicate that we could successfully target the structural organization of

fibrillar collagen and implement a biochemical strategy to disrupt tissue stiffness.

3.3.8. Dp treatment leads to failure in attaining the ‘stiffness threshold’ and inhibition of regeneration
We performed AFM measurements on DP treated polyps at early regenerative time
points to assay the efficacy of the treatment to disrupt tissue stiffness in regenerating
polyps. We found that as per our strategy, we could successfully prevent the tissue
from attaining the “physiological tissue stiffness” value or the stiffness ‘threshold’
(Figure 3.13 A). We observed a slight increase in tissue stiffness at 8 hpa which
might reflect basal lamina formation. No significant increase in tissue stiffness was
observed at 24 and 48 hpa (Y= 544 £ 124 Pa and 554 t 82 Pa respectively). The
regeneration assay, in turn, revealed that these polyps were unable to regenerate as
long as they were incubated in DP (Figure 3.13 B). The effect of DP is reversible and
the polyps start to regenerate three days after removing DP. These observations

hence bolster the ‘Stiffness setpoint’ hypothesis where polyps unable to attain the
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Figure 3.13: DP treatment causes loss of tissue stiffness and a regenerative arrest. To study the
effect of Dp on Hydra regeneration, regeneration assay was performed following 100 uM Dp
treatment. The regenerating polyps were then used for measuring the tissue stiffness using AFM or
were imaged to assay the morphological changes during the time course.A. Regeneration assay for
comparing the tissue stiffness between control vs DP treated reveals an inability to attain the
“physiological tissue stiffness” in DP treated polyps. Dark Red bars indicate control samples, Bright
red bar indicate uncut 12 hrs DP treated head & Blue bars indicate DP treated sample (N=3) (Astrix
signify p values with *=0.05-0.01,**=103,***>10"%, n.s. is not significant) B. DP treatment causes a
complete regeneration arrest at 100 um concentration.

‘threshold’, do not proceed with the regeneration process whereas the polyps
attaining the ‘threshold’ earlier can regenerate faster.

3.3.9. Vp treatment can rescue the inhibitory effects of Dp in regenerating polyp

To further confirm the ‘stiffness threshold’ hypothesis, we designed combinatorial
treatment of DP and Vp to assess the ability of Vp to rescue the inhibitory effects of
DP. The strategy was to increase the tissue stiffness using Vp in DP treated polyps
and assay the regenerative kinetics in terms of the number of newly formed
tentacles. Mechanistically, there are two ways in which Vp treatment or YAP-TEAD
disruption may lead to increase tissue stiffness: a) by increasing synthesis and
secretion of fibrillar collagens & b) by increasing the production or secretion of
enzymes (such as Lysyl oxidase) catalysing the cross-linking of fibrillar collagen. It
could be one of the above or a combination of both. Keeping in mind that presence
of DP would effectively inhibit the effect of Vp under all circumstances, we instead
assayed the ability of Vp treatment to accelerate the reversal of the inhibitory effect
of 3-day DP pre-treatment with a combination of pre- and post-Vp treatment (Figure
3.14). As can be seen from the graph, Dp pre-treatment causes a significant
slowdown of regenerative kinetics in terms of the average number of tentacles per
Hydra (TPH). We see about 1.25 TPH at 60 hrs and 2.5 THP at 72 hrs in DP pre-
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treated (PreDP+washout (wo)) polyps as compared to 2.75 and 3.4 respectively in
DMSO control. A Vp pre-treatment (PreVP+wo) shows accelerated regenerative
kinetics with respect to the DMSO control polyps with 3.1 TPH at 60 hrs and 4 THP
at 72 hrs. A combined pre-treatment of DP and Vp (PreDP and VP+wo) shows a

faster recovery as compared to PreDP+wo witha 2.7 THP at 60 hrs and 72 hrs.
4.5

35

3
2.5
2
1.5
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- i 11 &
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Average number of tentacles per hydra of drug treated polyps

m 24hrs  m 36hrs 48hrs m60hrs m72hrs

Figure 3.14: Vp treatment can rescue the inhibitory effects of DP treatment to help in faster
recovery during regeneration. This graph represents the average number of tentacles per Hydra
upon various drug treatments at different regeneration time points. Colour legends are indicated
below the graph. The drug treatment labels mean the follows from left to right of the label in x-axis:
DMSO control- No drug treatment, PreDP+wo- 3-day DP pre-treatment followed by washout (wo)
with HM and amputation without any post-treatment, PreVP+wo- 12hrs Vp pre-treatment followed
by washout with HM and amputation without any post-treatment, PreDP & VP+wo- Combined 3-day
DP and 12hrs Vp pre-treatment followed by washout with HM and amputation without any post-
treatment, PreDP+VP- 3-day DP pre-treatment followed by washout with HM and amputation with
continuous Vp post-treatment. (n=48, N=1).

polyps subjected to Vp post-treatment on DP pre-treated (PreDP+VP) exhibit an
accelerated recovery as compared to PreDP+wo but slower recovery as compared
to PreDP and VP+wo with THP values of 1.75 and 3.1 for 60 and 72 hrs respectively.
These experiments effectively present the following two points: 1) the disruption of
YAP-TEAD interaction presumably induces molecular changes in the regenerating

cells which can reverse the effects of DP to effect accelerated regenerative kinetics
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upon combinatorial treatment. This effect is irrespective of pre- or post-amputation
treatment regime; 2) The difference in regeneration kinetics between PreDP and
VP+wo and PreDP+VP suggests that Vp helps DP treated polyps attain ‘Stiffness
threshold’ faster and also indicates that the earlier the ‘threshold’ is achieved, the
faster the regeneration. A detailed AFM study indicative of these inferences showing
dynamics of ‘stiffness threshold’ attainment in these combinatorial drug treatments

will conclusively prove the ‘stiffness threshold’hypothesis.
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3.4. CONCLUSIONS

This chapter reveals multiple key biophysical aspects of tissue regeneration. More
specifically, we report the presence of dynamic regulation of tissue stiffness during
regeneration. Using a combination of ultrastructural and AFM studies, we show that
tissue stiffness is regulated by fibrillar collagen organization within the interstitial
matrix of the mesoglea. We find that intrinsically such a stiffness differential is also
seen between the head region and other regions of the Hydra. We have found that
this stiffness differential along the body column is presumably co-opted as a pseudo-
skeletal system in Hydra (Naik et. al., manuscript submitted). Hydra has evolved to
use such a stiffness differential for aiding locomotion process like
somersaulting/looping. We believe that this stiffness differential may be the modest
beginning of specification of cell lineage or identity by matrix identity which is
reported in mammalian cells?>. By investigating the mechanism of accelerated
regeneration upon disruption of YAP-TEAD interaction by Vp, we uncover for the first
time that Hydra head regeneration is tightly controlled by tissue stiffness. We
uncover that Vp treatment-induced ECM fibrosis contributes to the observed
acceleration in regeneration by attaining the pro-regenerative ‘stiffness threshold’
faster. By preventing the tissue from attaining the ‘stiffness threshold’ during
regeneration, we show that the regeneration programme is reversibly arrested after
wound healing. This shows that the process of wound-healing is independent of the
‘stiffness threshold’ and hints that the morphological processes downstream to
wound-healing exhibit a stiffness requirement. We postulate that in Hydra, the
morphological processes controlling the development of lost tissue require the tissue
to attain a ‘Stiffness threshold’ which enables the cells to activate the pro-
regenerative signalling network. We find that DP treatment can negate the effect of
Vp (data not shown) and block the regeneration. We also show that the recovery of
regenerative capability after DP treatment is enhanced by Vp treatment. Combined,
these observations argue strongly for the ‘Stiffness threshold’ hypothesis. Another
unique finding from this work is the fact that ‘Fibrosis’ is pro-regenerative in Hydra. It
is well known that in mammalian model systems, fibrosis is considered as anti-

regenerative and causes scar tissues.

Many recent studies have found that the regulation of ECM is critical in regulating

regeneration for multiple model systems. One such study reported that the loss of
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ability to regenerate heart in the neonatal mouse after day 2 is due to a 50 %
increase in elastic modulus of cardiac ECM causing scar tissue instead'. Using B-
aminopropionitrile (BAPN), a drug similar to DP in action, the authors were able to
restore the ability of the 3-day old mouse to regenerate injured heart. While this
study showed for the first time that by reducing the cross-linking of fibrillar collagen
and hence lowering the tissue stiffness rescues the tissue from scarring, the
mechanistic regulation for the same is unresolved. While fibrosis is considered pro-
scarring in mammalians, a recent study in zebrafish heart regeneration shows that
fibrosis is required for proper regeneration®'. This study showed that there is
transient fibrosis which occurs in response in injury which is later resolved during the
course of regeneration. The study is also unable to elucidate the mechanistic
importance of fibrosis but it leaves a clue that there are specific fibroblasts which are
involved in collagen type | secretion required for fibrosis. In Hydra, it is not known
which specific ectodermal and endodermal cell types are responsible for regulating
collagen secretion during regeneration, therefore it is tempting to speculate that YAP

positive cells recruited to the site of injury early might have a role in the same.

A study to identify the exact cell type expressing ECM during regeneration and it's
relation with the YAP positive cell will help us understand how the ‘stiffness
threshold’ are linked with regulation of regenerative programme. There are many
interesting aspects of this study that need further experimentation like what is the
organization of ECM in the later Vp time points (post-24 hpa) and the how the tissue
stiffness of Vp treated regeneration tips changes beyond the 2 hpa time points. The
fact that the organization of Vp treated polyps in an intact head versus a
regenerating head is very different- The regenerating head assumes a fibrotic
organization whereas an unamputated head assumes a more compact and
reticulated form. It will be interesting to investigate the nature of this difference. It will
also be interesting to observe the dynamics of tissue stiffness in polyps which are
undergoing a combination of DP and Vp treatment to confirm the ability of Vp to
rescue effects of DP treatment.
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4. EFFECT OF DISRUPTION OF YAP-TEAD
INTERACTION ON DEVELOPMENTALLY
REGULATED GENES DURING REGENERATION IN
HYDRA

4.1.INTRODUCTION

Regulation of fibrosis during wound healing

Fibrosis is defined as the excessive accumulation of specific extracellular matrix
components in response to injury. Fibrosis is commonly observed upon chronic
tissue injury causing a disturbance in the normal wound healing process resulting in
aberrant tissue regeneration and organ failure'. In adult humans, injury is almost
always followed by fibrosis and if the wound healing time is prolonged due to deep
injuries, scarring ensues?. Such scarring is seen commonly in mammals and in other
vertebrates. Scarring seems to have evolved as a way to gain an evolutionary
advantage by adapting the ability to close and heal the wound faster. The fibrosis
inherent to the process of wound healing seems to feed into the process of scarring
in scar-prone organisms. In response to injury, specific fibroblasts (myofibroblasts)
are recruited to the site of injury in response to inflammatory cues. These cells then
secrete profibrotic extracellular matrix (ECM) components such as collagens,
glycoproteins, proteoglycans and cytokines'. The ECM components are deposited
rapidly at the site to provide a quick template for tissue structure. However, due to
such parallelly arranged collagen fibrils, the ECM ends up being stiff and
anisotropically weak. This ECM milieu further causes the transition of nearby
endothelial cells, epithelial cells and macrophages to myofibroblasts causing
progression in fibrosis’ 3. These myofibroblasts respond to higher matrix stiffness in
an integrin-dependent manner and trigger cellular contractility in the region which
leads to local deformation in the tissue and finally causing defects in tissue and

organ function in the long term”.

Myofibroblast differentiation is driven by cytokines or extracellular growth factors and

mechanotransduction. It is a carefully orchestrated process which is under intense
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study. TGF-B signalling has been long identified as an important cytokine required
for fibrotic myofibroblasts with Smads having an effector role*. Wnt signalling has
also been reported to be involved in the pro-fibrotic response to injury® 6.
Hyperactivation of agonists or inhibition of antagonists of Wnt signalling such as DKK
and sFRP have been reported to exacerbate fibrosis” 8. YAP signalling regulates
myofibroblasts through mechanotransduction via integrin signalling (Integrin a1131)
upregulation of pro-fibrotic myofibroblast marker genes including a-sma and pia7°.
Because all these three regulators of fibrosis are known to cross-talk and function as
co-regulators, several studies have implicated their inter-regulation in the processes
of myoblast differentiation and fibrosis pathogenesis’®'2. Such examples raise the
possibility that in an environment where these three pathways seemingly function
simultaneously such as that seen during Hydra head regeneration, mechanical
changes as observed in upon Vp treatment may cause drastic changes in
regeneratory signalling network.

Regulation of developmentally essential genes by YAP signalling

Other than the important role of fibrotic regulation of profibrotic factors such as TGF-
B and WNT by YAP signalling through cross-interaction, such regulation has also
been reported in other developmentally important contexts. YAP signalling and WNT
signalling have been reported to regulate each other closely. YAP is in fact an
important component of the 3-catenin destruction complex wherein the association of
YAP with the destruction complex is required for the recruitment of B-TrCP for
degradation of both YAP and B-catenin'. This is also the manner in which the
sequestration and destruction of YAP is regulated in a Wnt-dependent manner.
Further, YAP activity has been reported to induce WNT16 production leading to
canonical activation of Wnt signalling in nearby genes through paracrine signalling’.
Many such examples of the developmental co-regulation of YAP and B-catenin have
been reported''7. A recent study has reported that YAP, Wnt and BMP together
regulate neural crest emigration in a concerted manner by inducing EMT'®. Multiple
reports have documented similar co-regulation of YAP and TGF-B'%-2'. Most of these
studies report their cross-communication in regulating epithelial to mesenchymal

transition (EMT) during embryonic and oncogenic development.
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During Hydra head regeneration many of these developmental proteins are reported
to be absolutely essential for reforming the oral-aboral polarity by re-establishing the
head organizer activity. Some of them are important in stem-cell differentiation and
trans-differentiation during the regenerative process whereas the others are required
for cellular movement and morphogenesis. In this study, we observe that YAP-TEAD
disruption not only causes matrix stiffening and fibrosis but also accelerates
morphogenesis involved in regeneration as reflected by the accelerated appearance
of tentacles upon amputation. It seems that these two observations are inter-
connected as disruption of matrix stiffness can negate the effect of Vp treatment
completely and block regeneration. To better understand this observation, we will
need to understand the perturbation in the molecular process upon Vp treatment. To
this effect, this chapter is focused on delineating the molecular signatures associated
with Vp treatment or disruption of YAP-TEAD interaction during the paradigm of
Hydra head regeneration. We have attempted to understand how the signalling
network during regeneration is changed upon Vp treatment during the early time
points and how they correlate to observations including fibrosis and faster
regeneration by analysing the differential expression of genes in the regenerating tip
between control and Vp treated Hydra in a time-dependent manner. Collectively, this
analysis reveals that Vp treatment leads to upregulation of pro-fibrotic genes causing
the observed matrix stiffening. This further leads to early activation of B-Catenin
transcriptional targets required for oral fate determination during head regeneration
through a YAP- B-Catenin-Bra-dependent manner.
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4.2.METHODS AND MATERIALS

4.2.1. RNA sequencing

The regenerating tips isolated from the regeneration assay were used for extracting
total RNA using TRIzol (Thermo Fisher). Three biological replicates were prepared
and shipped to an NGS provider (Macrogen, Korea) for quality control (QC) and
transcriptome sequencing. Two randomly selected replicates at each time point were
tested for QC. The QC report of the two each of the replicates indicated an RNA
integrity number (RIN) value varying between 7.7 to 10 with a concentration varying
between 141-485 ng/ul. All the samples selected passed the QC requirements for
transcriptome sequencing (lllumina). The sequencing library is prepared by random
fragmentation of the cDNA sample, followed by 5' and 3' adapter ligation. For cluster
generation, the library is loaded into a flow cell where fragments are captured on a
lawn of surface-bound oligos complementary to the library adapters. Each fragment
is then amplified into distinct, clonal clusters through bridge amplification. When
cluster generation is complete, the templates are ready for sequencing. Adapter-
ligated fragments are then PCR amplified and gel purified. Sequencing data is then
converted into raw data for the analysis. Following are the details of the sample

preparation for the sequencing performed by Macrogen:

Type of Read Paired-end

Read Length 151

Number of Samples 16

Library Kit TruSeq Stranded mRNA LT Sample Prep Kit

Library Protocol TruSeq Stranded mRNA Sample Preparation Guide, Part
#15031047 Rev. E

Type of Sequencer lllumina platform (Hiseg2500)

The lllumina sequencer generated raw images utilizing sequencing control software
for system control and base calling through an integrated primary analysis software
called RTA (Real Time Analysis). The BCL (base calls) binary were converted into
FASTQ utilizing the lllumina package bcl2fastq. Adapters were not trimmed from the
reads. The details of the raw data produced can be found in Appendix 5.4.
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4.2.2. Differential expression analysis

Differential gene expression analysis was performed using the EdgeR method 22
integrated in the Trinity pipeline?3. Here, raw reads from experimental conditions
were aligned to the in-house hybrid transcriptome?* by the bowtie2 and RSEM
method using ‘align_and_estimate _abudance.pl’ script. Read count matrix was
generated using ‘abundance_estimate_to_matrix.pl’ script. This read count matrix
was used in EdgeR by running ‘run_DE_analysis.pl'. Differentially expressed genes
were selected using a log2 fold change cut-off of £0.58 (~1.5 absolute fold change)
and an adjusted p-value of 0.05). Normalized count tables were generated in R and
used to plot heatmaps of differentially expressed genes?®. Venn diagrams were built
using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). Gene Ontology (GO) term

analysis was conducted using REVIGO?,

4.2.3. siRNA mediated knockdown of Hvul_YAP

The siRNA oligo sequences Hvul_YAP was predicted using the siDESIGN Center
tool (https://dharmacon.horzondiscovery.com/design-center/). The sequence used
for siRNA targeting of Hvul_YAP was: Sense: 5-CAG CUG AAG GUG AGG UUU
AUU-3" and Antisense: 5-UAA ACC UCA CCU UCA GCU GUU-3'. sip-catenin
sequences were used from the previous report?’. The siLuciferase (5'-
CUUACGCUGAGUACUUCGA-3) was used as a negative control (Eurogentec SR-
CL010-005). Forty non-budding polyps were taken for each condition and incubated

in water for 30 min. The polyps were then placed into an electroporation cuvette with
a 4 mm gap (Bio-Rad), and water was aspirated. Two hundred microliters of
sterilized 10 mM HEPES (pH 7.0) containing 2 yM siRNA was then added. After the
animals relaxed in the cuvettes, two consequent pulses of 100 V, 750 Q, and 75 pF
were given using the Gene Pulser |l electroporation system (Bio-Rad). The animals
were then immediately transferred to 10 ml of restoration medium (20% dissociation
medium (6 mM CaClz, 1.2 mM MgSOs4, 3.6 mM KCI, 125 mM N-Tris-
[hydroxymethylmethyl-2 aminoethanesulphonic acid (TES), 6 mM sodium pyruvate,
6 mM sodium citrate, 6 mM glucose) + 80% Hydra medium) and allowed to recover
for 1 day. On the following day, the animals were transferred to Hydra medium. This
process was repeated thrice on alternate days following feeding and cleaning of the

animals. After the third pulse, the polyps were allowed to recover for 24 hrs before
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being harvested for RNA isolation by disrupting them in Trizol (Thermo Fisher
Scientific).

4.2.4. Uniaxial regenerating tip compression

To apply external mechanical pressure or strain to the regeneration tip of Hydra, we
applied uniaxial tissue compression at the tip. To achieve the same, we placed 5
decapitated Hydra parallelly on a glass slide and trapped the regenerating tip under
a 22 x 22 mm coverslip supported by another glass slide (Figure 4.1 A). A total
pressure of 56 Pa was exerted on regenerating tip in this experiment to assay the
effect of tip compression on regeneration. The compression was limited to just one
hour immediately after amputation to induce brachyury expression early during
regeneration mechanically. The coverslip covered about 2 mm of the regenerating
tip. The glass slide contacted the coverslip at about 70 % mark at point C (Figure 4.1
B), while the centre of mass was at point B. Point A indicates contact with Hydra.
With the weight of the coverslip as mg, Force exerted by coverslip on Hydra as N
and total length the coverslip as x, and a torque of 0 at point C, we calculate the

force using the following formula:

Torque= Force perpendicular to length X length.

Hence, at point C:

0.7x X N.cosB — 0.2x X mg.cosf =0

Coverslip used in the experiment has a mass of 0.1 g and hence solving for N gave:
N=28 X 10*N

Now,

Pressure = Force per unit area.
Area (A) = 5 Hydra X 2mm length X 0.5 mm width.

Hence, Pressure =N + A

Which gives a pressure of 56 Pa by the glass coverslip on the regenerating tip.

Therefore, we used an external mechanical pressure of 56 Pa to perturb

regeneration.
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Figure 4.1: Schematic representation and force body diagram of the experimental setup of the
application of uniaxial compression on regenerating tip of Hydra. (A) The schematic representation
of the experiment shows the placement of the glass slides and coverslip in manner that the
regenerating tip of the parallelly aligned amputated polyps are compressed uniformly. (B) The force
body diagram depicts the angles, direction and distances of force, weight and distances from the
centre of mass used for calculating the pressure applied by the coverslip on Hydra.
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4.3. RESULTS AND DISCUSSION

4.3.1. Transcriptome analysis to delineate changes in the molecular signalling network during head
regeneration

To gain insights into the molecular changes at the level of gene expression upon Vp
treatment, we performed differential transcriptome analysis. Towards this, RNAseq
of regenerating tip of the decapitated polyps was performed at early time points
chosen from the clues obtained from previously discussed experiments (Chapter 2
and 3). The time points chosen were 0, 2, 8 and 24 hrs post-amputation. Hundred
polyps starved for 24 hrs were pre-treated with DMSO or Vp for 12 hrs before
amputation (Figure 4.2). After amputation, the polyps were allowed to regenerate
according to the time points chosen and then the regenerating tips were harvested
for RNA isolation. A total of 3 biological replicates were performed. These samples

were then sent for sequencing.

100
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T
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Figure 4.2: Schematic representation of the experimental setup used for preparing samples for
differential transcriptome analysis of DMSO vs Vp treated Hydra using RNAseq.

Differential expression analysis of regenerating tip of Vp treated polyps revealed that
about 860 genes were dysregulated at 0 hpa as compared to control indicating that
12 hrs of Vp pre-treatment itself caused these changes. 423 genes were
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dysregulated at 2 hpa, about 395 genes were dysregulated at 8 hpa and 200 genes
were dysregulated at 24 hpa. To find out how many unique genes were up-regulated
(Figure 4.3 A-C) or down-regulated (Figure 4.3 D-E) at each time points, Venn
diagrams of up-regulated or down-regulated genes upon Vp treatment at each time
points were plotted against the genes which are differentially expressed between
each time point in DMSO treated polyps. Such analysis revealed that 239

A. DO0-2_up D2-8 up B. D0-2_up D2-8 up C. DO0-2_up D2-8 up

D8-24 up VD2 up - D8-24 up  V8DS8 up _ D8-24 up

Genes exclusively Genes exclusively Genes exclusively
upregulated in 0 hrs VP upregulated in 2 hrs VP upregulated in 8 hrs VP
D. D0-2_down D2-8_down E. D0-2_down D2-8_down F. D0-2_down D2-8_down

Genes exclusively Genes exclusively Genes exclusively
downregulated in 0 hrs VP downregulated in2 hrs VP downregulated in 8 hrs VP

Figure 4.3: Venn diagram of genes exclusively dysregulated upon Vp treatment. A. Shows genes
exclusively upregulated upon Vp treatment at 0 hpa. B. Shows genes exclusively upregulated upon
Vp treatment at 2 hpa. C. Shows genes exclusively upregulated upon Vp treatment at 8 hpa. D.
Shows genes exclusively downregulated upon Vp treatment at 0 hpa. E. Shows genes exclusively
downregulated upon Vp treatment at 2 hpa. F. Shows genes exclusively downregulated upon Vp
treatment at 8 hpa.

unique genes were up-regulated exclusively at 0 hpa in Vp treated polyps out of
which only 11 were up-regulated in DMSO treatment during the first 24 hrs of
regeneration (Figure 4.3 A). Hence, these genes indicate the unique targets of Vp in
the first 12 hrs of pre-treatments. About 222 unique genes are up-regulated

exclusively at 2 hpa in Vp treated polyps out of which 45 are up-regulated in DMSO
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treatment during the first 24 hrs of regeneration (Figure 4.3 B). About 228 unique
genes were up-regulated exclusively at 8 hpa in Vp treated polyps out of which 95
were up-regulated in DMSO treatment during the first 24 hrs of regeneration (Figure
4.3 C). Among the downregulated genes, about 263 unique genes were down-
regulated exclusively at 0 hpa in Vp treated polyps out of which 48 were up-
regulated in DMSO treatment during the first 24 hrs of regeneration (Figure 4.3 D).
Only 91 unique genes were down-regulated exclusively at 2 hpa in Vp treated polyps
out of which 14 were up-regulated in DMSO treatment during the first 24 hrs of
regeneration (Figure 4.3 E). Eightyfour unique genes were down-regulated
exclusively at 8 hpa in Vp treated polyps out of which 13 were up-regulated in DMSO

treatment during the first 24 hrs of regeneration (Figure 4.3 E).

4.3.2. Alarge number of genes involved in important biological processes is dysregulated exclusively
in Vp treated polyps
Gene Ontology (GO) terms were assigned to the genes which were exclusively
dysregulated upon Vp treatment during early regenerative time points — 0-2 and 2-8
hpa. The GO analysis revealed that during the 0-2 hpa transition, genes known to be
associated with biological processes of metabolic process, cell adhesion,
cytoskeleton organization and growth were represented highly (Figure 4.4). These
genes are indicative of cells responding to mechanical changes and movement of
cells required for morphogenesis. While for the 2-8 hpa transition, genes known to
be associated with biological processes of metabolic process, cytoskeleton
organization, cell adhesion, microtubule-based movement, multicellular organismal
development and RNA processing were represented highly. Such representations
are indicative of a shift from the initial mechano-responsive and preparative phase to
morphogenetic developmental phase. These changes hint at earlier activation of

developmental pathways that may be required for regeneration.

4.3.3. Vptreatment leads to upregulation of pro-fibrotic genes and specific cell-cell adhesion genes
SEM and AFM studies of Vp treated tissues were indicative of fibrosis-like ECM

deposition (Figures 3.7 & 3.10). To confirm the molecular signatures of the same, the

103



uniqueness

u/-l-\' ‘-/"_‘.\
B cytoskéleton orgaization
4 R g \\ m \\ /’l
microwbile-based m()'.'HA/EnI ] S5 s —
AR . @

N o -
AT cytosl e nnulgaqqza.u phaie metabo procese
y

7 ™
abinosd metablic proce: TN
N / N
o cell adhesion
) N /
Wl macromplecule gatabolic plhcess
-,

09

/ 7 - 08
lipid[metabolic profess ‘
\ Vi
N

plot_size

. !

- ()
multicellular brganism developmen

arabinosd metabjlic prog

semantic space x
semantic space x

elmmvor
= \1, b
YY)
&
:*. P - y- -7"\- r{/ ‘\|\'—
%  chitig'nietabolic process /
e Ceﬂf@ﬁ?}"’ _/
semantic space y semant:ljc space y
Exclusive DE genes in Exclusive DE genes in
Vp 0-2 hrs Vp 2-8 hrs

Figure 4.4: Scatterplot of gene ontology (GO) terms representing the involvement of the
dysregulated genes in various biological processes exclusively at 0-2 hpa transition and 2-8 hpa
upon Vp treatment. The scatterplot was generated using REVIGO which shows the cluster
representatives in two-dimensional space by application of multidimensional scaling to Biological
Process GO terms’ semantic similarities. The circle color represents the uniqueness of the GO term
and the size of the circle is indicative of the frequency of the GO term.

differential expression of pro-fibrotic genes?®-32 were studied from the RNAseq data
(Figure 4.5 A).Profibrotic genes which are significantly differentially expressed were
fibrillar collagens (Collagen Type I, Type Ill, Type V and Type IX), LOXL2-like (lysyl
oxidase) and PLODZ2-like (Procollagen-lysine,2-oxoglutarate 5-dioxygenase). A
close look at the dynamics of expression reveals that all these genes are up-
regulated during early regenerative time points (2-8 hpa) and almost all of these are
upregulated earlier upon Vp treatment. During fibrosis, up-regulation of Collagen
type Il and V indicates active regulation of the fibril diameters and have been
reported that ECM containing Collagen Type I, Type Ill and Type V constitute very
thick collagen fibrils33. While the inclusion of Collagen type IX is indicative of the
additional flexibility to the matrix®*. Upregulation of LOXL2 and PLOD2-like indicates
higher collagen fibril cross-linking activity upon Vp treatment. Together, the
upregulation of these genes represents the molecular signature required for ECM
mediated fibrosis during regeneration. The higher levels of these pro-fibrotic genes
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upon Vp treatment, together with the observations from SEM, TEM & AFM studies
on Vp treated polyps supports the hypothesis that disruption of YAP-TEAD

interaction causes fibrosis-like condition at the wounded site during early

regeneration.
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Figure 4.5: Genes involved in cell-ECM interaction are dysregulated upon Vp treatment. A. The
heatmap depicts differentially expressed profibrotic genes upon disruption of YAP-TEAD interaction.
B. The heatmap represents differentially expressed cell-adhesion genes upon disruption of YAP-
TEAD interaction. DO, D2, D8 and D24 are the respective regenerative time points of DMSO treated
(control) samples while VO, V2, V8 and V24 are the respective regenerative time points of Vp treated
samples. The intensity of red and blue colours is indicative of the higher and lower expression levels
of genes respectively compared to the controls; red and blue colours denote significantly up- and
downregulated genes with log2 fold change cut-off of £0.58 with a p-value of 0.05, respectively.
Each block represents an average value of two biological replicates.

This study reports the first instance of fibrosis among basal metazoans possessing a
high regenerative capability. The general consensus in the field of regenerative
biology is that fibrosis is anti-regenerative and pro-scar forming. However, a few
recent studies report that zebrafish heart regeneration undergoes transient fibrosis
only to be resolved later®>-37.This fibrosis was found to be crucial for regenerative

capacity. A similar process might be in place in other organisms too and hence might
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be indicative of a tissue stiffness regulatory role of fibrosis which may be crucial for
initiating a pro-regenerative response. In zebrafish and mice models, macrophages
are known to be involved in contributing to collagen secretion for fibrosis along with
specific fibroblasts in response to injury3. These macrophages are also known to
secrete MMPs and cytokines involved in resolving fibrosis®®. Presently, our
understanding of which specific cell-types secrete and regulate ECM in Hydra is
weak. Understanding how such cell-mediated regulation is orchestrated in
diploblastic organisms like Hydra will shed light on how basal animals having less

complex cell-types evolved to regulate the regenerative process.

To understand how the cells respond or integrate these changes, we then looked
into cell adhesion molecules which are capable of sensing and transducing
extracellular cues. Among the dysregulated cell adhesion genes, members of
Cadherin superfamily were the most perturbed ones (Figure 4.5 B). E-cadherin
(HMR-1) involved in cell-cell adhesion, cell maturation and movement can be seen
upregulated as early as 8 hpa upon Vp treatment. Among the atypical cadherins,
members of Flamingo (CELSR 2 &3-like) known to be involved in planar cell polarity
(PCP) under the control of Wnt signalling in Drosophila*® can be seen dysregulated
upon Vp treatment. Another class of atypical cadherins belonging to protocadherin
family — FAT1 and FAT4 were also seen dysregulated upon Vp treatment. FAT1 has
been reported to modulate cell-cell contact and migration in a Wnt-dependent
manner*!. While FAT4 is known to be important in regulating (PCP)*? and more
importantly is reported to inhibit YAP nuclear translocation*3. From the heatmap, it
can be seen clearly that FAT4 expression is tightly regulated during regeneration in
control animals where it is slowly upregulated over the regeneration time course
indicative of inhibition of Hvul_YAP during regeneration. Interestingly, upon Vp
treatment, FAT4 was seen upregulated in response to Vp pre-treatment (0 hpa) and

could be seen down-regulated over the regenerative course.

Among other dysregulated genes involved in cell adhesion, Thrombospondin-3
(TSP3), a protein known to regulated integrin-ECM interaction and responsible for
promoting fibrosis** can be seen upregulated upon Vp treatment. Integrin a V
(ITGAV) can also be seen upregulated upon Vp treatment. ITGAV has been reported
to act as receptor for vitronectin, cytotactin, fibronectin, fibrinogen, laminin, matrix

metalloproteinase-2, osteopontin, osteomodulin, prothrombin, thrombospondin and
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VWEF. ITGAV can interact with different integrin 3 chains to act as a receptor or co-
receptor for a wide variety of secretory proteins like- FGFs, CX3CL1, NRG1, IGFs,
IL1B, fibrillin-145-52, ITGAV is also known to activate TGF-B1 by mediating the force-
dependent release of LAP from TGF-B1%3. With so many important activities of
ITGAV in cellular response and regulation of ECM and extracellular niche, any
change in expression in ITGAV gene will, therefore, mean important changes in Cell-

ECM regulations upon Vp treatment.

4.3.4. Vptreatment leads to upregulation of developmentally important genes in Hydra

Since the regeneration process requires tight regulation of developmental genes, we
focused at their dynamic regulation upon Vp treatment. Since YAP and B-catenin
are known to be co-regulated in a context-dependent manner in mammals, we first
examined if genes involved in Wnt signalling were perturbed upon disruption of YAP-
TEAD interaction (Figure 4.6). Many of these dysregulated genes were picked up as
multiple variants indicative of possible use of specific variant for a faster regenerative
response. Among Whnt genes, a close look at the heatmap reveals that most of these
Whnt genes were strongly down-regulated at 8 hpa upon Vp treatment. Also, all the
Whnts were observed to be highly upregulated at 24 hpa. We also noted a higher
expression of wnt3 and wnt9b upon Vp treatment. While wnt3 (WNT3a) is
considered as an important component of the head organizer, wnt9b is considered to
be expressed at extremely low levels in adult Hydra and hypothesized as a
requirement only during the embryonic development. In alignment with the Wnt gene
expression pattern, inhibitors of WNT signalling — Dickkopf (dkk3) and soluble
Frizzled (sFrzb) were upregulated between 0-8 hpa and then downregulated at 24
hpa to enable WNT signalling to elicit its effect. Both DKK and sFRP have been
reported to be important in the regulation of fibrosis in humans’- 8. These genes were
further upregulated at these time points upon Vp treatment. Dishevelled (DVL2) is
known to be important in transducing Wnt ligand-Frizzled interaction and was found
to be upregulated during regeneration. One of the variants was seen to be
expressed higher upon Vp treatment as compared to the control set. As reported in
the previous studies, Brachyury (bra), one of the genes required for head
formation®4 %5, was observed to be up-regulated during regeneration. Interestingly, all
the 3 variants were dysregulated upon Vp treatment out of which one variant seems

to be highly upregulated very early during regeneration (from 0 hpa). Since
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Brachyury expression is regulated by wnt3a signalling®, it is interesting to find a
Brachyury variant being highly expressed immediately upon amputation when wnt3a
expression is very low. This observation is indicative of wnt3a-independent
regulation of bra expression. Another possibility is wnt-independent activation of 3-
catenin. Such a possibility has been reported in Xenopus during mesoderm induction
57, The Wnt signalling component Frizzled 8 (Fzd8) has been reported to be
important in inducing TGF-B-Wnt5 mediated pro-fibrotic responses in lungs®®. Upon
Vp treatment, FZD8 is up-regulated during 2 and 8 hpa as compared to the control

and hence further supporting its pro-fibrotic properties.
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Figure 4.6: Genes involved in Wnt signalling are up-regulated upon Vp treatment. The heatmap
shows differentially expressed Wnt responsive and regulatory genes upon disruption of YAP-TEAD
interaction. DO, D2, D8 and D24 are the respective regenerative time points of DMSO treated
(control) samples while VO, V2, V8 and V24 are the respective regenerative time points of Vp treated
samples. The intensity of red and blue colours is indicative of the higher and lower expression levels
of genes respectively compared to the controls; red and blue colours denote significantly up- and
downregulated genes with log2 fold change cut-off of £0.58 with a p-value of 0.05, respectively.
Each block represents an average value of two biological replicates.

Looking at the other developmentally important genes known to be involved in
regeneration (Figure 4.7), we find that most of them were upregulated early during
regeneration upon Vp treatment. Genes known to regulate the TGF-/ BMP
signalling such as bmp4, kcp and grem2 were upregulated upon Vp treatment.
Genes involved in head formation in Hydra during regeneration such as vegf and
fgfr2 were upregulated early during regeneration. Genes encoding important

developmentally regulated transcription factors such as bra, arx, otx and foxaZ2 that
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are known to be required for head formation were also upregulated early upon Vp
treatment. Notch and Ephrin signalling are juxtacrine signalling pathways known to
be involved in the boundary formation. Their early upregulation upon Vp treatment is
indicative of early establishment of boundaries required for developmental signalling

and compartmentalization which may aid in faster regeneration.
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Figure 4.7: Genes involved in developmental pathways are up-regulated early upon Vp treatment.
The heatmap shows differentially expressed secretory morphogens, developmentally important
transcription factors and boundary forming juxtacrine signalling genes upon disruption of YAP-TEAD
interaction. DO, D2, D8 and D24 are the respective regenerative time points of DMSO treated
(control) samples while VO, V2, V8 and V24 are the respective regenerative time points of Vp treated
samples. The intensity of red and blue colours is indicative of the higher and lower expression levels
of genes respectively compared to the controls; red and blue colours denote significantly up- and
downregulated genes with log2 fold change cut-off of £0.58 with a p-value of 0.05, respectively.
Each block represents an average value of two biological replicates.

Based on these observations, we find that even though Wnt genes are up-regulated
strongly by 24 hpa, some regulators and targets of WNT signalling were up-
regulated much early. Many of the other developmentally important genes known to
be required for establishing head organizers can also be seen up-regulated earlier
than the control polyps. In summary, we find that there is a general acceleration of

activation of many crucial head organizer related genes upon Vp treatment.

4.3.5. YAP and B-catenin expression are co-regulatory in Hydra

In the previous section, we reported that WNT signalling components are
dysregulated upon drug-induced disruption of YAP-TEAD interaction. Based on the
previous reports of YAP-B-catenin co-regulation, we validated whether the same
holds true in Cnidarians as well. To this effect, we performed siRNA-mediated

knockdown of YAP and B-catenin separately and monitored the effects on the
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expression of the other (Figure 4.8 A and B). Upon Hvul_YAP knockdown (96%), we
observed 48 % reduction in Hvul (3-catenin levels whereas as low as 30%
knockdown of Hvul_f-catenin lead to 98% reduction in Hvul_YAP expression. Such
an effect indicates regulation of YAP and B-catenin are dependent on each other’s
level of expression in Hydra as well. Further studies will be required to monitor
whether this is a direct promoter level regulation or an indirect regulation.
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Figure 4.8: siRNA-mediated knockdown of Hvul_YAP and Hvul_ B-catenin suggests their
expression is co-regulatory. A. Hvul_YAP mRNA expression measured by qPCR from RNA collected
from polyps after YAP and B-catenin RNAI as indicated. (N=3, n=40) (Asterisk indicates p values with
**%>10%) B. Hvul_ B-catenin mRNA expression measured by qPCR from RNA collected from polyps
after YAP and B-catenin RNAI as indicated. (N=1, n= 40)

4.3.6. YAP and B-catenin mediated mechano-sensing may regulate head organizer function by
modulation of Brachyury

A recently study has reported [B-catenin-dependent ~mechanism  of
mechanotransduction in an anthozoan Cnidarian Nematostella®®. In this study, the
authors demonstrated that external mechanical compression of the Nematostella
embryo lead to disruption of brachyury expression pattern and hampered the
embryonic development®®. In Hydra, brachyury is important for head development
and regeneration®®. From the transcriptomic analysis, we found that brachyury is
upregulated upon Vp treatment early during regeneration. To monitor the precise
spatio-temporal tissue expression pattern of bra, we performed RNA whole-mount in
situ hybridization (WISH) of bra upon Vp treatment and compared it with that of the
DMSO treated polyps. WISH clearly revealed the expression of bra within 2 hpa and
strong establishment of localized high expression at the tip characteristic of head

organizer activity®°.
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Figure 4.9: Hvul_Bra expression during head regeneration in DMSO and Vp treated Hydra shows
early establishment and stabilization of Brachyury required for head organizer activity. Whole-
mount in situ hybridization of Hvul Bra expression for the whole polyp performed at early
regenerative time points ( 1, 2, 4 & 8 hpa) upon DMSO and Vp treatment (5 uM). Scale Bar= 200 um.

To test whether external strain can hamper the head an experiment to apply uniaxial
compression to decapitated polyp at the regenerating tip (Figure 4.1 A). When we
applied a uniaxial compression using a single 22 x 22 mm glass coverslip, we could
create an external 56 Pa pressure on the regenerating polyp tip. Using this setup, we
found that a transient external pressure early during regeneration (during the first 1
hpa) was sufficient to disrupt the normal kinetics of tentacle morphogenesis during
regeneration (Figure 4.10). A significant delay in the appearance of tentacles (at 48
hpa) was observed in the polyps which underwent compression. No other visible
defect was seen in the regenerative process and all tentacles were formed by 60-72
hpa like the normal polyps. This observation indicates that similar to Vp treated
increase in tissue stiffness, an external pressure on the tissue could also induce
dysregulation of regenerative kinetics albeit in a completely opposite outcome

presumably due to difference in the duration and extent of pressure applied.
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Figure 4.10: External compression (pressure) on regenerating tip causes altered regeneration
kinetics in Hydra. Transient uniaxial compression of regenerating tip of decapitated polyps for 1 hr
at 1 hpa was performed to measure its effect on tentacle formation. After the compression, the
regenerating polyps were scored for new tentacles at 24 to 72 hpa. The graph indicates the average
number of tentacles per Hydra at the given regenerating time point ranging from 24 to 72 hpa) (N=3,
n=20) (Asterisk signify p values with *=0.05-0.01 & n.s. is not significant)
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4.4, CONCLUSIONS AND FUTURE PERSPECTIVES

In this chapter, the differential transcriptomic analysis of Vp treated Hydra revealed
an earlier expression of many of the developmentally important genes required for
head regeneration. The data also suggested co-regulation of Hvul_YAP and Hvul_3-
catenin. Further, we show that the application of transient external pressure during
early regenerative time point causes disruption in the regeneration kinetics. These
results corroborate the observation reported for Nematostella wherein the application
of external pressure lead to the disruption of the embryonic development through bra
dysregulation®®. This study reported that during embryonic development, myosin-
dependent contractility of blastopore lip cells might create a local region of high
stiffness, which is then transduced in a B-catenin-dependent manner to enforce
brachyury expression at the oral pole. Such mechanisms are known to exist in
bilaterians as well wherein the B-catenin-dependent mechanosensitive pathways in
Drosophila and zebrafish have been shown to regulate the expression of brachyury
to direct the mesodermal fate specification despite having a divergent mode of
gastrulation®®. However, the precise molecular mechanism of how the mechanical
strain leads to B-catenin-dependent activation of brachyury is not clearly understood.
Such a conserved mechanosensitive mechanism for bra expression across the phyla
despite differing modes of morphogenesis indicates such mechanism(s) could exist
for regulating other processes such as regeneration. Our study indicates that
brachyury is activated earlier upon Vp treatment. We also speculate that this
activation may be Wnt-independent. Such Wnt-independent mechanisms have been
reported for nuclear translocation of -catenin by phosphorylation of specific tyrosine
residues which causes disengagement of 3-catenin from cadherins associated with
the cell-membrane and finally nuclear translocation® 6!, B-catenin stabilization and
nuclear localization is also known to be regulated by YAP in a Wnt-independent-E-
Cadherin dependent manner®?. We hypothesize that Vp treatment leads to the
upregulation of pro-fibrotic genes. This, in turn, causes an increase in matrix
stiffness. During regeneration, higher tissue stiffness may lead to Wnt-independent
and YAP-dependent stabilization and nuclear localization of B-catenin. Finally, this

may lead to early activation of B-catenin transcriptional targets, which are required
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for Hydra head regeneration. The RNA in situ hybridization analysis of bra
expression during regeneration revealed early consolidation of bra expression at the
distal regenerating tip upon Vp treatment (Figure 4.9). Interestingly, multiple bra
expressing foci were also evident near the regenerating tip before the expression is
consolidated to the distal regenerating tip (2 hpa). Such foci can also be seen getting
stronger and more spread out (may be indicative of a gradient of expression away
from the hypostome) as the regeneration progresses (4 and 8 hpa). It should also be
noted that such foci can also be observed in the DMSO treated polyps but with very
low signal intensity and could have been considered as non-specific or background
signal in previous studies. This observation might be linked to one of the popular
theories by the illustrious theoretical biologist Hans Meinhardt that predicted how
cells at the regenerating tip are chosen to act as head organizers®. The theory
suggests stochastic activation of head organizer genes in the cells present at the
regenerating tip that may get consolidated with pre-existing cues. The bra
expression pattern we find here does conform to such suggestions where
consolidation of bra expression could be a function of stabilization of 3-catenin by
higher stiffness associated with the curvature inherent to the regenerating tip. WNT
family of proteins have long been considered as the component of the head

organizer.

Our observations from this study indicate a tantalizing prospect of B-catenin being
the main head organizer which can be regulated either biochemically (through WNT
ligands and other WNT regulators) or mechanically (through various external forces)
to regulate its potential head organizer activity. Such a theory could also explain how
the WNT gradient can also act as head activator and inhibitor in presence or
absence of the appropriate mechanical tissue strain. The fact that induction of Wnt
signalling by Alsterpaullone treatment only causes ectopic tentacle formation
throughout the body rather than the expected multiple new heads indicate that WNT
signalling itself is not enough for the head formation.

Such a theory can also be used to explain how excess of cell proliferation in a well
fed Hydra causes emergence of a secondary head organizer for bud formation.
Budding is known to be a function of cell movement and cell proliferation in Hydra%4.
When there is increase in rate of cell proliferation due to excessive feeding as

compared the rate of cells sloughed being off, the budding occurs to compensate
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this as mechanism to sustain the steady state of body size to cell number ratio. The
explanation of specific location of budding region is theorized as a result of region of
minimum head inhibitor density originating from the head and foot regions® . This
theory could easily explain how a local excessive cell proliferation at the budding
region lead to a localized stress in the budding region and lead to spontaneous
activation of B-catenin and hence giving rise to a new head organizer required for
budding. As a corollary, in Vp treated polyps, a uniform increase in tissue stiffness
throughout the body combined with a local minima of head inhibitor concentration at
the budding region can lead to spontaneous activation of (-catenin and hence
increase in rate of budding without the need of increase in cell proliferation. To
conclusively prove the hypothesis of [B-catenin head organizer function, the
localization of B-catenin should be monitored during early regeneration time points
upon Vp treatment. Blocking the canonical Wnt signalling in this context and
monitoring whether Vp treatment can still cause the observed phenotype will
complement the hypothesis. It remains to be confirmed whether tissue compression
during regeneration defines the bra expression pattern during regeneration. A high
resolution proteomic study also needs to be undertaken during regeneration to
precisely delineate the transcriptional factor YAP uses upon disruption of the its
interaction with TEAD, to orchestrate its synergistic effect with p-catenin as is
observed upon Vp treatment. This model can then be exploited to delineate the fine-
tuned molecular mechanism of regulation of bra expression pattern during

regeneration.

A recently published study also reports a similar finding in terms of upregulation of
WNT-signalling related genes in human embryonic stem cells (hESCs) upon YAP
repression®”. The study not only shows that YAP represses Activin induced
expression of WNT3 but also shows that WNT-Activin-dependent (3-catenin and
SMAD transcriptional co-regulation of genes by co-binding to the promoter region
required for meso-endodermal lineage differentiation is controlled by YAP. YAP
restricts the meso-endodermal lineage differentiation by binding to the promoter
region of these genes and preventing recruitment of SMAD to the site. Such an
observation becomes extremely interesting in the context of this study and explains
many of the observations. Such a mechanism might be in place to establish tissue
stiffness-dependent checkpoints during regeneration by YAP to control the WNT3a-
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dependent activation of head-organizer genes. The perceived delay in
regeneration dynamics under normal head regeneration paradigm might be a
mechanical coupling of regaining lost ECM (hence the tissue stiffness) and
setting up head organizer function. YAP might have a role in regulating this
such that the system is only allowed to start the regenerative program when
the ECM is re-synthesized completely. Such a regulation also predicts a
restriction of WNT3a expression in rest of the body in Hydra to prevent a
head-specific fate which may only be relieved by a mechanical inhibition of
YAP. No studies have yet implicated Activin in Hydra regeneration. However, it
has been shown that the Activin-like 1 gene is expressed at about the same
time when the WNT-signalling is activated at stage 3 of the Hydra bud
development?’. A detailed study of WNT3a signalling and Activin signalling in
the context of YAP-TEAD disruption during regeneration using a combinatorial
treatment of GSK inhibitor ALP, Vp and Activin-receptor-like kinase 4 like
A-83-01 might shed more light on this hypothesis.
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5 APPENDIX

5.1 PRIMER SEQUENCES

Table 5.1: Primer sequences and their details

Primer Expecte
N Description Sequence d size Purpose
o.
(bp)
SG8324 | Hvdra YAP (HyYAP) ATGGATATGAATTCTACGCAACGGC 1170 cloning
forward full length
sGa3az2s | Hvdra YAP (HyYAP) CTACAACCAAGTCATATATGCATTAGGC 1170 cloning
reverse full length
SG8326 | HyYAP GPCR forward CCTCGAAAAGCACAATCCATG 105 gPCR
SG8327 | HyYAP qPCR reverse CCTCACCTTCAGCTGTAACAG 105 gPCR
sGaazg | Hvdra TEF1 (HyTEF1) ATGGCGGAAAACTGTCGAGATCC 1356 cloning
forward2 full length
Hydra TEF (HyTEF)
SG8374 | Reverse primer 2 Full TCAGTCTCTGACTAATTTAAATATGTGGT 1356 Cloning
length
SG8331 | HyTEF1 qPCR forward TGGCGGAAAACTGTCGAG 100 gPCR
SG8332 | HyTEF1 qPCR reverse TTGCTCAATGTCTGGACTCC 100 gPCR
sGg33g | Hydra RASSF (HyRASSF) | \rggcaacTCCAAATTCCAA 1260 cloning
forward full length
sGg34g | Ydra RASSF (HyRASSF) | 1) cacTATTCGATCTTTTA 1260 cloning
reverse full length
SG8341  HyRASSF qPCRforward | AGCTTTTATATGCCAAGAGGAAC 147 gPCR
SG8342  HyRASSF qPCR reverse | TGCTGGAACATGCTTTTCG 147 gPCR
sGs343 | Hvdra Hippo (HyHpo) AGTTTGAAGAAGTTGAGCGAAGAA 1494 cloning
forward partial
sGg3a4 | Hydra Hippo (HyHpo) TTAAAAATTTGCTTGCCTGCGTT 1494 cloning
reverse partial
sGga31 | HydraHippo(HyHpo)Ffwd o\ A GAGGGTCATTCAAAATTAGC 95 gPCR
gPCR primer
sGsaz2 | HydraHippo(HyHpo)Rev | 1orarTocaTTTTGCCATTG 95 gPCR
gPCR primer
sGag3g | Hydra YAP (HyYAP) pGEX | a0 arGGATCCATGGATATGAATTCTACGCA | 1192 Sub-cloning
4T-1 forward full length
Scagao | Hvdra YAP (HyYAP) pGEX = GGCCGCTCGAGCTACAACCAAGTCATATATG | .o Sub-cloning
4T-1 reverse full length C
Hydra TEF (HyTEF) pGEX = CCCGGGTCGACGCATGGCGGAAAACTGTCGA )
SG8880 | 471 forward full length GAT 1378 Sub-cloning
scagaq | Hydra TEF (HyTEF) pGEX | ACGATGCGGCCGCTCAGTCTCTGACTAATTTA | oo Sub-cloning
4T-1 reverse full length AA
in situ
SG9382 | HyYAP Partial ISH Fwd GACTCAGACACTGACTTGGAAC 625 hybridization
probe
in situ
SG9383 | HyYAP Partial ISH Rev GACGCTTCTCTTGCTGGTAATA 625 hybridization
probe
SG9384 | HvHpo Full length Fwd ATGTCTCGCAGTTTGAAGAAGTTGAG 1503 Cloning
SG9385  HVLATS Full length Fwd | ATGGCAGCTAATAATCTTTTTAGTAG 1360 Cloning
SG9386 | HVLATS Full length Rev | TTATATGGGGAGATTTCGCAATC 1360 Cloning
SG9387 | HvMob1 Full length Fwd | ATGAGTTTCCTGTTTGGCTCCA 645 Cloning
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SG9388
SG9389
SG9390
SG9391
$G9392
$G9924
S$G9925

$G9926

$G9927

$G9928
$G9929

S$G9930
SG9931
S$G9932

S$G9933

S$G9934

S$G9935

SG1057
1
SG1057
2
SG1057
3
SG1057
4
SG1057
5
SG1057
6
SG1057
7

S$G1057
8

SGC921
SGC922
SGD566
SGD567
SGD568
SGD569
SGD570
SGD571
SGD572

SGD573

HvMob1 Full length Rev
HvRunx Full length Fwd
HvRunx Full length Rev
HvSav Full Length Fwd

HvSav Full Length Rev

HyYAP gPCR forward

HyYAP gPCR reverse
Hvul_MobKinase qPCR
Forward
Hvul_MobKinase qPCR
Reverse

Hvul_Runx gPCR Forward

Hvul_Runx gPCR Reverse
Hvul_Salvador gPCR
Forward

Hvul_Salvador gPCR
Reverse

Hvul_LATS-like gPCR
Forward

Hvul_LATS-like gPCR
Reverse

Hvul_LATS gPCR Forward

Hvul_LATS gPCR Reverse

Hvul_YAP Fwd (exon1-
intron1)

Hvul_YAP Rev (exon1-
intron1)

Hvul_LATS1 Fwd Full
length

Hvul_LATS1 Rev Full
length

Hvul_LATS1 Rev1
Hvul_LATS1 Fwd2
Hvul_LATS1 Rev2

Hvul_LATS1 Fwd3

TEAD_pET28a_subcloneF
wd
TEAD_pET28a_subcloneR
ev

Hpo_partial ISH sense with
SP6 promoter

Hpo_partial ISH anti-sense
with T7 promoter
LATS_partial ISH sense
with SP6 promoter
LATS_partial ISH anti-
sense with T7 promoter
Sav_partial ISH sense with
SP6 promoter

Sav_partial ISH anti-sense
with T7 promoter
TEAD_partial ISH sense
with SP6 promoter
TEAD_partial ISH anti-
sense with T7 promoter

TTATTTATTAATTAACTTATCCATAAGTTC
ATGTCAACAATGACATTAACTCAACTG
TTAATATGGTCGCCAAACTTTCGGA
ATGTTTAAGAAAAAAGATATTATCAAAACA
TTAAACATGAGTTTTTTTAAAAGAAATACT
CCTCGAAAAGCACAATCCATG
CCTCACCTTCAGCTGTAACAG

AGCTACTCTTGGTTCTGGAAAC

AATCTACTGTGTTCACTGCGAT

GAAGATCGGGTAGAGGAAAGAC
TCTTGGTCCGTCAACAGTAAC

GAAAGAGAATATAAGGCAAGAATGGAG

TGCTGGAATTTTGGGTTTATCTTG

AGGATTGGACGAGAGGATTTTG

CATAGCATAAACATGACCAGTGTC

CCATTACAACGTAGAAACATGCG
GCGCATCAAAACTTCAGGAG

ACAACTGCTTCTGGTCTAAAGT

TGAGGGTTTGCTGGTAACAC

ATGACTGAACCTAGTAAGAAAAGTTCAATC

TCATACAAAAACAGGCAACTTGCTTTTATT

GTAAATCAACTCCAGTTCGAACATTTTCTA

CTGGAGTTGATTTACCTACATATAATGGAT

AGGTTTGATGTCTCTATGAATAAAACCTAA

CATAGAGACATCAAACCTGATAATGTTTTA

GCTAGCATGGCGGAAAACTGTCGA

GCGGCCGCGTCTCTGACTAATTTA

ATTTAGGTGACACTATAGATT TAT TAA AAA
CTC AA

TAA TAC GAC TCA CTA TAG GG ACG TAA
ATCTTCTATTT

ATT TAG GTG ACA CTA TAG CAA GAT ACT
AAT AACTT

TAA TAC GAC TCA CTA TAG GG AAT AAT CTT

TAATTG AAT

ATT TAG GTG ACA CTA TAG AAC ATT AGA
CAATGATA

TAATACGACTCACTATAGGG AAT TCT ATA
TTC TTC ATA

ATT TAG GTG ACA CTATAG TAC ACATGT
CTC GAATA

TAA TAC GAC TCA CTA TAG GGG TAA TAT
AAT TCG AT

645
1266
1266
1434
1434
105

105

92

92

110
110

98

98

105

105

96
96

66

66

3171

3171

1111

1118

1118

995

1367

1367

619

619

604

604

714

714

554

554

Cloning
Cloning
Cloning
Cloning
Cloning
gPCR

gPCR

gPCR

gPCR

qPCR
qPCR

gPCR
gPCR
qPCR

qPCR

qPCR
qPCR

qPCR

gPCR

PCR/Sequenci

ng

PCR/Sequenci

ng
Sequencing

Sequencing
Sequencing
Sequencing
Expression
Expression
ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH
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5.2 NUCLEOTIDE SEQUENCE OF HIPPO PATHWAY CORE COMPONENTS
>m.197192 | Hvul_Hpo mRNA

ATGTCTCGCAGTTTGAAGAAGTTGAGCGAAGAAAGCTTGAATCGGCCAGCAGAAGAAGTGTTTGATCTTTTG
GCAAAACTTGGTGAAGGAGCTTATGGATCTGTGTACAAAGCTATGCATAAAGAAAGTGGAGAGGTTCTGGCT
ATAAAGCAAGTTCCTGTTGATACAGACCTTCAAGAAATCATAAAAGAAATAAGCATCATGCAGCAGTGTGACA
GCCCATATGTTGTGAAGTATTTTGGAAGTTATTTCAAAAACACAGATTTATGGATTGTAATGGAATATTGTGGA
GCTGGTTCTGTATCAGACTGCATGCGTCTTCGAAATAAAACATTAACTGAAGATGAAATTGCTTGCATCTGTCG
AGACACATTAAAAGGATTAGAGTATTTACATCTGAGAAGAAAAATCCACAGAGATATTAAGGCTGGAAATATT
CTTCTAAACACAGAGGGTCATTCAAAATTAGCTGATTTTGGTGTTGCTGGTCAGTTGACTGATACAATGGCAA
AACGGAACACAGTCATTGGAACTCCATTCTGGATGGCTCCTGAAGTTATACAAGAGATAGGATATGATTGTAA
AGCTGATATTTGGTCATTGGGAATTACATTGTTGGAAATGGCAGAAGGCAAGCCACCACATGCGGATATTCAT
CCTATGAGAGCAATATTTATGATTCCTACAAAACCTCCTCCAACTTTTAAACATCCTGAAAAGTGGTCTAAAGA
TATGATTGATTTTGTTTCAAAATGTCTTGTAAAAAACCCCGATGATAGATTGTCTGCTACAGCTCTTCTCCAGCA
CCCATTTATTAAAAACTCAAAACCAGTAGAAGTGTTAGCACAAATGTTAAGTGATGCAATGCGCATTCGTGAA
GAAGAAGTTGAAAAAAATAATGGAAATGACGATGAAGATGGAATTGATGACAATGATCAGGATATCTTTGTG
ACAGCTCACACAGACACTATTATGGCAAATCAAGATATGGGGACTATGATATTGAACAATGATATTGATTCCA
ATAATGGTACAATGATTATAAATAGTGGTACAATGATTGGTCACGAAATGGATACAATGATTACAATTAACTC
TGGTACTATGATTGAAAACATGGGAACTATGGTCATTAATGATGGGGATGATTGTACAATGAAAAGTTTGGA
ATCGAGTACAGGAAAATCAACACAATATAGACCGGCATATCTTGAACATTTTGAGAAATTAGAACTTCAAAAT
CAAAGAAATATAGTAGGAAATAAAAGAGTCAATGAAAATATGCTTAAAGGGTCAGATCCAAATGTACCAGGG
AAACTTTTAGGACCAATTGATTTTGAATTTTTAAAGAATCTTTCATTTGAAGAACTTCAACAGAGAATGAGTTC
GCTTGATACGGATATGGAAAGAGAAATAGAAGATTTACGTAGACGTTACCAAGTCAAACGTCACCCTATTATT
GAAGCCATGGAAGTAAAGAAACGCAGGCAAGCAAATTTTTAA

>m.186168| Hvul_MOB mRNA

ATGAGTTTCCTGTTTGGCTCCAAAAATACTAAAACATTTAAGCCAAAAAAAAGCATACCAGAAGGTACTCATCA
GTATGATTTGTTAAAGCATGCTGAAGCTACTCTTGGTTCTGGAAACTTGCGCAATGCAGTCATGTTACCAGAG
GGTGAAGATCTTAATGAGTGGATCGCAGTGAACACAGTAGATTTTTTTAATCAAATAAACATGTTGTTTGGTA
CAATAACAGACCATTGTACTTCTGAATCATGTCCCGTTATGTCTGCAGGACCGAAGTTTGAGTATTTATGGGCA
GATGGCACATCTGTGAAAAAGCCAATAAAATGTTCTGCTCCTAAGTATATAGATTATTTAATGACATGGGTGC
AAGATCAATTGGACAATGAAGCGCTCTTTCCATCAAAAATCGGCGTCCCATTTCCTAAAAATTTTGTATCTATT
GCCAAGACTATTTTGAAAAGGTTGTTTCGTGTTTATGCACACATTTATCACCAGCATTTCCCTCAAGTTGTCAGT
TTAGGTGAAGAAGCACATCTTAATACTTCATTCAAACATTTTATATATTTTGTCCAAGAGTTTGGATTGATTGAC
AAAAGAGAGCTAGCTCCTTTGCAAGAACTTATGGATAAGTTAATTAATAAATAA

>m.3961 | Hvul_LATS1 mRNA

ATGACTGAACCTAGTAAGAAAAGTTCAATCATTTCAAGTAATCAACTGCTAAGAAATGTACCCTATAATGTTCTCAGTCATC
ATCTTCATCATGAACATCAACAGCCAAGGCACCTTGATAGTGCTCATATTCAAAGTCAATCTAAGGAATTTGAAGATTTTTT
ATCGCAAAGTTATAATATCCATGCTCTTTCTCAAAGTGCAGCTGGAGATCGCAGATCTTATCCTCGAGCATCAAAAGCTTTT
ACTCTTGAAGAAATTAGGAAAGATCTTCAACCCTTTGCATGGAAAAATGGATTTGTGGCTTCAAATTTAAGCAGCAGCAAA
AACAATATCAAAAGTAGTTCAATAAATGACTTACATCAAGCTGCTATAGAAGTTAATAATTCTGTTCAATCAGAACAACAA
AAGTTGTCACAGCTTGTTTCATATGGCTATGATGAGGCTATTGCGGCTGATGTTTTACGAAATAACAGTAACAAAAGTATT
GAAGTTCTTGTGGATATTTTAAATTCGATTATTGGATGTCACAAAATGAAAGTTCCAAGTAGGGTTTTGACTAATCATAGA
GTCCTTGGTAATAATAATCACTTTCAGCCTTCTTTTTTACAAACTTTACAAAACAAGTATGCCTCAAACAGTCGATACTATCC
TTCAAATGATTTAACTAGGAAAGGAATGCAGTATAAAGATTTATCTCCCACCAATTTTACCAATAATTTGCCATTTGAACAT
TTTTCCAATGTTCAAAGCCAATGCAAATACCCTCGAGAAACAGACCATGCTCAGCGATATCAGTCTAGTGTTTTTGTGAGT
GCTCACAATCTTTACCACCAAGATATGCCAGATGATTCTTATTTACAAAACTTGGGAGCAGAAAATTTTGGTCGGCCAAGT
GTTGTTACCATGAGGCAAAAGAAAACAGATAAGCAATTCAATCCTCAAAATCGCTGGTCAGCTGATGTTTTACAAACGTAT

123



GAAATTGAAAATGTTCCCAACAAACCACCGCCTCCTTATCCAGGATTGTTAAAACGACCATCTCTTCCAGACAATTTTTCAG
TAACTAATATCTCAGATGCATTAGAAAATGTTCGAACTGGAGTTGATTTACCTACATATAATGGATATACAAAAAACTCAA
ATCATTTATCTACCACACAGGGAAGAAATATTATCAATTCTCCTCATAACATACAGGCAGTGCATGTTTTTGGAACTCCAAC
AAAAATGGATTCTAACTTTTCTCCTATAGTTGAATCTGTCATTCCTCGTCGTTCGCCTCCTCCTTATTCAGCAGGTGGATCGC
AAAGATCAAGTAAATGTAATTCTCTTAATATAGAAGAATTAGAAAATAGTTTGTTGTACACATTTTCAAATTTAGATGACA
GAAATTTTAATAAGGAAGATGTAGAGTCAAACCTAGGTGACTCTTCACCAACCTTTTTATCCAATTCTGATAATACTGAGC
GTTTTGATGGTGTCAAGCGTTCTTACTCCCCTCTGCCAGAATGCTCAAACTCACCATATGTTACAATGATTGTAAGGAAAG
ATCATGAAAAAGAAAGTGCAATTGAAGAAAATGAAAATCAGCATGAAAATGCAAGTTTGCGCTTAAAGAATTACACACCA
CAAGCTTGTAAATTCTATCTAGAACAGCATTTTGAAAATTTACTTAAAAGACAAGAGCAGCGTGAGGTTAGACGCAAACA
ACTTGAAGATGAGATGTCTAGAGTTGGTCTACCATTACAAGACCAAGAGCAAATGAGAAAGTTACTTAGACAAAAAGAAT
CAAATTATATACGCTTACGAAGAGCTAAAATGGATAAAACTATGTTTACAAAGATAAAAATTATTGGAATTGGTGCATTTG
GTGAAGTTAGTCTTGTACGTAAAAATGGAACTGAGGCCTATTATGCTATGAAAACTTTAAGAAAAAGTGAAGTTGTTCGC
AGAAATCAAGTTGCTCATGTCAAGGCAGAAAGAGATATATTGGCTGAGGCTGATAATGAATGGGTAGTAAAACTTTATTA
CTCTTTTCAAGATACTAATAACTTATATTTTGTGATGGATTATGTACCTGGGGGTGATTTAATGGCTCTTTTAATTAAACGA
GGTATTTTTGAAGACAATTTAGCTCGTTTTTATATTGGAGAGTTAGTACTTGCAATTGAATCAGTTCACAAATTAGGTTTTA
TTCATAGAGACATCAAACCTGATAATGTTTTAATTGACAGATATGGTCATATTAAGTTAACTGACTTTGGCCTGTGTACTGG
TTTCCATTGGACTCATGATTCAAAATATTATCAGCCTGAGCAAGCTCTTGAAAATCATTCACGACAGTTTTCAATGGAACCT
GAGGGAGGTTGGGATTCTTTAGTTGAAGAGGGTGACTGTGGTTGTAAAAGTAGTGAACGTCTTGATAATGATTTATATGA
GCCATTACAACGTAGAAACATGCGACGGCATATGAGATGTCAGGCACATTCTTTAGTAGGCACACCAAATTATATAGCTCC
TGAAGTTTTGATGCGCATTCCATACTCACAACAATGTGATTGGTGGTCTGTTGGTGTTATTCTTTATGAAATGCTTATTGGC
CATCCTCCATTTATGGCTCGCACTCCAGCTGAGATTCAATTAAAGATTATTAATTGGAAAGAGACTTTAACTATCCGCAAAA
AACTACCTCGTCATTCAGAGAACCTTATTTTACAGTTATGCAGCGCTCCTGAAAATCGAATCGGAAGGAATGGTGCTCATG
AAATAAAAAACCATCCTTATTTTGATAATTTTAATTTTTTGTCCATACATGAGGAAAAGGCACCTTTTGTTCCTATAATCAAT
CATCCAACCGACACTTCTAACTTTGATCCAGTTCCTGAAAGTAAATCTAATGAGTTTGATATTGGGGATGTGTCCAGCCAA
GATGTAGATGACAAATTAGGTCCTGGAGCCTATGCGTTTTATGAATTCACTTTTCGTCATTTTTTTGATGATGGAGGCTTTG
CAAATCCAGTTGCAAAGAAAATTGAGCAAAATATTAAGCCAAACACAGTATCACCTGCAAAGCGTTCTGCAACAACAACA
AGCAATTCAATTAGTATACCTAATAAAGTTTCAGTACCTAATTCAGATGCTAATAAAAGCAAGTTGCCTGTTTTTGTATGA

>m.44944 |Hvul_SAV mRNA

ATGTTTAAGAAAAAAGATATTATCAAAACAATCAATTCTGACATACCCGCACGGTTTGTAAAAAAAGATGGAG
TTGCTGAAGATAATATGGTTGGAGCGATTCAAACACCAACCAGAAAGCAAAAAACTCCTATTCCCTTTCGAAA
ACTAAATTTTCCTCCAAATGATATCCCCATTTTGCGCTACCCAAAAGATAACAAAATTCCTTCGGATGAAATTTC
TGAATCATATATTTCAAGTAATTGTCATAATGTTGTTCACCAAAAAAATATTCGACATCGATTTTCTCCTTCATTT
TTGCTGTTGCGCAAGAAAAAGCACCCTTCGGTTAACAATTGTGATTTAAATGGAATTATTAAAGAAGAAGATA
TGACTGATATTGTTTGTTATAAGGATGTTGCAGAGCATGAATCATCTAAATCAATAACAATGAGTCAACTTGAT
GATACACAACTTCATGTGATGGATTTAGAAGCATGTGAAAGAGAATATAAGGCAAGAATGGAGTATATAATG
AAAAACTATCGACACCCACCACCCTATCAAAGCAAAAAGCAAGATAAACCCAAAATTCCAGCAGCTGATGCCC
CTTTAATCAGTAAATTGCTAAAGGAAACACAACTAAAAGATAATACTAGTATGAATAATTACTGGCAATCCAAT
TTAACATTAGACAATGATATTCCGCAAGTTAAAAAGAAGTTATCTGTTAGTGATAAACTTGTAAAAAGAACCA
GAGAGCAAATTAATTTAGCTCATAACAATAACAATAATAATAATTATTCTAACAATAATATCAACCAAGTTTCTT
ATTTTAATGTTGTAGACAATATGCAGAGGTTCTCTAAAGACAGAGATACAATGAGTGCAGTATATGGGGATCA
ATATAACCACAATGAGGCAACAATTAGGGGTTGCTCTTCTGTACCTAATTTATCTATACAATATGAAAACTCTC
TTGAAAGTATAATAAATGCACAAAGAGTTCAACAACCCAGAGCACACTTAGAACCTGGGGAACTTGAACTTTT
GATTTCACACTATAGAAAATCAAGTTTAGACATTTTAGCTCCTGATAGCGCAAACAACTATTTTACTACTGATA
GCGCGAACAACCATTTTACTCGTGATAGTACAAACAACTATTTTACTCCGTATCTTAAAGAATCTCCTTCTTATG
TTCCACCAAGTGCATATCTTAATGCTGAAATCCCGGATTGGTTACAAGTATATGCAAAAGCATCTCCTGATCTT
GACAAATATTTAAAGTGGGAAATGTTTCGCTATCCAGAATTAGATTGTTGGCAAACTATGCTTAAACGACTCTA
CAGAAAAGAAGTTGAACAAGTCGTACTTTGGTATGAAGAATATAGAATTGCGCTTCAGCAAGAAGTAGAGAG
ACGAAGTATTTCTTTTAAAAAAACTCATGTTTAA

>m.4630 |Hvul_YAP mRNA
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ATGGATATGAATTCTACGCAACGGCAGGGTAACTTTGTTCTTCATGTGCGGCAAGACTCAGACACTGACTTGG
AACAGTTGTTTAAAAATTCAGTTTCAACCAATAAGGATATACCAAGATCTAAGCCTTTTCGTGACAGAAAGTTA
CCTGCTTCATTTTTTAGACCTCCTCCATCTCTAGAGACAGATCAAACCGCTCCAATACACACCAGAGCTCGTTCA
CTTCCTTCTAATATTGGTCAGATTGCTCAGGATCAAGTTATTTTACAGCAGCAACAACTTCAACAACAACATCCA
CAAAATAATTTTTTACTTACCCCAAGTCATCAAAGAACACAATCTTATGGTACTCTTGAATCAAATTATTTACCA
TCAGGATGTGAAATGAGAACAACTGCTTCTGGTCTAAAGTATTACATAAATCACCAAAATCAATCAACATCTTG
GCAAGATCCTCGAAAAGCACAATCCATGACAGTGTTACCAGCAAACCCTCAAAACCTTTTAATGGATGATTTG
CCAGAAGGTTGGGAACGTGCTGTTACAGCTGAAGGTGAGGTTTATTTTATTAATCATCAAACAAAAACTACAA
GTTGGTTTGATCCACGTCTGAATCGGCCTAATAATAATTTGTTGTTGGGAGGCACAAACATACAATATTACCAG
CAAGAGAAGCGTCATCGTCAACAGCAAATTCAAAACCAACTACTCGAAAGAGAGTTTTTTATTCATCAAAGAA
TGAATGGCCAGCACACTGACTCTGTACTAAACAACAATTCTTTGATAAATAACCTTGTTAGAGAGAAATATACT
GCTTATATGAATTCTAGTGTTCTTGGTAGAGGAAGCTCTGTTGATTCTGGTTTAGATGGAATGGAGTCTTATTT
AACATCTACTTCAACAGATGGGTTGAATGATATGGACACAGCTGATGTTGATCGTAATAATCAATTTGATAAA
AATACCTCAATGGAACAAGGTATTTGTTTCAATAATCGACTTCCTGAATTTTTTGATAGTTTACAAGCATCAAAT
GTTGATTTAGATATTCTTGAAGATGGTTCTGAGTTAAGTAGTGATTTAGAGGCTATCAACACTGAGGCTCTGA
ACGATGTTGACATGATTTTATCTCCAAACAATAAGCCTAATGCATATATGACTTGGTTGTAG

>m.21664| Hvul TEAD mRNA

ATGGCGGAAAACTGTCGAGATCCGTCTACACATGTCTCGAATACTGATCCAGAACAAATGGCTTCTGATGCTG
AGGGAGTTTGGAGTCCAGACATTGAGCAAAGTTTTCAAGAGGCTTTAGCAATATATCCCCCATGTGGAAGAA
GAAAAATAATTCTTTCTGATGAAGGAAAAATGTATGGAAGGAATGAGCTTATAGCAAGATATATAAAATTACG
TACAGGAAAGACACGTTCTAGAAAACAGGTATCTAGTCATATTCAAGTTTTGGCCAGAAGAAAGGATCCTCAT
GTTAAAGACAAAGCTGGTATTCATCCTATGAATTCAATGACATCACCACAGATTGTTTCAGTTAGTGCTATACA
CTCAAAACTTGGTCTTCAAGGTGTTGATTCAGTTGCAGTTAAAAGAGAAATGAATTTAAGTCCACCTCTTGGGT
ATTGGGCACCTGGATTGCCACAACCTGGACTTCCGATTCCTCCACCACCTATTGGTTTTCCATACACTTCTGCAG
GAGCTTATTACGCAAATGCTATTACACATGCAACATCTATTTCACAATCTGGTAATATAATTCGATCTTCAAATG
CCCCACCTGGCAGCTCTTCTTCACCTACTGCTCATCACATGACAAGTTCTTTACCACATGGCTCTTCTAACCCTCA
TGTTAATCACAGTTCTTCATGGCAATCTCGAGTATCAACGACACAAATGCCTCTGCGCTTAATTGATTTTTCTGC
TTATATTGACCAACAACGACTTGAACAACCAGAAACGTACCACAAACATTTGTTTGTTCATATTGGTTCACAAA
GAAGTTTTGAAGATCCAAACTTAGAAGCCATTGATATTCGACAAATATATGATAAGTTTCCAGAAAAAAAAGG
GGGGCTTAAAGAATTTTATGATAAAGGTCCACAGCATCTATTTTTTCTTGTAAAATTTTGGGCGGATTTGAATA
CTAGCATTCCTGATGACGCTGGCTCGTTTTATGGTGTATCAACAACATATGAATCTTCTGAAAATATGACCGTC
ACTTGCTCAACAAAAGTTTGCTCATTTGGTAAACAAGTTGTGGAAAAAGTTGAAACTGAATATCCTCGCTACG
AAAATGGACGCTTTGTGTATCGCATTCAAAGGTCGCCTATGTGTGAATACATGATAAACTTTATAAGAAAACT
GAAGCATCTTCCTGAAAAGTTTATGATGAATTCAGTACTCGAAAATTTTACTATTCTTCAAGTTGTAAGTAATC
GAGACACTCAAGAAACACTTCTTTGTCTTGCTTTTGTATTTGAAATATCATCTAGCGAGCACGGAGCGCAGCAC
CACATATTTAAATTAGTCAGAGACTGA

5.3 AMINO ACID SEQUENCE OF HIPPO PATHWAY COMPONENTS
>Hvul_Hpo

MSRSLKKLSEESLNRPAEEVFDLLAKLGEGAYGSVYKAMHKESGEVLAIKQVPVDTDLQEIIKEISIMQQCDSPYVVK
YFGSYFKNTDLWIVMEYCGAGSVSDCMRLRNKTLTEDEIACICRDTLKGLEYLHLRRKIHRDIKAGNILLNTEGHSKL
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ADFGVAGQLTDTMAKRNTVIGTPFWMAPEVIQEIGYDCKADIWSLGITLLEMAEGKPPHADIHPMRAIFMIPTKP

PPTFKHPEKWSKDMIDFVSKCLVKNPDDRLSATALLQHPFIKNSKPVEVLAQMLSDAMRIREEEVEKNNGNDDED
GIDDNDQDIFVTAHTDTIMANQDMGTMILNNDIDSNDGTMIINSGTMIGHEMDTMITINSGTMIENMGTMVIN
DGDDCTMKSLESSTGKSTQYRPAYLEHFEKLELONQRNIVGNKRVNENMLKGSDPNVPGKLLGPIDFEFLKNLSFE

ELQQRMSSLDTDMEREIEDLRRRYQVKRHPIIEAMEVKKRRQANF

> Hvul_MOB

MSFLFGSKNTKTFKPKKSIPEGTHQYDLLKHAEATLGSGNLRNAVMLPEGEDLNEWIAVNTVDFFNQINMLFGTIT
DHCTSESCPVMSAGPKFEYLWADGTSVKKPIKCSAPKYIDYLMTWVQDQLDNEALFPSKIGVPFPKNFVSIAKTILK
RLFRVYAHIYHQHFPQVVSLGEEAHLNTSFKHFIYFVQEFGLIDKRELAPLQELMDKLINK

>Hvul_LATS

MTEPSKKSSIISSNQLLRNVPYNVLSHHLHHEHQQPRHLDSAHIQSQSKEFEDFLSQSYNIHALSQSAAGDRRSYPR
ASKAFTLEEIRKDLOPFAWKNGFVASNLSSSKNNIKSSSINDLHQAAIEVNNSVQSEQQKLSQLVSYGYDEAIAADVL
RNNSNKSIEVLVDILNSIGCHKMKVPSRVLTNHRVLGNNNHFQPSFLQTLQNKYASNSRYYPSNDLTRKGMQYKD
LSPTNFTNNLPFEHFSNVQSQCKYPRETDHAQRYQSSVFVSAHNLYHQDMPDDSYLQNLGAENFGRPSVVTMRQ
KKTDKQFNPQNRWSADVLQTYEIENVPNKPPPPYPGLLKRPSLPDNFSVTNISDALENVRTGVDLPTYNGYTKNSN
HLSTTQGRNIINSPHNIQAVHVFGTPTKMDSNFSPIVESVIPRRSPPPYSAGGSQRSSKCNSLNIEELENSLLYTFSNL
DDRNFNKEDVESNLGDSSPTFLSNSDNTERFDGVKRSYSPLPECSNSPYVTMIVRKDHEKESAIEENENQHENASLR
LKNYTPQACKFYLEQHFENLLKRQEQREVRRKQLEDEMSRVGLPLODQEQMRKLLRQKESNYIRLRRAKMDKTM
FTKIKIIGIGAFGEVSLVRKNGTEAYYAMKTLRKSEVVRRNQVAHVKAERDILAEADNEWVVKLYYSFQDTNNLYFV
MDYVPGGDLMALLIKRGIFEDNLARFYIGELVLAIESVHKLGFIHRDIKPDNVLIDRYGHIKLTDFGLCTGFHWTHDS
KYYQPEQALENHSRQFSMEPEGGWDSLVEEGDCGCKSSERLDNDLYEPLQRRNMRRHMRCQAHSLVGTPNYIA
PEVLMRIPYSQQCDWWSVGVILYEMLIGHPPFMARTPAEIQLKIINWKETLTIRKKLPRHSENLILQLCSAPENRIGR
NGAHEIKNHPYFDNFNFLSIHEEKAPFVPIINHPTDTSNFDPVPESKSNEFDIGDVSSQDVDDKLGPGAYAFYEFTFR
HFFDDGGFANPVAKKIEQNIKPNTVSPAKRSATTTSNSISIPNKVSVPNSDANKSKLPVFV

>Hvul_SAV

MFKKKDIIKTINSDIPARFVKKDGVAEDNMVGAIQTPTRKQKTPIPFRKLNFPPNDIPILRYPKDNKIPSDEISESYISS
NCHNVVHQKNIRHRFSPSFLLLRKKKHPSVNNCDLNGIIKEEDMTDIVCYKDVAEHESSKSITMSQLDDTQLHVMD
LEACEREYKARMEYIMKNYRHPPPYQSKKQDKPKIPAADAPLISKLLKETQLKDNTSMNNYWQSNLTLDNDIPQVK
KKLSVSDKLVKRTREQINLAHNNNNNNNYSNNNINQVSYFNVVDNMQRFSKDRDTMSAVYGDQYNHNEATIRG
CSSVPNLSIQYENSLESIINAQRVQQPRAHLEPGELELLISHYRKSSLDILAPDSANNYFTTDSANNHFTRDSTNNYFT
PYLKESPSYVPPSAYLNAEIPDWLQVYAKASPDLDKYLKWEMFRYPELDCWQTMLKRLYRKEVEQVVLWYEEYRIA
LQQEVERRSISFKKTHV

>Hvul_YAP

MDMNSTQRQGNFVLHVRQDSDTDLEQLFKNSVSTNKDIPRSKPFRDRKLPASFFRPPPSLETDQTAPIHTRARSLP
SNIGQIAQDQVILQQQQALQAQQHPQAQNNFLLTPSHQRTQSYGTLESNYLPSGCEMRTTASGLKYYINHQNQSTSWQ
DPRKAQSMTVLPANPONLLMDDLPEGWERAVTAEGEVYFINHQTKTTSWFDPRLNRPNNNLLLGGTNIQYYQQ
EKRHRQQQIQNQLLEREFFIHQRMNGQHTDSVLNNNSLINNLVREKYTAYMNSSVLGRGSSVDSGLDGMESYLTS
TSTDGLNDMDTADVDRNNQFDKNTSMEQGICFNNRLPEFFDSLQASNVDLDILEDGSELSSDLEAINTEALNDVD
MILSPNNKPNAYMTWL

>Hvul _TEAD

MAENCRDPSTHVSNTDPEQMASDAEGVWSPDIEQSFQEALAIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGK
TRSRKQVSSHIQVLARRKDPHVKDKAGIHPMNSMTSPQIVSVSAIHSKLGLQGVDSVAVKREMNLSPPLGYWAPG
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LPQPGLPIPPPPIGFPYTSAGAYYANAITHATSISQSGNIIRSSNAPPGSSSSPTAHHMTSSLPHGSSNPHVNHSSSW
QSRVSTTQMPLRLIDFSAYIDQQRLEQPETYHKHLFVHIGSQRSFEDPNLEAIDIRQIYDKFPEKKGGLKEFYDKGPQ
HLFFLVKFWADLNTSIPDDAGSFYGVSTTYESSENMTVTCSTKVCSFGKQVVEKVETEYPRYENGRFVYRIQRSPMC

EYMINFIRKLKHLPEKFMMNSVLENFTILQVVSNRDTQETLLCLAFVFEISSSEHGAQHHIFKLVRD

5.4 SUMMARY OF RAW DATA PRODUCED FROM ILLUMINA RNA SEQUENCING

54.1

Raw data statistics

The total number of bases, reads, GC (%), Q20 (%), and Q30 (%) are calculated for
the 16 samples.For example, in DO_A, 50,055,544 reads are produced, and total read

bases are 7.6G bp. The GC content (%) is 37.477% and Q30 is 95.269%.

Table 5.2: Raw data Stats

Sample ID Total read bases (bp) Total reads GC(%) AT(%) Q20(%) Q30(%)
DO_A 7,558,387,144 50,055,544 37.477 62.52 98.530  95.269
D0 B 7,554,244,610 50,028,110 37.433 6257  98.461  95.077
VO_A 6,187,809,974 40,978,874 37.907  62.09  98.408  95.042
V0_B 6,466,805,426 42,826,526 38.371 61.63 98.308  94.927
D2 A 6,490,129,792 42,980,992 37.933  62.07  98.335  94.937
D2_B 8,266,392,924 54,744,324 39.318  60.68  98.175  94.685
V2_A 6,529,259,630 43,240,130 38.132 61.87 98.486  95.251
V2_B 8,253,888,010 54,661,510 39.710 6029  97.848  94.197
D8 A 6,879,628,252 45,560,452 37.800 622 98.544 95317
D8_B 7,011,746,910 46,435,410 37.881 62.12 98.453  95.182
V8_A 6,686,713,370 44,282,870 37978  62.02  98.287  94.700
V8_B 6,076,829,806 40,243,906 37.929  62.07  98.419  95.147
D24 A 8,359,712,132 55,362,332 37.869  62.13 98239  94.667
D24 B 6,248,051,122 41,377,822 38229 6177  98.252  94.858
V24 A 6,353,637,268 42,077,068 38.415 61.59 98.565  95.463
V24 B 6,283,855,034 41,614,934 38.285  61.72  98.251  94.780

Sample ID : Sample name. D- DMSO, V-Vp, 0- 0 hpa, 2- 2 hps, 8- 8 hpa, 24- 24 hpa, A/B- Biological Replicate A or Biological Replicate B.

Total read bases : Total number of bases sequenced.

Total reads : Total number of reads. For lllumina paired-end sequencing, this value refers to the sum of read 1 and read 2.

GC(%) : GC content.
AT(%) : AT content.

Q20(%) : Ratio of bases that have phred quality score of over 20.

Q30(%) : Ratio of bases that have phred quality score of over 30.
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54.2
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Figure 5.1: Throughput of Raw data
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54.4
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Figure 5.3: GC/AT Content of Raw data

5.4.5

DO_A
DO_B
VO_A
VO_B
D2_A
D2_B
V2_A
V2_B
D8_A
D8_B
V8_A
Vv8_B
D24_A
D24._B
V24_A

V24_B

Q20/Q30 (%)

Q20 Q30

. r @ ! r o r o [ [ 1 [ [ _ _ELRE
. ________________________________________________________________________FL¥y

. r r r r ! [ [ 1 1 [ iR
________________________________________________________________________________________[

e e S BN O5.4 1
S S [ A N I 0504

5 e S S N AN O3 .3 1
S Y A N N 04.93

. r r ! r r [ [ [ [ [ ___ELEE
1 e e Y A A N 04 94

. ( r r r r r r r [ [ [ I _ kA
| N [ [ R S —— _—_______—.04.69

. r r r ! ! [ [ [ [ [ _ R
__________________________________________________________________________[I¥

1 I N O / -85
' ' ' [ [ [ [ | [ [ [ ___[IW

. ([ v o 0 0 [ 0 [ _EER
1 e e Y S N N1 05 . 32

1 e S AN N 0S4 5
__________________________________________________________________________[FINH

. r @ ! r o 0 o [ 1 [ [ EEWE]
| S I ) [ A N I U __— _— ./

S S ) A N 0842
1 S Y S Y A A 5. 15

(N R [ [ N S R [ _— ___— ..., S.24
| ) S S [ A S .-, .6/

1 e e e S N NN OS2 5
1 e e Y N N 0486

1 N N 08 .56
' ' ' ' [ [ [ [ | [ [ [}

. ([ ! ! [ 1 [ [ 1 [ ] _ kW
' ______________ _____ ______ ______ | | _______[V§]

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Figure 5.4: Q20/Q30 scores of Raw data
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