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“Scientific truth was not dogma, good for eternity, but a temporal quantitative entity that
could be studied like anything else.”
- Robert M. Pirsig, Zen and the Art of Motorcycle Maintenance, p.140



Chapter 1

General Introduction

Stephanie Cheung



What is regeneration?

The topic of regeneration can be said to elicit a universal fascination among people. Indeed,
who’s imagination is not enticed by the idea of being able to regrow one’s limb? However,
what does it really mean to regenerate? In 1901 Thomas Hunt Morgan unified the many
uses of the term “regeneration” into three distinct phenomena: egg and embryo regeneration,
physiological regeneration, and restorative regeneration'. In more recent literature, these
phenomena may be referred to as “embryonic regulation” (the ability of embryos to
compensate for cell or tissue lost), “homeostatic regeneration” (the periodic replacement of
old cells or tissue not resulting from an acute injury such as skin renewal), and “restorative
regeneration” (the regrowth of a lost body region as a result of acute injury or autotomy)>. In
this thesis, the term regeneration refers specifically to the study of restorative regeneration
resulting from acute injury within the animal kingdom.

Within the category if restorative regeneration, there lies a hierarchy of regenerative
complexity of structures that can be restored®. At the base lies cell regeneration, such as
axonal regeneration in C. elegans, one of the simplest structures that can regenerate. Higher
up is organ or tissue regeneration, such as skin regeneration of the spiny mouse Acomys
cahirinus, followed by complex structure regeneration (which includes the restoration of
lost limbs). At the top of the hierarchy is whole-body regeneration, which involves the
restoration of a complete animal from a small tissue fragment or cluster of cells. Naturally, the
categories higher on the hierarchy will also encompass properties of the lower categories. For
example, complex structure regeneration incorporates cell, tissue, and organ regeneration.
Thus, animals capable of whole-body regeneration are considered to possess the greatest
regenerative ability.

The ability to regrow a body region following injury is a widespread phenomenon present
across all phyla within the animal kingdom (Figure 1). From the freshwater cnidarian Hydra to
salamander lizards, a large number of animal species have been shown to possess regenerative
abilities*. Even humans are capable of regenerating its liver following partial hepatectomy?®.
However, the regenerative capacity of animals varies widely. Hydra polyps show the greatest
regenerative capacity where complete polyps can be regenerated from clusters of dissociated
single-cells®®. Vertebrates such as the zebrafish (Danio rerio), in contrast, display more
limited regenerative potential restricted to specific organ structures (i.e., heart, tail, fin)°.
Interestingly, when the regenerative capacities of animals are put into the context of their
phylogenetic positions, a general trend of anticorrelation between regenerative ability and
anatomical complexity emerges*'°. While there are many examples of this phylogenetic
trend within different animal phyla, this trend is lacking within many animal classes. For
example, different planarian flatworm species display very different regenerative abilities:
Schmidtea mediterranea and Dugesia japonica can regenerate from tiny tissue fragments,
while Dendrocoelum lacteum" possess anatomically limited regenerative abilities, and
Bdelloura candida are almost entirely regeneration deficient'>!*. Thus, whether regeneration
is an ancient evolutionary trait or an evolutionary adaptation remains to be clarified. The
recent expansion of non-traditional model systems being studied in the field of regeneration
will likely improve our understanding of the mechanisms driving regeneration.
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Figure 1. Mapping regenerative potential of various species on the metazoan phylogenetic tree. Most metazoan
phyla include animals that are able to regenerate organs (O, yellow circles), and complex structures (CS, green
circles). However, many vertebrate species either lack such regenerative abilities (struck-through circles)
or their regenerative potential is unknown (?, gray circles). Whole-body regeneration (WB, blue circles) is
widely observed among Cnidaria and Protostomia. Image copyright Springer Nature 2021. Adapted from
Bideau, L. et al. Image reproduced with permission of the Licensor through Copyright Clearance Center.

Mechanisms of regeneration

Ever since the first regeneration experiments on Hydra in the 1700s, two major questions
have been the focus of the regeneration field. How do animals regenerate? And why can some
animals regenerate while others cannot? Despite an ever-growing body of literature on the
topic, our understanding of how and why regeneration takes place remain poorly understood.
On a mechanistic level, regeneration proceeds through three general modules: 1) wound
healing, 2) regeneration initiation, and 3) morphogenesis®.

Wound healing is an ancient property of tissues found in both highly regenerative and non-
regenerative animals. In regenerative tissues, wound closure typically occurs within the first
few minutes to hours after amputation and is considered complete when re-epithelialization
has occurred. Initial wound responses include reactive oxygen species (ROS) signaling, cell
death, immune cell recruitment and extracellular matrix (ECM) remodeling'*!3. Inhibition of
any of these processes leads to impaired wound closure and often blocks regeneration'®-'8.

In regeneration competent tissues, successful wound then leads to regeneration initiation.
In this step, regeneration has been divided into two distinct categories: regrowth resulting
from cell proliferation (epimorphosis) and regrowth due to remodeling of existing tissue
(morphallaxis)'. Examples of strict morphallaxis are rare; the most commonly cited example
being head regeneration in Hydra where treatment with cell-cycle inhibiting drugs did not
prevent head regeneration'®*. More detailed studies later identified a population of G2
paused cells located near the head that are poised to divide and differentiate after head
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amputation®'. The vast majority of animals undergo epimorphosis or a combination of both
cell proliferation and tissue remodeling at the wound site . A mass of undifferentiated and
proliferative cells (called a blastema) can often be found under the wound epithelium at the
onset of regeneration. The origin of these undifferentiated cells and their cellular plasticity
varies widely across species. In the planarian Schmidtea mediterranea® and the hydrazoan
Hydractinia echinata®, resident adult stem cells proliferate and migrate to the wound site to
form the blastema. Transplantation experiments of a single stem cell onto a stem-cell depleted
host demonstrated the pluripotent nature of planarian stem cells®. In axolotl, both resident
stem cell populations and dedifferentiation of mature tissues contribute to the formation
of the blastema. Muscle satellite cells migrate to the blastema and proliferate to form the
new muscle tissue, while connective tissue cells dedifferentiate into a more homogeneous
progenitor state and then redifferentiate in a lineage restricted manner®-2%.

The differentiation of these progenitors and their patterning of the new tissues constitutes the
third module of regeneration: morphogenesis. This is perhaps the longest phase of regeneration,
lasting from a few days (in the case of planaria and Hydra), to weeks (for Zabrafish and
Xenopus), or even months (for salamanders). Morphogenesis during regeneration is in many
ways akin to morphogenesis during embryonic development because both processes involve
the orchestration of massive cellular growth and patterning. Moreover, body structures
formed during development are the same structures that are reformed during regeneration.
Early grafting experiments in axolotl using developing limb buds and limb blastemas
suggested that patterning during limb growth is the same in both situations®*°. However,
more recent cellular and molecular studies showed that the spatial and temporal expression
patterns of Hox genes vary significantly between limb development and regeneration®'—.
Gene expression analysis of embryonic tail buds and regenerating larval tails in Xenopus
laevis showed that most of the genes they analyzed could be found at similar levels in both
tissues. However, two bone morphogenic protein (BMP)-antagonists, chordin and noggin,
were only detected in the embryonic tail bud*. More examples have been reported where
regeneration seems to follow similar morphogenic events as that observed during embryonic
development, however a number of molecular differences underlie the two processes* .
Thus, while it may be interesting to draw parallels between embryonic development and
regeneration, the two processes should not be conflated.

Conventional model organisms used to study regeneration

Model organisms used to study regeneration span all ten major animal phyla. Among the
many model systems available, four have emerged as the most well studied in the field of
regeneration: Hydra, planarians, zebrafish, and salamanders (Figure 2).

Hydra was the first animal to be studied in the context of regeneration in 1740 by Abraham
Trembley™®. Its renowned regenerative ability is unparalleled in the animal kingdom, with the
ability to reform whole polyps from reaggregates of dissociated single cells’. Four different
Hydra species (H. vulgaris, H. oligactis, H. braueri, and H. viridissima) have been used
over the years, with H. vulgaris being the most commonly studied®. The Hydra polyp has
a tube-like structure that can be divided into three anatomical regions (head, body column,
and foot). Its entire body consists of two myoepithelial layers (gastrodermis and epidermis)



sandwiching a layer of extracellular matrix A Hydra
called the mesoglea*. Three populations of
resident adult stem cells can be found in the
body column: myoepithelial epidermal stem
cells (eESCs), myoepithelial gastrodermal
stem cells (gESCs), and interstitial stem

cells (ISCs). Each stem cell population are

spatially restricted within the body column

and gives rise to specific cell linages*'*>. B pianarian

ISCs show the greatest cellular potency,

giving rise to both somatic and germ cell @
lineages. The great ease of culturing Hydra C—

polyps in the laboratory coupled with its

short regeneration times (2-3 days for head @

regeneration) has made it a very popular

system to use. The recent establishment of 14-17 days
genetic techniques (stable transgenesis*, C Axolot

gene knockdown by RNAi* and shRNA®,

CRISPR/Cas9 editing*®) has propelled this

model organism into the omics era. However,
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the implementation of such methods remains
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adaptation. Sexual reproduction is also
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are inaccessible behind a thick cuticle layer, _‘ — % — %
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embryonic development of this Species . Figure 2. Schematics showing the regenerative capacity

of four highly regenerative model organisms. Hydra
Planarian flatworms are also one of the oldest (A) and planaria (B) exhibit remarkable whole-body

regeneration model systems and well known regenerative abilities, while axolotl (C) and zebrafish
for its abili ty to regrow a whole worm from (D) are capable of complex structure regeneration. The

. . L . approximate length of time required to regenerate each
a tissue fragment 1/279™ of its original size*®.
There are hundreds of planarian species
worldwide, with Schmidtea mediterranea

structure is indicated below each regenerate. Image
copyright John Wiley and Sons 2017. Adapted from
Maddaluno, L. et al. Reproduced with permission of the

. . Li th h C ight CI Center.
being one of the most regenerative and reensor trough T-opyright iearance Lenter

also the most commonly studied. Unlike

Hydra, planaria are triploblastic and have bilaterian symmetry. Pluripotent adult stem cells
called neoblasts populate the entire body of Planaria except the very tip of the head and the
pharynx, two structures that lack regenerative capacity when isolated from other tissues.?
Removal of the neoblasts by irradiation leads to eventual death of the animal and completely
abolishes regeneration. Knockdown studies via RNAI of specific genes coupled with in-situ
hybridization and immunohistochemistry has allowed for more mechanistic investigations
into regeneration®. Transcriptome and genome assemblies were also recently made
available®>!. Even a single-cell transcriptome atlas has been generated®. However, some key
challenges remain. The pigmented bodies of planarians limit the feasibility of live tracking
experiments, and the inaccessibility of planarian embryos has prevented the development
of robust genetic and transgenic methods in this animal. Advances in these methods will be
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necessary to planarians to sustain their prominent position in the field of regeneration.

The zebrafish (Danio rerio), is probably the most studied vertebrate animal in regeneration.
Initially established as a model organism for the study of developmental biology, the
remarkable regenerative abilities of zebrafish were first reported in the 199054, Zebrafish is
used to study organ and limb regeneration, including regeneration of the fin**, heart™, liver®’,
kidney®® and skin®. Although zebrafish entered the field of regeneration fairly recently, the
abundance and ease of genetic and transgenic methods has pushed it to the forefront of
regeneration research. Namely, the many inducible transgenic lines (i.e., heat shock, Gal4/
UAS, Cre/Lox, TetOn/TetOff) allows for precise spatial and temporal control of specific
genes during regeneration (cite). A wide range of “omics tools” has also become available
in the recent years, including ChIPseq, Tomo-seq, single-cell RNAseq, proteomics, and
metabolomics (cite). Despite its many advantages as a model system, the zebrafish still has
its drawbacks. Live imaging of internal structures of the adult fish remains a challenge and
the number antibodies compatible with immunohistochemistry is extremely limited®.

Regeneration in salamanders was first investigated in the 1700s by Lazzaro Spallanzani.
Newts (such as Notophthalmus viridescens, Cynops pyrrhogaster, and Pleurodeles waltl)
can regenerate more body parts than axolotls but their complex life cycles (consisting of
both aquatic and terrestrial phases) make it difficult to establish laboratory colonies®*'.
The axolotl (Ambystoma mexicanum) however, is a fully aquatic animal that breeds well in
captivity and thus has emerged as the salamander of choice for regeneration experiments.
Unlike the other model systems described so far, the anatomy of the salamander is most
similar to that of humans. Particularly when we consider the cellular composition and tissue
patterning of the limb. This resemblance to human limbs makes it the most relevant model
for regenerative medicine. Recent advances in the creating transgenic axolotls has allowed
for lineage tracing of specific cell types during regeneration, revealing that somatic tissues
near the wound dedifferentiate to form the blastema and redifferentiate to pattern the new
limb**42. The axolotl genome is also fully assembled and annotated, paving the way for more
mechanistic studies and genetic perturbations to challenge the regenerative abilities of this
animal®.

Aside from these four major model systems I described above, Arabidopsis, drosophila,
xenopus, and mice were also used in the study of regeneration. However, their involvement
was largely influenced by their dominance in the field of developmental biology rather than
their regenerative abilities. As a result, these model systems have largely faded in recent
literature. With the recent boom of sequencing methods and multi-omics approaches, a
number of new model organisms have been curated specifically for their regenerative
abilities and experimental advantages. The spiny mouse (Acomys cahirinus®) and sea
anemone (Nematostella vectensis®) are among the most prominent recent additions to the
field. Different species of planaria and newts that overcome the disadvantages of the current
dominant species are also actively being set up.

Nematostella vectensis Is A Promising New Model Organism To Study Regeneration

Nematostella vectensis, a sea anemone capable of whole-body regeneration, has emerged
as a powerful new model organism in the field of regeneration in the past decade. Naturally



found in estuaries where salt and temperature fluctuations are commonplace, Nematostella
polyps can be easily reared at a range of temperatures (17-27C) and salt conditions®.
Phylogenetically, Nematostella vectensis is closely related to Hydra, and morphologically
shares similar features such as a tube-like body structure consisting of three major regions:
head, body column, and physa (Figure 3a). As a diploblastic organism, the body tissue is
composed of two epithelial layers with a layer of extracellular matrix in between called
the mesoglea. Nematostella polyps show bilateral symmetry along two perpendicular body-
axis called the oral-aboral axis and the directive axis. Invagination of tissue at the mouth
forms the pharynx, which then connects to the mesenteries inside the body column. The
mesentery tissue serves as the gut of the animal, with many cells involved in digestion and
nutrient absorption and also contains the gonads in sexually mature animals. Despite its
simple morphology, Nematostella contains a diverse array of cell types. Recent single-cell
whole-animal RNA sequencing identified eight broad cell classes (cnidocytes, epithelium,
progenitor, glad/secretory cells, retractor muscle, gastrodermis, digestive filaments, and
neurons), with subtypes found in each class®’. Importantly, no resident adult stem cells have
been identified to date.

The entire life cycle of Nematostella can be easily reared in the laboratory (Figure 3b).
Spawning of male and female adults can be robustly controlled and the resulting egg and
sperm are readily amendable to microinjection manipulations®. Fertilized embryos enter a
free-swimming larval stage that lasts about a week before undergoing metamorphosis into its
polyp form. At this stage, the primary polyp consists of four primary tentacles and is capable
of feeding by capturing live brine shrimp (Artemia nauplii). Sexual maturity is reached after
approximately 3 months. The accessible nature of all the life stages of Nematostella make
it an attractive model to directly compare mechanisms driving embryonic development and
regeneration. Nematostella polyps are also capable of asexual reproduction by pinching off

B it
oral tentacles A. SEXUAL REPRODUCTION ) Metamorphosis

Embryonic D. STRESS RESPONSE
development

Fertilization

- Regeneration
A

Maturation 7 —/ %
!

pharynx Y

N

v
Physal pinching Degrowth -
Regrowth

B. ASEXUAL REPRODUCTION .Q,
\—/ C. PHENOTYPIC PLASTICITY

Figure 3. Image of a Nematostella primary polyp (A) with the body axis and major anatomical features marked.
(Scale bar = 200 microns). Schematic (B) highlighting the various developmental trajectories and phenotypic
plasticity of Nematostella polyps. Image copyright Company of Biologists 2021. Adapted from Rottinger, E.
Reproduced with permission of the Licensor through Copyright Clearance Center.

body axis

aboral

13



14

a region of its body.

Transcriptome data of animals at various developmental stages are already available
and a third annotated genome model was recently published®. In contrast to Hydra, the
Nematostella genome shows an unexpected level of conservation to bilaterians in terms of
both gene complexity and genetic regulatory elements™”'. The development of genomics
tools such as mRNA or morpholino injections and transgenesis using meganuclease or
CRISPR/Cas9 has allowed for more targeted studies into the mechanism of regeneration” ™
(cite). The robustness of these methods is evident when we look at the number of stable
reporter and knock-out (KO) lines currently available (reviewed here’). Other important
molecular biology techniques such as immunohistochemistry and in-sifu hybridization are
also easily implemented at all life stages of this animal™7’.

The advantages highlighted thus far showcase the power of this model in elucidating
fundamental regeneration principles. However, given its phylogenetic position and the lack
of morphological resemblance to humans, direct adaptation of any regeneration mechanisms
to regenerative medicine is unlikely. Moreover, the lack of immune cells in Nematostella
prevent the investigation of one of the key factors integral to vertebrate wound healing and
regeneration: the immune system. However the advantages it offers to regenerative studies
will surely place it in a prominent position alongside Hydra and planaria as a powerful
invertebrate model for whole-body regeneration.

In summary, Nematostella vectensis is a promising new model system to study regeneration
with four major advantages:

1. Capable of whole-body regeneration with a few days

2. Small and simple body morphology with complex cell composition

3. Accessibility of all life stages to manipulation and live imaging

4. Robust genetic and transgenic tools and resources
The main disadvantages of this model are:

1. Non-mammalian model

2. Anatomical and physiological differences to humans

3. No immune system yet identified

Outline of this Thesis

As I have highlighted in this general introduction, many advances have been made since
the very first regeneration experiments in the 1700s, including the identification of stem
cell populations and key signaling processes in a number of model organisms. Despite these
advances, a molecular understanding of how regeneration is initiated remains in its infancy.
Furthermore, the fundamental question of why some tissues can regenerate while others
cannot remain elusive.

Recently, some studies have revealed that local wounding can cause wound-like responses in
distant tissues across the body’®”. Indeed, in Planarian worms, wounding first elicits a body-
wide proliferative response followed by a secondary wound-localized response®. Further
scrutiny of gene expression changes as a result of wounding reveals that many genes not
only change their expression levels but also their expression patterns after wounding®’. Taken



together, these results suggests that a more thorough understanding of what effects local
wounding have on the rest of the body may provide greater insight into how regeneration is
initiated within tissues. Furthermore, tracking of how genes change their expression pattern
in addition to their level of expression could better inform us about the role of these genes in
the process of regeneration. With the rapid advances in imaging and sequencing technologies,
organism-wide monitoring of gene expression changes throughout the course of regeneration
is no longer a far-fetched reality. The work presented in this thesis aims to compare local
versus organism-level processes underlying regeneration using Nematostella vectensis as our
model system.

In Chapter 2, we establish the first reference spatial transcriptomic atlas of a whole primary
polyp along the oral-aboral axis. Using tomography RNA-seq (tomo-seq), we were able to
identify eight gene clusters with discrete expression along the primary axis of the polyp.
Validation of the expression patterns of various genes revealed that while many gene clusters
marked the major anatomical regions of the animal (tentacles, head, body column, and foot),
some genes showed expression that crossed anatomical boundaries (head and tentacle) while
others were restricted to a sub-anatomical region (i.e., base of the tentacle). The tentacle
tip was found to contain the largest number of genes with spatially restricted expression.
Integrating the tip region marker genes with single-cell RNA-seq of tentacle tissue, we
showed that the tip contains an enrichment of highly specialized cells called cniodocytes (or
stinging cells).

Chapter 3 explores how gene expression of the polyp changes during foot regeneration
across time and space. We apply tomo-seq to foot regenerating polyps at 4 different time
points (12, 24,48, 96hpa) and were able to capture dynamic gene expression changes across
the animal. Interestingly, these transcriptional changes were not only restricted to the wound
site but could also be detected in spatially distant tissues such as the tentacles. These results
demonstrate that wounding causes body-wide transcriptional changes and suggests injury
signals are propagated over very large distances. Furthermore, we were able to show that other
stresses (i.e., heat shock and salt stress) are able to elicit similar transcriptional responses in
Nematostella, suggesting the injury response may be part of a more general stress response.

In Chapter 4, we investigate tissue autonomous versus non-autonomous regeneration of the
tentacle tip. We establish an ex vivo assay where detached tentacles are able to regenerate the
tentacle tip. We identify the region proximal to the tip as essential for tip regeneration in the
ex vivo system and found that this region contains an enrichment of precursor cells. When
these precursor cells are present, cell proliferation and FGF signaling are dispensable for tip
regeneration. When these cells are removed, ex vivo tip regeneration is blocked. In vivo tip
regeneration is not blocked when this precursor population is removed, but requires FGF
signaling. Taken together, we showed that the tentacle is capable of autonomous regeneration
of the tip structure due to the presence of a precursor cell population.

I conclude this thesis in Chapter 5, where I integrate the findings of the previous chapters
and discuss its implications toward general concepts governing regeneration.
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Abstract

Spatially resolved transcriptomic maps provide valuable insight into understanding the
organization and function of cells and tissues within an organism. The starlet sea anemone
Nematostella vectensis, a diploblastic animal belonging to the cnidarian phylum, is
particularly well suited for spatial transcriptomic profiling because of its small size, simple
body plan, yet diverse cellular makeup'?. Here, we apply tomo-seq to generate the first
organism-wide spatial transcriptomic atlas of homeostatic primary polyps of Nematostella
vectensis. We identified novel gene clusters that mark distinct regions across the oral-aboral
axis of the polyp. We also devised new computational approaches to identify genes with
spatial expression patterns and align samples of different lengths. Lastly, we combine our
spatial expression atlas with single cell RNA sequencing of tentacle tissue to reveal that the
tentacle tip consists of two branches of actively differentiating stinging cell populations. We
conclude that our spatial transcriptomic atlas of homeostatic polyps will serve as a valuable
resource for identifying region-specific genes for use in further studies of tissue function and
generation of tissue-specific transgenic constructs.



Introduction

Spatial transcriptomic atlases provide important insight into the organization and function of
cells within an organism*>. Transcriptome-wide analyses of gene expression profiles allow
for large scale molecular characterization of tissues in time and space. Tomography RNA-
sequencing (tomo-seq) is an attractive method that allows spatial transcriptomic profiling
at the whole-organism scale®’. This method combines the advantages of low-input RNA-
sequencing with cryosectioning to preserve the spatial location of gene expression profiles
across a single body axis. Importantly, the use of cryopreservation minimizes sample
perturbation to preserve the natural transcriptomic state of the tissues. Spatially resolved
transcriptomic maps of Zebrafish heart and embryos, and adult nematodes have already
been reported using this method”. These unbiased investigations enable the identification
of tissue regions with highly specialized roles and independently of anatomical boundaries.
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Figure 1. Spatial transcriptomics identify genes with highly variable expression patterns across space in homeostat-

ic polyps. (a) Schematic showing the TOMO-seq method that combines RNA-seq with cryosectioning to achieve
spatial gene expression atlases across a single body axis. (b) Images of the six homeostatic polyps are shown with
their respective bar plots showing the total number of genes detected per slice. Slices with >6000 genes are shown
in black, while slices with <6000 genes are colored red. (c) Image of the reference polyp and the approximate an-
atomical regions (foot, column, head, tentacles, tip) are marked by the different colored bars. Heat map shows the
z-scores of anatomical region marker genes clustered by their expression pattern. (d) Example of how samples of
different lengths are aligned to the reference polyp using dynamic time warping (see methods) to obtain a common
coordinate space across samples. (¢) Line plots showing the median z-scores of three genes (GBX, Otp, AChRa)
with known spatial expression patterns are shown. Box plots show the spread of z-score values from all six polyps
after alignment.
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One model organism particularly suited for spatial transcriptomic profiling is the sea anemone
Nematostella vectensis, a diploblastic animal belonging to the cnidarian phylum. Polyps from
this species have a relatively simple tubular body plan yet contains a diversity of cell types
along the main axis that runs from the tentacle tip to the foot (oral-aboral axis)'?. Nematostella
polyps are also highly regenerative, capable of whole-body regeneration, however little is
known about the cellular and molecular basis of its regenerative potential'®'. Transcriptomic
studies of Nematostella reported thus far have utilized methods that do not preserve the
spatial context in which gene expression changes occur (i.e., bulk RNA-seq'*"?, microarray',
single-cell RNA-seq'). Other studies that do preserve the spatial information have relied on
microscopy-based techniques such as in-sifu hybridizations'>-'7, immunohistochemistry'®'*,
and transgenic reporter constructs®?', where only a few genes could be interrogated at a
time. While a transcriptome-wide analysis of spatial expression patterns in the Nematostella
polyp is still missing, the generation of this resource would facilitate the identification of the
molecular and cellular mechanism underling the biology of the polyp.

Here, we apply tomo-seq to Nematostella vectensis to generate a spatial transcriptomic atlas
of homeostatic primary polyps. We identified novel gene clusters that mark distinct regions
across the oral-aboral axis of the polyp. These regions mostly corresponded to the different
anatomical regions within the polyp, but some gene clusters show expression that span
multiple anatomical regions while others are restricted to a sub-anatomical region. We also
devised new computational approaches to identify genes with spatial expression patterns
and align samples of different lengths. The tentacle tip emerged as a region with the highest
number of genes showing a spatially restricted expression pattern. Using single-cell RNA
sequencing of tentacle tissue, we established that the rich repertoire of genes in the tip region
is largely driven by the enrichment of highly specialized cells (i.e. cnidocytes) in this tissue.
Using a cell cycle reporter construct, we further illustrate that the tentacle tip is a region with
active differentiation of cnidocyte cells.

Results

Generation of spatially aligned transcriptomics maps along the oral-aboral axis of primary
polyps

To characterize the spatial gene expression patterns of homeostatic polyps along the oral-
aboral axis, we applied tomo-seq® to unfed primary polyps (Figure la). Tomo-seq is a
spatial transcriptomic method that combines cryosectioning of tissue with low-input RNA-
sequencing to generate genome-wide transcriptomic atlases. Six total polyps were subjected
to tomo-seq at a resolution of 20 microns. Fifty to sixty million reads were sequenced per
sample, which mapped to ~14000 genes. Total genes per slice were used to determine sample
boundaries (Figure 1b). A reference polyp was initially defined based on two criteria: 1) a
high average gene count per slice and 2) no slices within the sample boundary were discarded
due to low gene counts. To determine genes with high spatial expression variability, we
identified the top 500 highly variable genes (HVGs) from the reference polyp. Hierarchal
clustering of these 500 HVGs revealed 12 gene clusters with distinct spatial expression
patterns. From these 500 HVGs, 284 genes showed consistent spatial expression patterns
across all six polyps (by manual selection based on the z-scores for each gene). We expanded



this list by a few genes that mark the foot region, identifying in total 292 genes with distinct
spatial expression patterns across the primary polyp. Clustering of these genes in the
reference polyp revealed eight major gene clusters with expression patterns that reflected
the spatial arrangement of major anatomical regions of the Nematostella polyp (Figure 1c).
Interestingly, all genes identified with expression in the foot region show a graded expression
across the foot. In contrast, genes expressed in the other areas of the polyp show both graded
and sharp expression profiles.

In order to compare our tomo-seq results across all six samples, we then normalized the
lengths of the six polyps by aligning each sample to the reference polyp via dynamic time
warping”? (DTW; Figure 1d). DTW, a method commonly used in time series analyses,
calculates the optimal match between two sequences whereby the order of the data must be
maintained. Similar to time series data, where certain events occur in the same order but at
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Figure 3. scRNA-seq of tentacle tissue combined with tentacle tip region genes reveal an enrichment of actively
developing cnidocyte cells at the tip. (a) Schematic showing the annotated gene groups from the tentacle tip region
cluster (top), and the protocol for generating single cell RNA-seq (scRNA-seq) data from tentacle tissue. (b) UMAP
embedding of single-cell transcriptomic data of tentacle tissue shows reveals cell type heterogeneity. (c) Mapping
tentacle tip cluster genes onto scRNA-seq data as tip score (see Methods) shows an enrichment of tip cluster genes
exclusively in cnidocytes. (d) RNA velocity map of cnidocyte cell cluster shows two developmental trajectories
from developing cnidocytes branching into mature spirocytes and mature nematocytes. Colors mark de novo clus-
tering of cnidocytes into 3 groups. (¢) UMAP embedding of cnidocyte cell cluster showing the relative expression
levels of specific genes marking different cnidocyte populations (nGal - cnidocyte maturation marker; ZNF845 -
cnidocyte precursors; Nv_NCol5 - spirocytes marker; Nv_NCol3 - maturating cnidocyte; Nv_NColl - nematocytes)

varying speeds, tomo-seq data contain gene expression patterns that appear in a determined
order but at varying spatial distances. We used the 292 genes identified to have a distinct
spatial expression pattern to define the polyp body in our alignment analysis. After alignment,
the six polyps (with initial lengths varying from 50 to 60 slices) all had a length of 58 slices
of the reference polyp. To test the quality of our alignment method, we generated a tomo-seq
dataset of a polyp lacking tentacles. Alignment of this “tentacle-less” polyp indeed showed
no slices aligning to the oral-most region of the reference polyp (Figure S1).

With the unified coordinate system for six polyps, we reassessed the consistency of the 292
genes with distinct spatial expression patterns identified in the reference polyp. We compared
the genes from each of the eight gene clusters across all samples and found the spatial
expression pattern to be highly robust across samples while the level of gene expression
varied greatly. To assess the ability of tomo-seq to capture gene expression patterns across
the body of a Nematostella polyp, we compared the expression pattern detected in our tomo-
seq dataset with published mRNA in-situ hybridization data (Figure le). We curated a total



of 54 genes with published in-situ images that showed a clear expression pattern in primary
polyps (Table S1). Genes with low gene counts (< 10 counts per polyp) or poor sequence
homology were removed from further analysis. Of the remaining 39 genes, 34 genes (87%)
showed comparable expression patterns between the published in-situ data and our tomo-
seq dataset. Three genes (RGMB, TCF15, Wnt4a) were already included in the eight gene
clusters identified in our reference polyp.

Spatial clustering of gene expression defines both sub- and cross-anatomical boundaries
While tomo-seq analysis identified spatially restricted expression patterns that define discrete
anatomical regions of the polyp (Figure 1c), there were also genes whose expression spanned
multiple anatomical regions (i.e., head and column) and genes that showed expression
restricted to a sub-anatomical region (i.e., base of the column, base of the tentacle; Figure
2). Some genes were expressed in both the head and column tissue which may stem from the
fact that both regions contain tissue of a similar developmental origin, namely the pharyngeal
ectoderm®. Differential gene expression present in the base of the body column and the
base of the tentacle suggests that those tissues may serve a specialized function. However,
majority of the genes in these clusters are not annotated to any known gene, making it difficult
to postulate the function of these tissue regions.

To further validate the anatomical marker genes and better define their expression location
within the polyp, we performed in-situ HCR (hybridization chain reaction) for several
genes from each cluster. Out of 17 genes tested, 16 genes showed the expected expression
pattern except one gene for which no in-situ signal could be detected (HSPA12A). Genes
from the column cluster were detected only in the mesentery tissue, with high expression
within specific cells (Figure 2 and S2). In contrast, tentacle tip and foot markers showed
uniform expression across their corresponding regions. Two genes tested from the tentacle-
base cluster showed graded expression in the base of the tentacle, however one gene also
had expression in the adjacent head region. Since the reads of a given gene are normalized to
total transcript counts within a slice, to account for the heterogeneity of tissue density along
the main axis, the large difference in total transcript counts between the head and tentacle
can impact estimated expression levels at tissue boundaries. This could also affect how the
boundary between the foot and column region are defined but we did not detect such an issue
between these two regions.

Tentacle tip exhibits a rich repertoire of spatially restricted transcripts

Strikingly, over 40% of the anatomical marker genes show restricted expression in the tentacle
tip (Figure S3), although this region has a relatively low cell density compared to other body
parts such as the head and column. The large number of spatially restricted transcripts may
indicate the tentacle tip is a developmentally active region or consists of highly specialized
cells (akin to pancreatic islet cells* or erythrocyte precursor cells* whose highly specialized
function results in the production of a highly distinct transcriptome).

In order to link gene expression and cellular identity in the tip region, we generated a single
cell RNA-sequencing data from dissected tentacles (Figure 3a). A 2D projection plot of this
single cell dataset reveals seven isolated cell clusters (Figure 3b). Using the marker genes
reported for the eight major cell types in Nematostella polyps', we classified each of the
clusters to their cell type identity. No digestive filament cells were detected in our dataset,
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likely because these cell types are often found only in the body column. To identify which
of these cells correspond to the tentacle tip region, we mapped the tentacle tip cluster genes
onto the UMAP clusters and found that the tip cluster genes were almost exclusively found in
the cnidocyte cell cluster (Figure 3c). Further analysis into the expression of individual genes
from the tip cluster reveals that ~70% of tip cluster genes are highly enriched in cnidocyte cells
(Figure S5). These results suggest that the rich repertoire of spatially restricted transcripts in
the tip is driven by a dominant cell type composition.

Tentacles show continuous differentiation in homeostatic polyps

Next, we subset our scRNA-seq data for the cells reporting high expression of tentacle tip
cluster genes and investigated the cell type variability within these cells. Clustering of these
cells in a 2D plot shows a clear bifurcation into two branches. RNA velocity?® analysis of
this cell cluster suggests that the two branches represent two maturation trajectories (Figure
3d). To investigate if there is indeed a heterogeneity of cnidocyte cell states, we mapped
on the expression levels of various individual genes specific to different cnidocyte cells.
Expression of nGal'® (a marker for cnidocyte maturation) is detected in a gradient-like
manner with highest expression at the very end of each branch. Expression of ZNF845%,
a marker for early developing cnidocytes is enriched in the cells at the bifurcation. Taken
together, this supports that the two branches represent maturation trajectories from progenitor
cnidocytes into potentially two types of mature cnidocytes. The top branch was found to be
enriched in Nv_NCol5' expression, a reported marker gene for spirocytes (a specific type of
cnidocyte) (Figure 3e). The lower branch shows high levels of Nv_NCol1'®°, Nv_NCol4'*"°,
and NEP10' expression, marker genes specific to nematocytes (Figure 3e and Figure S6).
Expression of fox12!, a marker gene for spirocysts and developing cnidocytes, was detected
both at the fork head and the end of the top branch (Figure S6). Taken together, by combining
single-cell RNA-sequencing and tomo-seq data, we demonstrated that the tentacle tip is a
region enriched in cells that are actively developing into two types of mature cnidocytes,
nematocytes and spirocysts.

As cell differentiation and proliferation are strongly connected processes®?, we were
curious about the spatial pattern of cell proliferation leading to cnidocyte differentiation in
the tentacles. We calculated a mitosis score for each slice of the reference polyp and found
the highest mitosis scores at the base of the tentacle (Figure S7). Since cell proliferation
and differentiation was often reported to share an inverse relationship®, we wondered if the
spatial distribution of proliferating and differentiating cells within the tentacle represents a
differentiation trajectory moving from the base to the tip of the tentacle. To test this hypothesis,
we generated a Nv_CyclinB-eGFP reporter line to mark cycling cells in a homeostatic polyp.
To do so, we tagged eGFP with the first 100 amino acids of Nv_Cyclin B (Nv_CyB) and
expressed this construct under a ubiquitous promoter®' (Figure S8). Cyclin B is a highly
conserved cyclin gene that is upregulated in late s-phase and peaks in late G2 phase*. We
confirmed the cycling nature of this reporter construct during early embryogenesis, where
Nv_CyB-eGFP signal peaks right before cytokinesis (Figure S9). In polyps, Nv_CyB-eGFP+
cells were found to be enriched at the head region and near the tentacle tips (Figure 4a).
Nuclear staining intensity quantification of Nv_CyB-eGFP+ and Nv_CyB-eGFP- cells in
the tentacle showed that Nv_CyB-eGFP predominantly marks cells in S-phase and early G2
(an expression pattern that would be expected from Cyclin A protein rather than Cyclin B)
(Figure 4b). Interesting, Nv_CyB-eGFP+ cells near the tentacle tip often co-expressed Nv_
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NCol3, a marker of cnidocyte precursors (Figure 4¢). The relative intensity of Nv_CyB-eGFP
and Nv_NCol3 seemed to share an inverse relationship, suggesting Nv_CyB-eGFP+ cells
directly differentiate into Nv_INCol3+ cnidocyte precursors (Figure 4e). Based on the DNA
content, we also noticed that most Nv_CyB-eGFP- cells are in G2 phase, suggesting there is
a large proportion of G2-paused cells in the tentacle tissue. An abundance of G2-paused cells
has also been reported in Hydra and shown to be important for head regeneration®*3*. Taken
together, the spatial distribution of Nv_CyB-eGFP+ cells, cnidocyte precursors cells (Nv_
NCol3+), and mature cnidocytes confirms the scRNA-seq data that the tentacle tip region
consists is enriched in actively differentiating cnidocytes.
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Discussion

A spatially resolved whole-transcriptome atlas of homeostatic polyps: a resource for tissue
specific gene identification

We generated the first spatial transcriptomic atlas of homeostatic Nematostella primary
polyps using tomo-seq. We identified eight gene clusters showing distinct spatial expression
patterns across the oral-aboral axis. We were able to capture the expression patterns of known
genes, while establishing more than 250 new region-specific gene markers. By taking an
unbiased approach, our gene clusters have identified potentially new tissue regions that are
restricted to a sub-anatomical region. For example, the aboral-end of the mesentery tissue
and the base of the tentacle both show gene expression profiles distinct from its surrounding
tissues. This suggests these tissues may serve a specialized function that has not yet been
identified. Further studies of these genes and their biological function will be necessary
to better understand the role of these expression states. While we have chosen to use an
unbiased approach to cluster genes with restricted spatial expression patterns across the oral-
aboral axis, a more targeted approach could also be used to mine this atlas for a specific gene
of interest and identify other genes showing similar expression patterns.

In addition to the region-specific expression of these genes, the pattern of expression captured
by our atlas may provide important insights into how tissue patterning is established and
maintained during homeostasis. Many genes within the eight clusters are expressed in a
gradient along the oral-aboral axis. The foot region in particular consists of genes that only
show a graded expression, whereas the other regions show both graded and sharp expression
changes across space. It would be interesting to disrupt these gene gradients to investigate
their possible role in maintaining tissue identity.

Mapping the spatial distribution of cellular functions with both tomo-seq and scRNA-seq
Our transcriptomic atlas provides the spatial context for understanding tissue organization
within the polyp; however, it lacks the cellular information scRNA-seq provides. Thus, in the
second half of this study, we combined the spatial information from our tomo-seq dataset with
scRNA-seq of tentacle tissue to identify the cellular composition of the tentacle tip region.
By combining both spatial and single-cell datasets, we established that the rich repertoire of
spatially restricted gene expression in the tip is largely driven by an enrichment of highly
specialized cells called cnidocytes. Furthermore, we demonstrated that the tip region is a
tissue with active differentiation of cycling cells into mature cnidocytes. This small example
showcases the power of combining spatial transcriptomics with single-cell approaches. A
more complete integration of our spatial atlas with scRNA-seq data of the whole polyp will
provide further insight into the organization and function of different cells and tissues within
the polyp.

In conclusion, our spatial transcriptomic atlas of homeostatic polyps should serve as a valuable
resource for identifying region-specific genes for use in further studies of tissue function and
generation of tissue-specific transgenic constructs. We envision this gene expression map to
serve as the foundation for further spatial transcriptomic studies across developmental stages,
regeneration time points, or even across species. Integration of this dataset with other -omics
approaches will certainly provide important molecular insights into tissue patterning and
maintenance during homeostasis.



Materials and Methods

Animal care and sample collection

Female and male adult animals were kept separately in the dark at 17C and spawned every 3
weeks as described previously*’. Spawned egg masses were collected and fertilized at room
temperature, then kept at 23C in the dark. All experiments were done with unfed primary
polyps 3 weeks after fertilization.

Tomography mRNA sequencing

Relaxed polyps were immobilized with 7% MgCl, in 12ppt artificial sea water (ASW).
Mounting and storage of the samples were done as described in Ebbing et al., 2018®.
Changes to the protocol are described below. Polyps were transferred via mouth pipette into
the Tissue Freezing Medium (Leica) and oriented using a hair tool so that its tentacles are
fully extended parallel to the body column. The ends of the animal were marked with red
polyethylene microspheres (Cospheric, REDPMS-0.98 180-212um). Samples were frozen in
liquid nitrogen and stored at -80C. Samples were warmed to -20C prior to cryosectioning into
20-micron thick slices. Each slice was transferred into a separate well of a 96-well TOMO-
seq plate (Single Cell Discoveries, scdiscoveries.com). Processing of the plates and library
preparation was then carried out by Single Cell Discoveries following a CEL-seq2 protocol®
adapted for a low-input robotics system. Libraries were then multiplexed and sequenced on
the Illumina NextSeq500 platform using the 40 bp paired-end set up. A sequencing depth of
50-80 million reads were generated per library.

in situ hybridization chain reaction (HCR)

For each gene target, probe sets for in situ HCR v3.0 with split-initiator probes were ordered
from Molecular Instruments, Inc (molecularinstruments.com). DNA HCR amplifiers,
hybridization, wash, and amplification buffers were also purchased from Molecular
Instruments. The staining protocol used for in situ HCR was adapted from Molecular
Instrument’s protocol for whole mount zebrafish embryos and larva, based on Choi et al.,
2018%. Briefly, polyps were fixed with 4% PFA in PTw (1x PBS, 0.1% tween-20) for 1
hour at room temp. Samples were then permeabilized with 10% DMSO in PBS, followed
by PTx0.5 (1x PBS, 0.5% triton X-100). Tissue was then clarified via MeOH washes (30%,
60%, 100%) and stored at -20C for >1 hour before rehydration back into PTw. Samples
were then treated with 10ug/ml Proteinase K (Promega V3021) in PTw for 30min. Excess
Proteinase K was removed by washing PTw. Animals were then refixed in 4% PFA in
PTw for 25min and washed 3 times with PTw. Prehybridization was done in 200uL. Probe
Hybridization Buffer (Molecular Instruments) for 30min at 37C before hybridizing with
the in-situ probe set (2pmol in 200uL. Probe hybridization Buffer) overnight at 37C. Post-
hybridization washes are as follows: 2 times 30min washes with 400uLL Probe Wash Buffer
(Molecular Instruments) at 37C, then 2 times 5 min washes with 500ulL 5X SSCT (5x SSC
pH 7, 0.1% Tween-20) at room temperature. Amplifier hairpins hl and h2 (18pmol) were
heated separately to 95C for 90sec then snap cooled to room temperature before being added
to 300uL Probe Amplification Buffer (Molecular Instruments). Samples were then incubated
with this amplification solution overnight at room temperature. Excess hairpins were removed
by the following washes: 2 times Smin, then 2 times 30min with 500uL. 5X SSCT. DNA
counter staining was done by incubating samples overnight with Hoechst (1:1000) in PTw at
4C. Samples were then mounted into 85% glycerol or Vectashield Plus for imaging.
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Transgenic animals

The cell cycle reporter line, CyclinB(1-100)-eGFP, was generated using the I-Scel
meganuclease system as described before*'. The DNA sequence corresponding to the first
100 amino acids of the Nv_CyclinB gene was fused directly to eGFP with a SV40 polyA
sequence. Expression was driven by the Nv_EF1 promoter sequence. Cloning of the
transgene into the transgenesis plasmid was done using the NEBuilder HiFi DNA assembly
kit (NEB, E2621). Fertilized embryos were injected with the transgenesis plasmid and
I-Scel enzyme at the one-cell stage. F1 transgenic animals were selected based on their GFP
fluorescence. F2 polyps were used for regeneration experiments. GFP signal was visualized
via immunohistochemistry using the anti-eGFP antibody (Torry Pines TP401).

Immunohistochemistry

Animals were fixed and stained using a modified protocol adapted from Genikhovich and
Technau®. Briefly, samples were fixed in a solution of 4% paraformaldehyde (PFA; Electron
Microscopy Sciences E15710) in Ptw (1x PBS,0.1% tween-20) for 1 hour at room temperature
before being permeabilized with 10%DMSO in PBS for 20min followed by Ptx0.5 (1X PBS,
0.5% TritonX-100) for 20min. Then they were incubated in blocking buffer (5% normal goat
serum, 1% BSA, 1% DMSO, 0.1% tritonX-100 in 1X PBS) for 1 hour at room temperature
before incubating with primary antibodies (anti-eGFP 1:500, Torry Pines TP401; anti-mini
collogen3 1:400, gift from Dr. Suat Ozbek') overnight at 4C. Samples were then washed 3
times with cnidocyte wash buffer (10mM TrisHCI pH 7.7, 10mM EDTA, 0.1% tween20)
before incubating with secondary antibodies (goat anti-rabbit alexa488, 1:500, Thermo
Fisher A-11008; goat anti-guineapig alexa647 1:1000, Thermo Fisher A-21450) and DNA
stain (DAPI 1:1000 Sigma Aldrich D9542). EDTA (10mM final concentration) and DAPI
(3:1000) were added to the sample and incubated for 30min at room temperature to stain the
mature cnidocyte capsules. Samples were then washed with cnidocyte wash buffer 3 times
and mounted into 85% glycerol or Vectashield Plus (Vector via Biozol VEC-H-1900-10) for
imaging.

Confocal imaging and image analysis

Confocal stacks of in situ HCR samples were acquired on a Leica TCS SP8 confocal
microscope using a 40x 1.1NA water objective using the tile scan function. Images of Nv_
CyB-eGFP tentacles co-stained for eGFP and Nv_NCol3 were collected in a similar way.
Images of whole Nv_CyB-eGFP transgenic polyps were acquired on a Leica LSM780-NLO
microscope using a 40x water objective, while high resolution images of tentacles were
collected using a 63x oil objective for DNA intensity quantification. Image analysis was
performed using FIJT (https://imagej.net/software/fiji/)**. Nuclei segmentation was done via
Cellpose®.

Tomo-seq data processing

Reads were mapped to the Nematostella vectensis transcriptome*' using the kallisto-BUStools
method*. Full gene sequences were used for mapping as it resulted in consistently higher
mapping rates compared to spliced transcripts when using exon-intron boundaries available
in the genome annotation. Barcode (8bp) and UMI (6bp) locations in the sequence of the first
read were specified accordingly for pseudoalignment. Barcodes were corrected to account
for 1 substitution using the white list of barcodes. UMI were then counted for each gene to



provide a count matrix for each sample.

Sample boundaries

Tomo-seq data for each polyp includes gene counts for 96 slices, some of which do not contain
the polyp. Sample boundaries were defined automatically using the dynamic threshold for
each polyp defined as a local minimum of the density function of the number of genes per
slice. Slices with high background signal above this threshold were marked and consequently
filtered out manually. Data here as well as below was operated using tidyverse packages* and
plotted using ggplot2*.

Anatomical marker genes selection

Gene counts for the genes detected in at least three animals were normalized by total
expression per slice and log-transformed, and highly variable genes (HVGs) were selected
using the VariableFeatures function in Seurat v4*. Additional genes found in the foot
region of the polyp were identified via differential expression (DE) analysis comparing the
aggregated gene expression in the five most aboral slices to the remaining slices in each
animal performed with edgeR*.

Polyp alignment

Dynamic time warping algorithm was used as implemented in the DTW package v1.22%. In
particular, an open-ended alignment with an asymmetric step function was performed. Thus,
we allowed for alignment of multiple slices within the query polyp to any given slice within
the reference polyp in order to account for the possibility that certain regions along the polyp
can be longer or shorter than in the reference polyp.

Single cell dissociation and RNA sequencing

Nematostella juvenile individuals were used for dissection and tentacles were cut at the base
trying to exclude any tissue of the body column. The tentacle sample was dissociated in 300
uL filtered 12ppt artificial sea water (ASW) supplemented with Proteinase XIV (10 mg/mL)
while mildly triturating every 10 minutes for a total of 45 minutes at 20 degrees, respectively.
Three volumes of 12ppt ASW were added to stop the reaction. Afterwards, cells were briefly
spun down at 1000g and resuspended in 1000 uL 12ppt ASW to wash debris and remaining
protease off. In addition, the cell suspension was filtered through a 40 um strainer (Falcon)
before spinning was repeated and cells were resuspended in 50 uL. 12ppt ASW. Finally, cells
were filtered with a 40 um flowmi strainer. Cell concentration was estimated manually using
a hemocytometer and the cell suspension was diluted to aim for 10,000 cells on one lane of a
10x microfluidic chip device. Cells were loaded on one lane of a Chromium Cartridge (10X
Genomics) and cDNA was generated following the Chromium Single Cell Kit protocol (10X
Genomics, 3’ library kit, v2 chemistry). The quality of the cDNA and resulting sequencing
libraries were checked by bioanalyzer (High Sensitivity DNA Kit, Agilent). The libraries
were sequenced using an Illumina NextSeq at the EMBL GeneCore facility.

Raw reads were mapped against the latest Nematostella (Nvec200) genome release
(zimmerman (2020) using STARsolo*’. The R package ‘Seurat’ (v4)*® was mostly used for
analyses and visualizations unless stated differently. Cells with less than 500 or more than
3,000 RNA counts were removed from the data set. Data was default log normalize and count
differences were regressed out during default data scaling. A Principle Component Analysis
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(PCA) was performed and the first 20 PCs (estimated by Seurat’s Elbow plot analysis) were
used as input for Louvain clustering (resolution of 2) and dimensionality reduction by a
UMAP embedding.

The FindAllMarkers function was used to identify genes that are differentially expressed
between clusters identified based on a Wilcoxon Rank Sum test. Cell type identities were
inferred by canonical markers and by scoring clusters for marker genes' published recently
using Seurat’s AddModuleScore function.

Cells associated with the stinging cell cluster were selected based on the location on the
UMAP embedding and re-normalized and scaled as described above. PCA was performed
and top 10 PCs were used as input for Louvain clustering (resolution of 1) and dimensionality
reduction by a UMAP embedding. Seurat’s FeaturePlot function was used to visualize gene
expression intensities on top of the UMAP embeddings.

RNA velocity estimates and plots were generated using velocyto.R? (fit.quantile 0.1, n 100,
ngrid 50) with spliced and unspliced data matrices being generated using STARsolo*.
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“The real purpose of scientific method is to make sure Nature hasn’t misled you into think-
ing you know something you don’t actually know.”
- Robert M. Pirsig, Zen and the Art of Motorcycle Maintenance, p.131
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Abstract

In highly regenerative species, wound healing leads to regeneration initiation. However,
which wound signals are responsible for activating regenerative programs in these species is
still poorly understood. Here we present the first organism-wide spatial transcriptomic study
on a highly regenerative Cnidarian species, Nematostella vectensis, during foot regeneration
to better understand what body-wide responses contribute to regeneration. We investigate
both wound-localized gene expression as well as genes differentially expressed in a non-
wound localized manner. By taking such a spatial transcriptomic approach, we were able
to identify the presence of injury-related genes in the tentacle region during homeostasis
and discover the selective up-regulation of wound-related genes at distant locations from
the wound site during regeneration. Furthermore, we demonstrate that the oral tissues in
Nematostella exhibit similar changes in gene expression and cell proliferation upon heat
shock treatment and foot amputation. Strikingly, both foot amputation and heat shock
treatment were independently sufficient to initiate head regrowth in regeneration arrested
polyps. Our results challenge the paradigm that wounding is required for regeneration and
suggests that other stress inducing factors may also be able to activate regenerative programs
in the absence of wounding.



Introduction

Regeneration describes a remarkable phenomenon whereby a lost body structure is regrown
following amputation or injury. The process of regeneration generally proceeds through
three major modules starting with wound healing, regeneration initiation, and finally,
morphogenesis'. The first step, wound healing, is a conserved process found throughout the
evolutionary tree’. However, the ability of wounding signals to initiate regenerative programs
is what separates highly regenerative tissues from non-regenerative ones. Despite being the
focus of scientific research since the 1700s, how animals initiate regeneration following
wounding remain poorly understood.

The study of early wounding signals has identified calcium signaling, ROS (reactive oxygen
species), inflammation/immune response, and nerve-related factors as common responses
activated immediately after injury**. Disruption to any of these processes often blocks
successful regeneration of the lost structure suggesting that having the correct wound signals
is important for regeneration initiation>®. The context in which a wound is induced also has
grave implications toward regeneration initiation. Initially, it was observed that only wounds
that resulted in the loss of tissue led to regeneration initiation and thus, it was thought that
the size of the wound determined its ability to initiate regeneration’. However, more recently,
it was shown in Planaria and Zebrafish that all wounds are capable of inducing regeneration
if there is a missing tissue context'*. Thus, while all wounding may elicit the same generic
signals, how a given tissue interprets those signals is key to initiating regeneration.

Recently, wounding signals were also found in non-wounded tissues. Following the
amputation of a single hind limb in Xenopus froglets, the uninjured contralateral limb showed
similar levels of depolarization signals as detected in the amputated limb''. Similarly, cell
proliferation was found to be upregulated in both the amputated and uninjured contralateral
limb of axolotls'?. One function of this mirroring wounding effect in amphibian seems to
be a role in “priming” the uninjured limb for regeneration, however it’s unclear whether
such “priming” is sufficient to also induce regeneration. If true, this would suggest that
local wounding in one area can induce regeneration in distant tissues, thus disentangling
regeneration initiation from the wound site. The relationship between local wounding signals
and its long-range effects on the rest of the organism is only beginning to be addressed.
Transcriptomic studies during regeneration have demonstrated how gene expression
dynamically changes throughout the course of regeneration'*'*. However, these studies often
focus only on the wound site. An investigation into organism-wide gene expression changes
occurring during regeneration across time and space is still missing. The closest example is a
recent spatial transcriptomic study of the Zebrafish heart during regeneration'.

Here we present the first comprehensive organism-wide spatial transcriptomic analysis of
regeneration. Owing to its small size, high regenerative capacity, and abundant transcriptomic
and genomic resources available, we conducted our study on Nematostella vectensis, a sea
anemone from the phylum Cnidaria'®. We first characterized the time course for aboral
regeneration and then performed tomography RNA-seq (tomo-seq) on primary polyps at five
different time points (uncut, 12, 24, 48, 96hpa) during aboral regeneration. Wound-localized
genes at 12hpa were found to exhibit dramatically different spatial expression patterns
during homeostasis, with many genes showing restricted expression at the tentacles in uncut
animals. Further analysis for genes specifically upregulated beyond the wound location
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revealed several stress-related genes are selectively upregulated in the tentacles during aboral
regeneration, indicating the presence of long-range communication of wound signals across
the animal body. Strikingly, global heat shock treatment and aboral amputation both elicit
a similar polarized response in stress genes and cell proliferation at the tentacles. We then
tested if heat shock treatment can serve as a generic wound signal to initiate regeneration.
Using a dormant regeneration assay, we surprisingly find that heat shock alone was sufficient
to induce oral regeneration in polyps. Our results demonstrate that generic stress signals
are sufficient to initiate regeneration, challenging the paradigm that an open wounding is
required for regeneration.

Results

Wound-localized genes show diverse expression patterns during homeostasis
The aim of this study is to capture the dynamic gene expression changes that occur across
the body of an animal during regeneration. Traditionally, Nematostella polyps have been
used to study oral regeneration where half of the polyp is removed during amputation. Since
we wished to observe body-wide responses to wounding, we chose to utilize a smaller
amputation site. By amputating part of the foot region, we are able to retain >80% of the
polyp after amputation for spatial transcriptomic analysis. Since foot regeneration has not
been reported before, we first established a regeneration time line following foot amputation.
The foot is characterized by the presence of Fgfrb-eGFP+ cells at the very aboral end of the
polyp (Figure 1a). Using this landmark, we were able to stage regeneration of the foot region
and determine that regeneration is complete by ~96hpa (Figure 1a).

With the timeline for regeneration established, we performed tomo-seq on four time points
(12, 24, 48, 96hpa) spanning the full course of foot regeneration. Tomo-seq is a spatial
transcriptomic method that combines cryosectioning with low-input RNA-seq to generate
transcriptome-wide expression atlases along a single body axis. Four polyps were sequenced
per time point, yielding a total of 20 tomo-seq samples. Sample quality was comparable
across all time points, with similar distributions of total gene counts detected per slice (Figure
1b).

First, we looked for genes upregulated at the wound site at 12hpa. We identified a total of 226
genes with wound-localized expression at 12hpa (Figure 1c). GO term enrichment analysis
revealed that unfolded protein responses (i.e., GO:0036500, GO:0036499, GO:0006986),
transcription regulation (i.e., GO:1902895, GO:1902893, GO:0045893), and stress responses
(i.e., GO:0034976, GO:0140467) are enriched in the differentially expressed (DE) wound-
localized genes (Figure S1). To determine whether these genes show a wound-specific
expression pattern, we determined the expression patterns of these genes in uncut animals
and found that up to ~30% of wound-localized genes at 12hpa already showed localized
expression in the aboral region during homeostasis (Figure 1g). Interestingly, ~25% of wound-
localized genes were found enriched at the tentacle region during homeostasis (Figure 1d-e).
The remaining wound-localized genes either showed no clear enrichment at any body region
in uncut animals, or did not show a consistent expression pattern across all samples (Figure
1f). Taken together, this data shows how wound-localized genes can have very different
expression patterns in the absence of wounding. We were able to categorize these genes by
their changes in expression pattern into four robust classes: 1) enriched expression at the
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Figure 1. Tomo-seq of foot regenerating polyps reveal wound-localized genes at 12hpa have very different expres-
sion patterns during homeostasis. (a) Maximum projection images of Fgfrb-eGFP polyps at various time points
(uncut, 12hpa, 24hpa, 48hpa, 96hpa) following foot amputation (Green = Fgfrb-eGFP, gray = DNA, scale bar = 50
microns). (b) Violin plot of tomo-seq samples showing the number of genes detected in each slice per sample (each
dot represents one slice). (c) Heat maps showing the gene expression pattern of wound-localized DE (differentially
expressed) genes in an uncut (left) and 12hpa (right) polyp. K-means clustering of the genes into 4 classes are high-
lighted. (d-g) Wound-localized DE genes are clustered into 4 robust groups. Line plots show the mean expression
pattern of genes within the group for an uncut polpy (blue) and a 12hpa polyp (red), shading shows the expression
value range of all genes.

foot, 2) enriched expression in the whole tentacle, 3) enrichment in the tentacle base and 4)
no clear enrichment across the body.

Systemic changes in gene expression are deployed during regeneration

To determine if gene expression changes were occurring in other areas of the animal during
foot regeneration, we performed DE analysis on the five body regions of the polyp: tentacle
tips, tentacles, head, column and foot. Previously, we established gene marking the five major
anatomical regions of the polyp (Chapter 1). Using these gene, we were able to align each of
our samples to the reference polyp and annotate each slice within our samples to these 5 body
regions (Figure 2a). Pooling the slices within each region and subsequent 2D plotting of these
pooled slices showed that these marker genes robustly annotated each anatomical region in
regenerating animals (Figure S2).

47



48

A D 12hpa 24hpa 48hpa 96hpa

Pdia6
foot colum head tentacle tip BCHE--NVEC200-009111 1 )
I @ TkR99D—NVEC200-001400.1
EC200-005570.1
opnquNVEczoo -010174.1
. TRIM56--NVEC200-000405. 1 .
‘ cfaD--NVEC200-004907. 1 avg_log2FC
FBXW7—NVEC200-015235.1 . -
acp7--NVEC200-007596.1
aboral oral ar2a--NVEG200-002640.1 wo
dcp2--NVEC200-002337. 1 L 3
LRRC74A—-NVEC200-009422.1 o 5
. QRFPR--NVEC200-002283.1 v
unique UP BP10--NVEG200-008973.1 . 0
100% Tmprss6--NVEC200-011019.1 L ) 8
col27alb--NVEC200-000862 1 . : -+ 90000 s
EC200-006253.1 M o o o B
75% ® palﬁNVEczoo -000928. 1
€ SLC7A2--NVEC200-001828.1 .
50% g BIN1—NVEC200-008167.1
o ADRB4C—-NVEC200-001913.1 -
| NAGA—-NVEC200-012416.1 . log10pvalue
25% Naalad2—-NVEC200-015210.1 .« 0
° AM——N\/EC?OO 006417.1 ®
——NVEC200-003258.1 ® w0
0% LACTHL Y --NVEG200-003805.1
12hpa 24hpa 48hpa 96hpa CYP3A24--NVEC200-003804.1 ® 2
Fatd—-NVEC200-004225.1 @ L
Golta2—NVEC200-000800. ® »
f NLRC3--NVEC200-013177.1
o unique DOWN bit801--NVEC200-002739.1 ] . o o o @ «©
100% QRICH2--NVEC200-002154.1
DET2——NVEC200-003715.1
o gpr54--NVEC200-012985.1
75% ALOX5--NVEC200-013420.1
F5-—NVEC200-005593. 1
50% FAT4--NVEC200-001874.1
mfsddb--NVEC200-002875.1
B ET O o B ET OV ST OV 5§ ST OO
25% S s = 3 § G = 3 @G = 3 ® G =
0N | 25885 €588 ©588s 2538
0, Q c O [} c O o c O o c O
0% S o8 c 38 S 88 3 o8
12hpa 24hpa 48hpa 96hpa bl =< =4 =
2 L 2 2
[Wifoot M column [ head [7] tentacle [ tentacle tip .
region

Figure 2. Regional DE analysis captures organism-wide changes in gene expression during foot regeneration (a)
Image of a uncut polyp from the tomo-seq dataset with the five anatomical regions annotated. (b-c) Stacked bar plot
showing a summary of regional DE analysis. The percentage of genes uniquely up-regulated (b) and down-regualted
(c) in each region at each time point is shown. (d) Dot plot of regional DE analysis showing the expression profiles
of genes specifically up-regulated in one anatomical region within the polyp at a given time point (tentacle and
tentacle tip are grouped).

Next, we performed DE analysis between each region across all time points to determine
whether genes are differentially expressed in a particular region at a given time point. We
found over 4600 DE genes (<1% FDR) with a roughly even distribution across all regions
and time points (Figure S3). Upregulated genes are more often specifically upregulated in a
particular region within a time point, while downregulated genes are often downregulated
across multiple anatomical regions within a time point (Figure 2b-c).

To simplify the many patterns of gene expression changes captured by our regional DE
analysis, we decided to focus only on genes that were significantly upregulated (adjusted
p-value <0.00001, log, fold change > 2) in a single region at a given time point. This yield
a total of 46 genes, with 26 genes being upregulated only in the column region, 19 genes
upregulated in the tentacles/tip regions, and 1 gene upregulated only in the foot region (Figure
2d). Majority of the upregulated genes in the column region occur at 12hpa, while those
found in the tentacles/tip are spread more equally across all four time points. Strikingly, the
genes found specifically upregulated at the tentacles/tip show functions related to stress (i.e.,
blt801'"), immunity (i.e., NLRC3") and inflammation (i.e., ALOXS5"). Genes specifically
upregulated in the column region do not have such biological functions. Why such genes
are upregulated in a non-wound location during regeneration is unclear, but is reminiscent
of how the uninjured contralateral limbs of amphibians can exhibit similar responses found
in the amputated limb'-'2. These results illustrate how wound signals can elicit dynamic
gene expression changes in distant tissues throughout the entire time course of regeneration,
suggesting that such responses are not merely acute effects caused by wounding.



Heat shock treatment and aboral amputation elicits similar responses in gene expression
and cell proliferation

Both the wound-localized DE analysis and the regional DE analysis have revealed that
the tentacle/tip region shows expression of stress related genes during homeostasis and
regeneration. This led us to postulate if the expression of such genes during homeostasis
could serve a “priming” function to facilitate faster regeneration in the event of wounding.
Indeed, the tentacles are the only tissue exposed to the environment in the natural habitat of
Nematostella polyps and thus are most prone to injury. To test this hypothesis, we focused
on two heat shock proteins (HSP90B1 and HSPAS) that showed enriched expression at the
tentacles during homeostasis but wound-localized expression at 12hpa (Figure 3a and Figure
S4). Since a localized wound was enough to shift the expression of these two genes from one
end of the polyp to the other, we wondered what would happen if we subjected the polyp
to a global stress. Thus, we performed a heat shock on Nematostella polyps and measured
the expression of HSP90B1 and HSPAS at 12hphs (hours post heat shock). Both heat shock
proteins showed increased expression at 12hphs compared to controls. Surprisingly, their
pattern of expression was highly enriched at the tentacle/oral region compared to the rest of
the body (Figure 3b). This demonstrates that a uniform stress can elicit a polarized response
in the polyp, where the tentacle/oral region is more affected than the rest of the body.

Another well-known wound-localized response in Nematostella is cell proliferation, which
is also upregulated after wounding®. Since the pattern of cell proliferation has only been
reported for oral regeneration in Nematostella, we wondered how cell proliferation is affected
during foot regeneration and if the tentacle region will again show a similar response to the
wound site. EAU labeling of polyps at 24hpa following foot amputation showed an increase
in cell proliferation localized to two distinct areas compared to control: the wound site and
the tentacle/oral tissues (Figure 4a). This pattern mirrors the gene expression pattern we
observed for HSP90B1 and HSPAS in our tomo-seq data. Intriguingly, heat shocked animals
also showed an increase in cell proliferation at the tentacle/oral tissues, which is again similar
to the response of HSP9OB1 and HSPAS to temperature stress (Figure 4b). Taken together,
these results show that the tentacle/oral region responds to mechanical (i.e., foot amputation)
and temperature (i.e., heat shock) stress in a similar fashion, indicating that the oral pole
serves as a stress-responsive center in the polyp.

Heat shock is sufficient to induce regeneration in Nematostella polyps

Since both mechanical and temperature perturbations elicit similar responses in heat shock
protein expression and cell proliferation, we sought to investigate if these responses are
indeed involved in regeneration. Wounding in highly regenerative animals often leads to
initiation of regeneration and regrowth of the missing tissues or structure. In Planaria, it was
shown that different types of wounding all generate a “generic wound signal”, which can
initiate regeneration when there is a missing tissue context'’. In regeneration arrested Planaria,
regeneration could be re-initiated with a small incision at the original wound site. Since heat
shock was able to induce similar wounding responses as amputation in Nematostella, we
wondered if heat shock would be sufficient to induce regeneration.

Previously, it was reported that Nematostella polyps treated with nocodazole (a drug
involved in cell cycle arrest) after oral amputation failed to regenerate after wound healing®.

49



50

HSP90B1

Gene expression

aboral oral aboral oral

pression

Gene ex

aboral — oral aboral — oral
position position

HSP90B1

HSP90B1

normalized
intensity

600 700 500 800

distance (microns) distance (microns)

Figure 3. Two heat shock proteins respond in a polarized manner to foot amputation and heat shock treatment (a)
Gaussian Processing analysis of HSP90B1 at each time point (12, 24, 48, and 96 hours post amputation, hpa) com-
pared to control polyps (blue = uncut, green = time point) (b) Maximum projection images of in-situ HCR samples
detecting expression of HSP90B1 (left) and HSPAS (right) before and after heat shock treatment. Line plots below
the images report the normalized intensity values (HSP intensity/DNA intensity) in the 12hphs (hours post heat
shock) samples.

We adapted this protocol to arrest polyps after wound healing but before regeneration of the
oral pole (Figure 5a). Similar to Planarians and Zebrafish, a secondary incision at the original
wound site was able to induce regeneration of the oral pole in these arrested polyps (Figure
5b). Strikingly, a secondary incision at the aboral end of the polyp was also sufficient to
induce regeneration. Heat shock treatment alone was also able to initiate regeneration in these
arrested polyps. These results demonstrate that wounding is not required for regeneration
initiation. Rather, generic stress signals caused by other environmental stresses are sufficient
to induce regeneration.

Discussion
The first step of regeneration is wounding. Thus, many studies within regeneration focus



on the initial wound signals and the process of wound healing in order to understand how
wounding is able to initiate regeneration. While such studies have been very informative
about the process of wound healing, their narrow focus on the wound site has limited our
understanding of how local wounds can induce systemic responses in the body. Here, we
reported the first comprehensive spatial transcriptomic study of regeneration where we used
tomo-seq to capture the spatial gene expression patterns of regenerating Nematostella polyps
following foot amputation. Our dataset revealed the dynamic nature of wound-localized
signals and showed that these wound-localized signals have a diversity of expression patterns
during homeostasis. Thus, while most transcriptomic studies have focused on absolute
changes in gene expression levels during regeneration, here we were also able to observe
genes that showed a spatial change in expression pattern without necessary showing a global
change in expression levels. A striking finding from this wound-localized analysis of our
spatial data was that many wound-localized genes showed enriched expression at the tentacle
region during homeostasis.
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Interestingly, a number of genes were also selectively upregulated in the tentacle/tip region
during regeneration. This result not only demonstrates how local wounding can induce
long range signals across the entire body of an animal, but also that different tissues can
interpret wound signals in significantly different ways. How these wound signals are able
to communicate with distant tissues is largely unknown, but recently nerves were shown
to be required for systemic activation of cell proliferation in un-injured contralateral limbs
of axolotls'?. In Nematostella, longitudinal nerves also connect the foot region with the
tentacle tissue?', but whether these nerve cells serve any role in relaying wound signals across
the body has not been investigated. Further studies comparing different wound types and
locations would also be needed to better understand whether these differential responses are
intrinsic to the tissue type, or whether it is dependent on the relative distance from the wound.
Moreover, it is important to investigate whether these long-range effects of foot amputation
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Figure 5. Heat shock treatment is sufficient to initiate oral regeneration in arrested polyps. (a) Polyps fail to regen-
erate the oral pole following transient treatment with 0.2 uM nocodazole (scale bar = 1mm). Images of cut polyps
at 5dpa (days post amputation). (b) Regeneration of the oral pole can be initiated in arrested polyps by inducing a
secondary cut at the oral pole, the foot, or by heat shock treatment (scale bar = 0.5mm)



are specific to wounding and whether they play a role in regeneration.

Heat shock treatment was also sufficient to induce upregulation of some of the wound-
localized genes found in our tomo-seq study. It was striking to find that a global stressor
such as heat shock was able to elicit a polarized response in heat shock protein (HSP)
upregulation. Similarly, we also saw a polarized response in cell proliferation following
heat shock treatment enriched in the oral tissues. Upregulation of cell proliferation was
previously reported to be wound-localized and required for successful oral regeneration in
Nematostella®™. Here we showed that cell proliferation is upregulated at both the wound-site
and the oral pole during foot regeneration. Taken together, we have demonstrated that both
mechanical (via foot amputation) or temperature (heat shock) stresses are able to induce
wound-like responses in the oral tissues, highlighting the role of the oral pole as a stress-
responsive center.

Lastly, we challenged the assumption that wounds are required for regeneration by showing
that heat shock treatment alone is sufficient to induce regeneration. The ability to separate
the effects of wounding from the regeneration has not been possible until very recently'.
And now we have shown that indeed in a missing tissue context, a generic cellular stress
such as heat shock is sufficient to induce regeneration. Moreover, a wound induced at the
opposite end of the animal is also able to induce regeneration, suggesting that both local and
global stress signals initiate a systemic regenerative response in Nematostella. In addition,
given that an environmental input triggers regeneration, we propose this process might have
originated from developmental processes that respond to environmental changes. Thus,
regeneration might represent a derived form of development that is expressed in different
degrees in animals depending on their environmental plasticity. Therefore, it would be
important to see if this is a conserved mechanism across regenerative species. If such generic
cellular stressors are able to initiate regeneration, it would provide a new context in which to
approach regenerative medicine.

Materials and Methods

Animal care and foot amputation

Female and male adult animals were kept separately in the dark at 17C and spawned every 3
weeks as described previously*. Spawned egg masses were collected and fertilized at room
temperature, then kept at 23C in the dark. All experiments were done with unfed primary
polyps 3 weeks after fertilization. For regeneration experiments, unfed polyps were relaxed
and immobilized using 7% MgCl, in 12ppt artificial sea water (ASW). Polyps were cut ~Imm
from the aboral pole with a tungsten needle (Ted Pella, Inc. 13570-10). The cut polyps were
then washed with fresh 12 ppt ASW 2x before putting at 23C.

Tomography mRNA sequencing

Relaxed polyps were immobilized with 7% MgCl, in 12ppt artificial sea water (ASW).
Mounting and storage of the samples were done as described in Ebbing et al., 2018%.
Changes to the protocol are described below. Polyps were transferred via mouth pipette into
the Tissue Freezing Medium (Leica) and oriented using a hair tool so that its tentacles are
fully extended parallel to the body column. The ends of the animal were marked with red
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polyethylene microspheres (Cospheric, REDPMS-0.98 180-212um). Samples were frozen in
liquid nitrogen and stored at -80C. Samples were warmed to -20C prior to cryosectioning into
20-micron thick slices. Each slice was transferred into a separate well of a 96-well TOMO-
seq plate (Single Cell Discoveries, scdiscoveries.com). Processing of the plates and library
preparation was then carried out by Single Cell Discoveries following a CEL-seq2 protocol®
adapted for a low-input robotics system. Libraries were then multiplexed and sequenced on
the Illumina NextSeq500 platform using the 40 bp paired-end set up. A sequencing depth of
50-80 million reads were generated per library.

in situ hybridization chain reaction (HCR)

For each gene target, probe sets for in situ HCR v3.0 with split-initiator probes were ordered
from Molecular Instruments, Inc (molecularinstruments.com). DNA HCR amplifiers,
hybridization, wash, and amplification buffers were also purchased from Molecular
Instruments. The staining protocol used for in situ HCR was adapted from Molecular
Instrument’s protocol for whole mount zebrafish embryos and larva, based on Choi et al.,
2018%. Briefly, polyps were fixed with 4% PFA in PTw (1x PBS, 0.1% tween-20) for 1
hour at room temp. Samples were then permeabilized with 10% DMSO in PBS, followed
by PTx0.5 (1x PBS, 0.5% triton X-100). Tissue was then clarified via MeOH washes (30%,
60%, 100%) and stored at -20C for >1 hour before rehydration back into PTw. Samples
were then treated with 10ug/ml Proteinase K (Promega V3021) in PTw for 30min. Excess
Proteinase K was removed by washing PTw. Animals were then refixed in 4% PFA in
PTw for 25min and washed 3 times with PTw. Prehybridization was done in 200uL. Probe
Hybridization Buffer (Molecular Instruments) for 30min at 37C before hybridizing with
the in-situ probe set (2pmol in 200uL. Probe hybridization Buffer) overnight at 37C. Post-
hybridization washes are as follows: 2 times 30min washes with 400uLL Probe Wash Buffer
(Molecular Instruments) at 37C, then 2 times 5 min washes with 500ulL 5X SSCT (5x SSC
pH 7, 0.1% Tween-20) at room temperature. Amplifier hairpins h1 and h2 (18pmol) were
heated separately to 95C for 90sec then snap cooled to room temperature before being added
to 300uL Probe Amplification Buffer (Molecular Instruments). Samples were then incubated
with this amplification solution overnight at room temperature. Excess hairpins were removed
by the following washes: 2 times Smin, then 2 times 30min with 500uL. 5X SSCT. DNA
counter staining was done by incubating samples overnight with Hoechst (1:1000) in PTw at
4C. Samples were then mounted into 85% glycerol or Vectashield Plus for imaging.

Transgenic animals

Homozygous Fgfrb-eGFP adults were crossed with wild-type adults to generate transgenic
polyps for staging foot regeneration. Full details on the generation of both mutant lines have
been reported previously?.

Sample fixation and immunohistochemistry

Animals were fixed and stained using a modified protocol adapted from Genikhovich
and Technau?. Briefly, samples were fixed in a solution of 4% paraformaldehyde (PFA;
Electron Microscopy Sciences E15710) in Ptw (1x PBS, 0.1% tween-20) for 1 hour at room
temperature before being permeabilized with 10%DMSO in PBS for 20min followed by
Ptx0.5 (1X PBS, 0.5% TritonX-100) for 20min. Then they were incubated in blocking buffer
(5% normal goat serum, 1% BSA, 1% DMSO, 0.1% tritonX-100 in 1X PBS) for 1 hour at
room temperature before incubating with the primary antibody (anti-eGFP 1:500, Torry Pines



TP401) overnight at 4C. Samples were then washed 3 times with PTw before incubating
with the secondary antibody (goat anti-rabbit alexa488, 1:500, Thermo Fisher A-11008)
and DNA stain (Hoechst34580 1:1000 Sigma Aldrich 63493). Samples were then washed
with PTw 3 times and mounted into 85% glycerol or Vectashield Plus (Vector via Biozol
VEC-H-1900-10) for imaging.

EdU staining and quantification

Staining with EAU was done as described previously?. Briefly, animals were incubated with
50uM EdU in 12ppt ASW for 30 minutes before immobilizing with 7% MgCl, solution.
Animals were then fixed with 4% PFA in PTw for 1 hour at room temperature before being
permeabilized with 10%DMSO in PBS for 20min followed by Ptx0.5 (1X PBS, 0.5%
TritonX-100) for 20min. Samples were then blocked for 15 min using 5% BSA (Sigma
A2153-50G) in PBS. The Click-it reaction was then performed with alexa647-azide with the
sample as specified in the Click-it EAU Cell Proliferation Kit for Imaging (Thermo Fisher
C10340) for 30 min at room temperature. Excess labelling reagents were washed away with
PTw for 5 min before mounting into 85% glycerol for imaging.

EdU+ cells were quantified using a FIJI. First a difference of gaussians was calculated for
each sample by subtracting the gaussian blurred (sigma =2) maximum projection image from
the gaussian blurred (sigma =4) maximum projection image. The “find maxima” function
was then used to detect individual EAU+ cells and determine their location (x, y coordinates)
along the animal body. The 2D Coordinates were then collapsed into 1D by taking only the
coordinates corresponding to the oral-aboral axis. The coordinates were then normalized to
the size of the animal for each sample to generate a uniform coordinate axis. The number of
EdU+ cells were then binned into 100 bins and plotted as a heat map using ggplot2.

Heat shock treatment

Polyps were transferred to a 1.5mL Eppendorf tube containing ~ImL 12ppt ASW. Heat shock
treatment was performed by incubating the polyps in an Eppendorf Thermomixer Dry Block
Heating Shaker at 37C for 40min. Then the polyps were immediately transferred into a 10cm
dish containing >10mL 12ppt ASW at room temperature. Samples were then kept at 23C.

Regeneration dormant polyps and stress treatments

Juvenile polyps containing 6-8 tentacles were immobilized using 7% MgCl, solution and
then bisected ~I mm below the pharynx. Polyps were then immediately washed 3x with fresh
12ppt ASW and kept at 23C. To arrest polyps after wound healing, polyps were treated with
0.2uM nocodazole (Sigma M1404) at 3hpa. The drug solution was refreshed every 24h. After
treatment with nocodazole for 48h, the polyps were washed and transferred to fresh 12ppt
ASW and kept at 23C for 3 days. Secondary amputations (at the oral or foot region) or heat
shock treatment (42C) was performed and then animals were imaged 9 days later.

Confocal imaging and image analysis
Confocal stacks of whole polyps were acquired on a Leica TCS SP8 confocal microscope
using a 40x 1.1NA water objective using the tile scan function. Image analysis was performed

using FIJT (https://imagej.net/software/fiji/)*.

Tomo-seq data processing
Reads were mapped to the Nematostella vectensis transcriptome® using the kallisto-BUStools
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method®. Full gene sequences were used for mapping as it resulted in consistently higher
mapping rates compared to spliced transcripts when using exon-intron boundaries available
in the genome annotation. Barcode (8bp) and UMI (6bp) locations in the sequence of the first
read were specified accordingly for pseudoalignment. Barcodes were corrected to account
for 1 substitution using the white list of barcodes. UMI were then counted for each gene to
provide a count matrix for each sample. Sample boundary determination and subsequent
polyp alignment was done as reported previously (see Chapter 1 Methods). Tomo-seq samples
of homeostatic polyps reported in Chapter 1 were included in all analyses reported below.

Polyp alignment

Dynamic time warping algorithm was used as implemented in the DTW package v1.22%. In
particular, an open-ended alignment with an asymmetric step function was performed. Thus,
we allowed for alignment of multiple slices within the query polyp to any given slice within
the reference polyp in order to account for the possibility that certain regions along the polyp
can be longer or shorter than in the reference polyp.

Differential expression of the wound-localized genes

In order to find out which genes are expressed at the wound site, we looked into the wound-
adjacent slices of the animals at the 12hpa time point. In particular, we aggregated gene
expression in 5 slices from the aboral side and in all the other slices. This resulted in two
corresponding measurements per polyp for each gene. Differential expression testing was
then performed in edgeR, with a likelihood ratio test for identifying significant hits*?>. We also
tested for differential gene expression at the foot in uncut animals using the same approach
and excluded these significantly differentially expressed genes from the list of the wound-
localized ones. We used hierarchical clustering to group these genes by their expression
patterns in polyps at 2 time points (12hpa and uncut) and to demonstrate different patterns of
expression of different groups of genes.

GO term enrichment

Significant hits from the DE analysis with gene annotations were used as an input to
EnrichR*-** for GO term enrichment analysis. Significant Go biological process 2021 terms
with an adjusted p-value <0.05 were reported.

Gene expression with region resolution

Region labels for each polyp were defined by label transfer from the reference polyp using
the output of the sample alignment procedure. Gene expression counts were aggregated per
each region in each polyp thus producing a coarse-grained view on gene expression along
the polyp’s body. A 2D t-SNE representation of gene expression was computed using the
first five principal components of the scaled gene expression matrix. Differential expression
was performed using DESeq2 comparing gene expression in a region at a time point to gene
expression in the same region in uncut polyps®. P-values were adjusted using the Benjamini-
Hochberg procedure. Unique up- or downregulated genes were considered to be the ones not
significantly up- or downregulated (<1% FDR) in other regions at the same time point.

Modelling gene expression in time and space with Gaussian processes
As Gaussian processes provide a flexible framework for modelling spatial or temporal gene
expression, we employed it to compare spatial expression patterns between time points. We



applied GPcounts” to fit a Gaussian process with a Gaussian likelihood per gene per time
point on non-zero counts, log-normalised and centered, for polyps after alignment. We then
used a two-sample test to compare between gene expression pattern at each time point to its
pattern in uncut polyps.
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Figure S1. GO term enrichment of wound-localized genes using EnrichR (see methods)

Figure S2. tSNE plot of the pooled slices from each anatomical region of all tomo-seq samples reveals 5 distinct
clusters corresponding to each anatomical region.
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Figure S3. Stack bar plot showing the number of DE genes found in each region per time point.
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“It is the time you have wasted for your rose that makes your rose so important.”
- Antoine de Saint-Exupéry, The Little Prince, p.64
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Abstract

In cnidarians, tentacles armed with stinging cells (also called cnidocytes) are a hallmark of
this phylum, which includes sea anemones, jellyfish and hydra. During feeding or defense,
tentacles can be naturally subject to extensive injury and tissue loss, and the high regenerative
capacity of cnidarians enables the restoration of damaged appendages. However, the
mechanisms of tentacle regeneration have remained elusive. Here, we dissect the processes
underlying tentacle tip regeneration in the sea anemone Nematostella vectensis, a powerful
regeneration model with robust molecular genetic approaches'?. By combining ex vivo and in
vivo experiments with transgenic reporter lines and molecular perturbations, we demonstrate
that tip regeneration can proceed via two distinct mechanisms depending on the location
of amputation. A fast regenerative response is possible due to the presence of a primed
population of cnidocyte precursor cells near the tentacle tip, while a slower FGF-dependent
mechanism is activated if this precursor population is removed. Furthermore, we identify
a novel function of FGF signaling in cnidogenesis. Taken together, these findings illustrate
how a cnidarian species has developed distinct regenerative strategies to cope with different
types of insults.



Introduction

The tentacle is a unique anatomical structure characterized by its elongated morphology that
extends from the main body of diverse groups of animals such as cidarians, gastropods,
and cephalopods. This appendage is typically used for a wide range of functions including
locomotion, prey capture, sensing, and defense. In the metazoan tree, cnidarians are among
the earliest animals that evolved the capacity to fully regenerate their tentacle appendages.
This phylum can be broadly subdivided into two clades, the medusazoans (jellyfish and
Hydra species) and Anthozoa (including sea anemones and corals). In both clades, tentacles
are relatively simple extensions of the diploblastic body plan. The regenerative abilities of
tentacles were already recognized in 1973, when the tentacles of the North Atlantic jellyfish,
Aurelia aurita, were reported to be capable of regenerating into full polyps®*. Further studies
investigating the cellular mechanism of tentacle regeneration in jellyfish has shown that
localized cell proliferation at the tentacle bulbs is required for successful regeneration, which
could indicate the involvement of resident stem/progenitor cell populations®S. Similarly in
Hydra, proliferation of progenitor cells outside the tentacle underlies tentacle growth and
maintenance’. While our current knowledge of tentacle regeneration mainly derives from
medusozoan species, understanding this process in anthozoan species will shed new light on
the cellular principle driving appendage regeneration in cnidarians.

Nematostella vectensis is an anthozoan species displaying remarkable regenerative abilities®®.
Nematostella has emerged as an attractive regeneration model organism in past two decades
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because of its ease of rearing'®!!, trackable developmental biology'*'4, and robust molecular

genetic approaches'?. During development, the oral pole of swimming larvae forms four-
tentacle buds that generate the the initial appendages of the primary polyp'. The patterning
of tentacles dependents on an endodermal Hox code' and the formation of pseudostratified
ectodermal placode'®. To generate the elongated tentacle, this thickened placode undergoes
epithelial cell shape and arrangement. While undergoing morphogenesis, tentacle primordia
also differentiate different cell types including longitudinal muscles', hair cells'” and
cnidocytes'®?. At the primary polyp stage, the development of additional tentacles occurs in
a feeding dependent manner, and relies on the interplay between TOR and Fgfrb signalling
to control polarized cell proliferation that is critical for bud outgrowth®. Such comparative
studies in the same cnidarian species revealed that there are distinct morphogenetic trajectories
leading to larval and feeding-dependent tentacle development, thus raising the question about
which one of these mechanisms is deployed during tentacle regeneration. Furthermore, the
regenerative potential of isolated tentacles in an anthozoan species has not been reported.

Here, we sought to elucidate the mechanism of tentacle regeneration in Nematostella polyps.
To do so, we established an ex vivo system to study tentacle regeneration and showed the
regenerative potential of an isolated tentacle depends on the location of amputation. Using
molecular purturbations for cell proliferation and FGF signaling, we were able to establish
that the mechanism of tentacle tip regeneration differs between the detached (ex vivo) and
attached (in vivo) systems. We identify that a resident population of developing cnidocyte
cells near the tentacle tip facilitate fast regeneration of the tip structure. Removal of this
precursor population leads to slower regeneration due to the need to first re-establish this
precursor population in the tentacle tissue. Taken together, we have identified two distinct
mechanisms of regeneration for the tentacle tip and demonstrated how localized populations
of precursor cells are involved in regeneration in Nematostella vectensis.

Results

Tip regeneration in ex vivo tentacles, but not in vivo, is highly dependent on the location
of amputation

To test whether Nematostella appendages possess autonomous regenerative capacity, we
generated ex vivo tentacles by surgically detaching them from the body column, and then
challenged their ability to restore missing tip regions (Figure 1). In the tentacle, the tip
region has distinct features characterized by a thickened, pseudostratified epidermis and an
enrichment of mature cnidocytes (Figure 1b). Thus, we used these two features to score the
reestablishment of tentacle polarity as a readout for successful tip regeneration. In primary
polyps, amputation of the tentacle tip (in vivo) results in rapid regeneration of the structure
within 3 days (Figure S1). Surprisingly, while shrinking over time, ex vivo tentacles also
showed successful tip regeneration in this time frame. However, in contrast to in vivo tentacle
tip regeneration, the success rate of ex vivo tentacle tip regeneration was highly variable
from one tentacle to another (Figure S2). To determine the origins of this variability, we
hypothesized that the regeneration of ex vivo tentacle might be dependent on the location of
amputation and/or the size of the remaining tissue.

By taking advantage of the Fgfrb-eGFP transgenic line®, we conducted cuts in defined
regions along the tentacle. In this reporter line, Fgfrb-eGFP showed epidermal expression at



the tip and graded expression in the longitudinal muscles. We used this polarized expression
pattern that expands beyond the tip region as a visual landmark to define two amputation sites
(tip-cut and mid-cut; Figure 1d). Interestingly, we observed that amputated ex vivo tentacles
that retained tissue with strong Fgfrb-eGFP expression (tip-cut) show a higher regenerative
ability than amputated tentacles with tissue displaying low Fgfrb-eGFP expression (mid-cut)
(Figure 1c). To rule out the effect of tissue size on regeneration, we normalized the length
of ex vivo tentacles with tip-cut to a similar dimension as the mid-cut conditions (Figure
2). Despite unifying ex vivo tentacle lengths, the normalized tip-cut ex vivo tentacles still
showed a higher success rate of regeneration than the mid-cut condition, but lower than tip-
cut tentacles without length adjustment (Figure 2c). This suggests that while having more
total tissue improves the success rate of tip regeneration, the spatial identity of the remaining
tentacle tissue is also critical.
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Figure 2. (A) Schematic showing the ex vivo tentacle amputation sites in Fgfrb-eGFP polyps for tip-cut, tip-cut
(normalized), and mid-cut. (B) Bar plots with dot plot overlay showing the length of the tentacle tissue following
mid-cut, tip-cut, and tip-cut (normalized) amputation at Ohpa. Sample numbers are given in parentheses. (C) Bar
plots showing the regeneration efficiency of ex vivo tentacles at 3dpa for each amputation condition. Error bars show
+/- 1 standard deviation. Sample numbers are given in parentheses. (D) Maximum projection images (top row) of
tip-cut ex vivo tentacles at 3dpa after treatment with no drug (control), SU5402, hydroxyurea (HU), or Nocodazole
(Noc). Line plots (middle row) show the voxels of mature cnidocytes normalized to the voxels of nuclei along the
tentacle (tentacle length is normalized to each tentacle; one line represents one tentacle). Image of a single confocal
z-slice (bottom row) of the tentacles shown in the top row. Dotted white outline marks the tentacle tissue boundary.
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Cell proliferation and FGF signaling are dispensable for tip regeneration in ex vivo
tentacles

To investigate the mechanisms that underly the regenerative ability of ex vivo tentacles, we then
sought to dissect the contribution of the Fgfrb-eGFP+ tissue region in tentacle tip regeneration.
First, we assessed the role of FGF signaling by treating tentacles with SU5402, a multi-
targeted receptor tyrosine kinase inhibitor. Tip regeneration was not inhibited in SU5402-
treated ex vivo tentacles, as scored by the quantification of mature cnidocyte enrichment and
epidermal thickening (Figure 2d and Figure S4). However, regenerated tentacles exhibited a
disruption of the epidermis in the middle of the tentacle tip. Such an effect was not observed
in uncut ex vivo tentacles treated with SU5402 (Figure S5), which suggests that FGF signaling
is required to maintain epithelial integrity during regeneration. Second, based on the critical
role of proliferative growth in oral regeneration of Nematostella polyps*', we wondered
whether the Fgfrb-eGFP+ tissue region is important for cell proliferation in ex vivo tentacles.
While an increase in EdU (a marker for s-phase cells) incorporation was observed across the
tentacle (Figure S6), inhibition of cell cycle progression using hydroxyurea (HU) surprisingly
did not disrupt ex vivo tentacle tip regeneration (Figure 2d), suggesting regeneration may be
governed by multiple mechanisms in Nematostella.

The most well-known example of regeneration proceeding in the absence of cell proliferation
is in Hydra, where a population of G2-paused cells residing near the head can undergo direct
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Figure 3. (A) Line plots showing the fluorescent intensity of CyB- eGFP (yellow) and Nv_NCol3 (red) stainings
of ex vivo tentacles following tip-cut amputation at Ohpa (top), 1dpa (middle), 3dpa (bottom). Sample numbers are
given in parentheses. (B) Line plots showing the fluorescent intensity of CyB- eGFP (yellow) and Nv_NCol3 (red)
stainings of ex vivo tentacles following mid-cut amputation at Ohpa (top), 1dpa (middle), 3dpa (bottom). Sample
numbers are given in parentheses.



differentiation to reform the missing tissues**?*. Recently, we generated a transgenic line
expressing a CyclinB-GFP (CyB-GFP) fusion reporter (see Chapter 1) that labels cells in the
S/G2/M phases of the cell cycle****. Combined with estimation of DNA content, we found that
many cells near the tentacle tip reside in the G2-phase of the cell cycle (see Chapter 1 Figure
4). Since HU only blocks cell cycle progression through s-phase, we wondered if the G2-cells
are the cellular source of tentacle tip regeneration. Strikingly, treatment of ex vivo tip-cut
tentacles with nocodazole (Noc), which blocks progression through metaphase, also did not
prevent tip regeneration (Figure 2d). These results suggest that cnidogenesis and epithelial
thickening in ex vivo tentacle tip regeneration can take place without cell proliferation.

Spatial heterogeneity of precursor cells accounts for the distinct regenerative responses
of tip-cut versus mid-cut ex vivo tentacles

The results described above also suggest that G2-cells might directly differentiate to restore
tentacle tips without undergoing mitosis. To test this hypothesis, we used an antibody against
Nv_NCol3 to detect developing but not fully mature cnidocytes. We identified a distinct
population of cycling cells that show this differentiation marker for cnidocyte precursor
cells (Nv_NCol3+ cells'?) (Figure 4 in Chapter 1). Because these CyB-eGFP+, Nv_NCol3+
cells were found in approximately the same location as the Fgfrb-eGFP+ tissue region, we
wondered if the presence of these precursor cells is critical for tip regeneration in ex vivo
tentacles.

To assess the role of these precursor cells during regeneration, we performed the tip-cut
and mid-cut experiments in ex vivo tentacles expressing CyB-eGFP, and stained for GFP
and Nv_NCol3 at three different time points after amputation (Ohpa, 1dpa, 3dpa). At Ohpa,
an enrichment of Nv_NCol3+ cells could be found near the amputation plane of tip-cut
tentacles but not mid-cut tentacles (Figure 3 and Figure S8). This population of Nv_NCol3+
cells increased near the tip at 1dpa but receded from the very tip by 3dpa leading to mature
cnidocyte formation (Figure 3). In mid-cut tentacles, the number of Nv_NCol3+ cells
increased over time but to a lesser extent and showed no spatial enrichment of Nv_NCol3+
signal near the tip (Figure 3). Interestingly, both tip-cut and mid-cut tentacles showed an
increase in the number and intensity of CyB-eGFP+ cells over time. Taken together, these
results suggest that tentacle tip regeneration requires the generation of a certain number of
Nv_NCol3+ cnidocyte precursor cells and their appropriate spatial localization. However,
it is still unclear what prevents mid-cut ex vivo tentacles from driving the differentiation of
Nv_NCol3+ cells in the population of CyB-eGFP+ cells. Since Nv_NCol3+ cells directly
develop into the mature cnidocytes enriched in the tentacle tip', their presence in the tip-cut
ex vivo tentacle may explain why cell proliferation is not required for tip regeneration.

FGF signaling is required for tip regeneration in mid-cut in vivo tentacles

While mid-cut ex vivo tentacles fail to regenerate tentacle tips, in vivo tentacles regenerate
robustly following a mid-cut amputation (Figure 1c). This suggests that the body column
is able to rescue the regeneration deficient mid-cut ex vivo tentacles. To determine how tip
regeneration proceeds in attached tentacles, we analyzed the dynamics of CyB-eGFP+ and
Nv_NCol3+ cells in in vivo tentacles after a mid-cut amputation (Figure 4 and Figure S8).
Indeed, mid-cut in vivo tentacles showed a similar pattern of CyB-eGFP and Nv_NCol3
signal during regeneration. At Ohpa, in vivo mid-cut tentacles had very few CyB-eGFP+ or
Nv_NCol3+ cells but by 1dpa an enrichment of CyB-eGFP+ cells was detected at the tip.
By 5dpa a distinct population of CyB-eGFP+ cells were present near the tip, adjacent to a
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Figure 4 (A) Maximum projection images (top row) of control (left) and SU5402 (right) treated in vivo mid-cut
tentacles at Sdpa (F-actin = red, mature cnidocytes = cyan; scale bar = 50 microns). Line plots (bottom row) show the
voxels of mature cnidocytes normalized to the voxels of nuclei along the tentacle (tentacle length is normalized to
each tentacle; one line represents one tentacle). (B) Box plot showing the tip thickness (microns) of in vivo mid-cut
tentacles at 5dpa (one dot = 1 tentacle). Sample numbers are given in parentheses. (C) Maximum projection images
of control (top row) and SU5402 (bottom row) treated in vivo mid-cut tentacles at 1dpa and 5dpa (Nv_NCol3 =
red, CyB-eGFP = yellow, DNA = blue; sclae bar = 50 microns). Number of imaged samples are indicated at the
bottom right corner. (D) Line plots showing the fluorescent intensity of CyB-eGFP (yellow) and Nv_NCol3 (red)
staining of control (top row) and SU5402 (bottom row) treated in vivo mid-cut tentacles at Sdpa. Tentacle lengths are
normalized (normalized position 0.0 = tentacle base, 1.0 = tentacle tip). Sample numbers are given in parentheses.
[E] Maximum projection images of wild-type (WT; left) and Fgfrb-/- mutant (right) polyps (Nv_NCol3 =red, DNA
= blue, scale bar = 100 microns). Number of imaged samples are indicated at the bottom right corner. Dotted white
outline marks the polyp boundary. (F) Maximum projection images of control (top) and in vivo mid-cut tentacles
(bottom) at 5dpa of Fgfrb-/- polyps (mature cnidocytes = cyan, DNA = blue; scale bar = 50 microns). Number of
imaged samples are indicated at the bottom right corner. Dotted white outline marks the tentacle boundary. (G) Box
plots with dot plot overlay showing the tentacle tip thickness of control (left) and in vivo mid-cut tentacles (right) at
Sdpa of Fgfrb-/- polyps (each dot represents one tentacle). Sample numbers are given in parentheses.



population of Nv_NCol3+ cells followed by mature cnidocytes (Figure 4c). In contrast to
ex vivo tentacles, Nv_NCol3+ cells were detected with high intensity and showed polarized
localization near the tentacle tip. It is important to note that while in vivo tentacles required
5 days to fully regenerate the tentacle tip, ex vivo tentacles still did not regenerate at 5dpa
(Figure S9).

To test the role of FGF signaling in tentacle tip regeneration, we treated polyps with SU5402
following mid-cut amputation. In stark contrast to ex vivo tip-cut tentacles, which were not
affected by the inhibition of FGF signaling, the tentacle tips failed to regenerate in this in
vivo condition (Figure 4a-b). When we checked the effect of FGF inhibition on formation of
CyB-eGFP+ and Nv_NCol3+ cells, we found that CyB-eGFP+ cells arose at 1dpa at a similar
pattern as controls, but very few Nv_NCol3+ cells were detected at Sdpa (Figure 4c-d). This
suggests that the differentiation of Nv_NCol3+ cells requires FGF signaling. Intriguingly,
the number of CyB-eGFP+ cells observed at 5dpa were also fewer than that observed in ex
vivo mid-cut tentacles at 3dpa. To confirm the role of FGF signaling in cnidocyte precursor
cell formation, we analyzed the pattern of Nv_NCol3+ cells in Fgfrb” knockout animals. We
found that Fgfrb” primary polyps had almost no Nv_NCol3+ cells, despite showing mature
cnidocytes (Figure 4e). This is in contrast to wild-type polyps where Nv_NCol3+ cells are
found scattered throughout the body and highly enriched near the tentacle tips. The tentacle
structure of Fgfrb” polyps are also shorter and rounder than wild-type polyps. Consistent
with the results of the pharmacological inhibition experiment, Fgfrb”- animals were not
capable of tentacle tip regeneration (Figure 4f-g). Taken together, these findings suggest that
FGFRb signaling is required for the renewal of Nv_NCol3+ cnidocyte precursor cells.

Discussion

By investigating tentacle tip regeneration via both an in vivo and ex vivo tentacle context,
we were able to reveal two distinct mechanisms of tentacle tip regeneration in Nematostella
polyps. A primed population of precursor cells present near the tip of the tentacle can directly
differentiate into mature cnidocytes, providing a fast regenerative response to injury at the
tip. Removal of this precursor cell population results in a slower regenerative response
whereby body column tissue and FGF signaling are required to drive development of this
precursor cell population. In its natural habitat, Nematostella polyps bury their bodies into
the sand/mud and expose their tentacles to the environment to defend against predators and
capture prey?®. Thus, the presence of a fast regenerative mechanism for the tentacle tip likely
facilitates the high cell turnover of this tissue during homeostasis.

Interestingly, such a localized distribution of precursor cells next to the tentacle tip is not
found in other Cnidarian species such as Hydra and Clytia hemisphaerica. Although Hydra
tentacles share a similar morphology to Nematostella tentacles, cnidocyte precursor cells
generated in the body column of Hydra migrate to the head region where it then undergoes
maturation before migrating into the tentacle tissue*'. In Clytia, cnidocyte precursors
proliferate and differentiate at the tentacle base structure (tentacle bulb) before migrating
to the tip*. Since both Hydra and Clytia belong to the Hydrozoan branch of Cnidaria,
while Nematostella belongs to the Anthozoan clade, it seems that there may be different
mechanisms employed by the two sister groups to replenish tentacle tip cells. Further studies
into other cnidarian species will be necessary for a more complete comparison.

Another key finding in our study is the role of FGF signaling in the formation of Nv_
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NCol3+ cnidocyte precursor cells. FGF signaling is required for the correct localization
and differentiation of CyB-eGFP+ cells into Nv_NCol3+ cells in mid-cut in vivo tentacles,
suggesting that FGF signaling has a role both in development of Nv_NCol3+ cells and
determining their spatial organization. While the role of FGF signaling has been implicated
in neurogenesis during Nematostella development®™~*, the function of FGF signaling in
cnidogenesis has not been reported before. In Hydrozoans, cnidocyte differentiation has been
associated with Wnt/B-catenin signaling®**>*. Our work also showed that the requirement
of Fgfrb signalling is context-dependent during regeneration. While this developmental
signalling is disposable for tip-cut regeneration, it is required along with cell proliferation
when a large portion of the tentacle tissue is removed. Interestingly, this situation mimics
the mechanisms underlying the feeding-dependent tentacle development®. In contrast,
embryonic tentacle development takes place in the Fgfrb” mutant background. Building on
this comparative analysis, we propose that de novo tentacle morphogenesis in the polyp stage
relies on a common mechanism involving Fgfrb signalling and cell proliferation.

In conclusion, by targeting a small and simple structure as a model for regeneration, we were
able to dissect the relative contributions of different body regions and cell populations to
achieving successful regeneration. The ex vivo tentacle system we established can serve as
a novel reduced system in which to study regeneration. The relatively small size and simple
morphology of the ex vivo tentacle would allow for live cell tracking studies to elucidate the
potential contributions of cell migration and tissue rearrangement in tentacle tip regeneration.
Establishment of such reduced systems in other regenerative species may also provide novel
insight into the mechanism of complex structure regeneration.

Materials and Methods

Animal husbandry and tentacle amputation

N. vectensis animals were grown in 12ppt artificial seawater (Sea Salt, Instant Ocean) and
adult animals were spawned as described previously®. Fertilized embryos were grown at
23C until the primary polyp stage. The polyps were then fed with Artemia nauplii for 4 days
at 27C, followed by a starvation period of 4 days at 27C. Immediately prior to amputation,
polyps were immobilized with 7% MgCl12 (Merck, 1.05833.1000) in 12ppt ASW. For the
detached tentacle regeneration experiments, tentacles were first cut at the base of the tentacle
with a tungsten needle (Ted Pella, Inc. 13570-10). The detached tentacles were then cut at
either the tentacle tip or mid-tentacle. The MgCI2 solution was immediately removed after
amputation and the regenerating tissue was washed twice with 12ppt ASW and then kept
at 23C. For the attached tentacle experiments, polyps are first bisected at the base of the
pharynx using an ophthalmic scalpel (Micro Feather No.780). Then a mid-tentacle cut was
done on the 4 primary tentacles. Glass petri dishes were used for detached tentacle cutting
experiments, while plastic petri dishes were used for attached tentacle experiments.

Transgenic animals

The cell cycle reporter line, CyclinB(1-100)-eGFP, was generated using the I-Scel
meganuclease system as described before®®. The DNA sequence corresponding to the first
100 amino acids of the Nv_CyclinB gene was fused directly to eGFP with a SV40 polyA
sequence. Expression was driven by the Nv_EF1 promoter sequence. Cloning of the



transgene into the transgenesis plasmid was done using the NEBuilder HiFi DNA assembly
kit (NEB, E2621). Fertilized embryos were injected with the transgenesis plasmid and
I-Scel enzyme at the one-cell stage. F1 transgenic animals were selected based on their GFP
fluorescence. F2 polyps were used for regeneration experiments. GFP signal was visualized
via immunohistochemistry using the anti-eGFP antibody (Torry Pines TP401).

Embryos from the Fgfrb-eGFP reporter line were first crossed with Fgfrb”+ embryos to yield
Fgfrb”*Fgfrb-eGFP animals. Embryos from these double mutants were crossed to generate
Fgfrb”" Fgfrb-eGFP polyps. Homozygous Fgfrb knockout polyps were selected based on
their short and rounded tentacle morphology. Full details on the generation of both mutant
lines have been reported previously®.

Immunohistochemistry and staining

Animals were fixed and stained using a modified protocol adapted from Genikhovich and
Technau''. Briefly, samples were fixed in a solution of 4% paraformaldehyde (PFA; Electron
Microscopy Sciences E15710) in Ptw (1x PBS,0.1% tween-20) for 1 hour at room temperature
before being permeabilized with 10%DMSO in PBS for 20min followed by Ptx0.5 (1X PBS,
0.5% TritonX-100) for 20min. Then they were incubated in blocking buffer (5% normal goat
serum, 1% BSA, 1% DMSO, 0.1% tritonX-100 in 1X PBS) for 1 hour at room temperature
before incubating with primary antibodies (anti-eGFP 1:500, Torry Pines TP401; anti-mini
collogen3 1:400, gift from Dr. Suat Ozbek') overnight at 4C. Samples were then washed 3
times with cnidocyte wash buffer (10mM TrisHCI pH 7.7, 10mM EDTA, 0.1% tween20)
before incubating with secondary antibodies (goat anti-rabbit alexa488, 1:500, Thermo
Fisher A-11008; goat anti-guineapig alexa647 1:1000, Thermo Fisher A-21450) and DNA
stain (DAPI 1:1000 Sigma Aldrich D9542). EDTA (10mM final concentration) and DAPI
(3:1000) were added to the sample and incubated for 30min at room temperature to stain the
mature cnidocyte capsules. Samples were then washed with cnidocyte wash buffer 3 times
and mounted into 85% glycerol or Vectashield Plus (Vector via Biozol VEC-H-1900-10) for
imaging.

Fgfrb-eGPF animals were fixed with 4% PFA in Ptw for 30min at room temperature then
washed 3 times with cnidocyte wash buffer before incubating with phalloidin-alexa647
(1:100; Thermo Fisher A22287) and DAPI (1:50) in cnidocyte wash buffer overnight at 4C.
Samples were then washed with cnidocyte wash buffer 3 times and mounted into Vectashield
Plus mounting medium.

Imaging and image analysis

Confocal stacks were acquired on a Leica TCS SP8 confocal microscope using a 63x 1.4NA
objective for the detached tentacle samples and 40x 1.1NA objective for the attached tentacle
samples. Image analysis was performed using FIJI (https://imagej.net/software/fiji/)*. Data
here as well as below were plotted using ggplot2*.

Detached tentacle images and zoomed-in images of attached tentacles were straightened
using the straighten function. Quantification of the ratio of mature cnidocyte to DNA signal
was done using a FIJI jython script. Briefly, a segmented line is manually drawn to span the
length of the tentacle of interest from the tip to the base. The pixel volume containing mature
cnidocyte staining is summed across the tentacle. The same is done for DNA staining. The
ratio is then calculated by dividing the mature cnidocyte voxel value by the DNA voxel value
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for each voxel across the tentacle. Length of each tentacle is then normalized to 1.

EdU staining and drug treatments

Staining with EAU was done as described previously®. Briefly, animals were incubated with
50uM EdU in 12ppt ASW for 30 minutes before immobilizing with 7% MgCl, solution.
Animals were then fixed with 4% PFA in PTw. For drug treatments, samples were incubated
with 20mM hydroxyurea (Sigma Aldrich H8627) or 20uM SUS5402 (Sigma Aldrich
SML0443-5MG) in 12ppt ASW within 1h after amputation. Drug solutions were refreshed
once a day.
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Figure S1. Maximum projection images of F-actin staining of in vivo tentacle tip regeneration in uncut samples
(left), Shpa (hours post amputation) (middle), and 72hpa (right). The tentacles are outlined using a white dotted line
(scale bar = 50 microns, same scale for all images)
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Figure S2. Stacked bar plot showing the regeneration efficiencies of in vivo (left) verses ex vivo (right) tentacle tip
regeneration at 3dpa when cut sites were not standardized. (green = regenerated, red = degenerated, blue = partial
regeneration).
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Figure S3. Ex vivo tip-cut tentacles normalized to the mid-cut tentacle length regenerates more robustly than mid-
cut tentacles.
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Figure S4. Box plot showing the thickness of tip-cut ex vivo tentacle tips at 3dpa in control samples, and samples
treated with Hydroxyurea (HU) or nocodazole (Noc). Sample numbers are given in parentheses.
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Figure S5. Treatment of uncut in vivo tentacle tips with HU and SU5402 does not affect spatial distribution of
mature cnidocytes along the tentacle
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Figure S6. Maximum projection images of EdU staining of regenerating polyps at 24hpa (Grays = EdU, invert LUT;
scale bar = 20 microns). Two tentacle tips were amputated, while the other two tentacles were cut at the tentacle base
(red dotted lines mark the approximate cut sites fo each tentacle).
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Figure S7. (A) Maximum projection images of ex vivo tip-cut tentacles of Cyb-eGFP polyps at Ohpa, 1dpa, and
3dpa (Nv-NCol3 =red, CyB-eGFP = yellow, DNA = blue; sclae bar = 50 microns). (B) Maximum projection images
of ex vivo mid-cut tentacles of Cyb-eGFP polyps at Ohpa, 1dpa, and 3dpa (Nv-NCol3 = red, CyB-eGFP = yellow,
DNA = blue; sclae bar = 50 microns).
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Figure S8. Tentacles treated with SU5402 show lower Cyb-eGFP and mCol3 intensities during regeneration. In-
tensity quantification of CyB-eGFP and mCol3 signal in amputated in vivo tentacles at Ohpa, 1dpa, and 5dpa. (A)
Control samples (B) Samples treated with SU5402
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Figure S9. Maximum projection images of ex vivo (top) and in vivo (bottom) mid-cut tentacles at Sdpa and 3dpa
respectively (F-actin = red, mature cnidocytes = cyan; scale bar = 50 microns). Number of tentacles imaged is indi-
cated in the bottom right corner.
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“When I think of formal scientific method an image comes to mind of an enormous jugger-
naut, a huge bulldozer - slow, tedious, lumbering, laborious, but invincible.”
- Robert M. Pirsig, Zen and the Art of Motorcycle Maintenance, p.129
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General Discussion
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The results in this thesis aimed to investigate the mechanisms governing regeneration by
taking an organism-level approach. We utilized a relatively new model organism, Nematostella
vectensis, for our studies owing to its small size, simple body plan, complexity of cell types,
and range of genetic tools available!?. By combining modern spatial transcriptomics and
bioinformatics methods with traditional molecular biology techniques, we were able to
discover new modalities involved in regeneration of this sea anemone. In this chapter I will

summarize some of the major findings from my PhD work and discuss its implications for
future research.



The first spatial transcriptomic atlas of Nematostella polyps

The explosion of transcriptomic studies in the last two decades has provided invaluable
insight into a plethora of biological systems. However, since these methods rely on the
mastication of tissues or dissociation of cells, information on the spatial gene expression
patterns of the tissue/organism are lost. To understand how cells communicate across tissues
and relay information such as wounding, the ability to capture the spatial context of gene
expression changes is essential. Recently, a number of spatial transcriptomic methods
capable of capturing gene expression changes on the whole transcriptome level while
preserving their spatial context have become available®. One of the first methods developed
is tomography RNA-sequencing (tomo-seq), which combines low-input RNA-sequencing
with cyrosectioning to generate spatially resolved transcriptome maps along a single axis®*.
In Chapter 2, we utilize this method to generate the first organism-wide transcriptomic
atlas of homeostatic Nematostella polyps. By capturing the expression profiles of the whole
transcriptome along the major (oral-aboral) body axis, we identified almost 300 gene markers
corresponding to various anatomical regions across the polyp. We clustered these genes into
8 major clusters and validated their expression patterns via in situ HCR. We further explore
one of these gene clusters, the tentacle tip cluster, to investigate if these regional marker
genes provide insight into the biological function of those tissues. We combine the spatial
transcriptomic information from our tomo-seq dataset with single cell RNA sequencing
(scRNA-seq) to determine the relative cell type composition of the tentacle tip tissue. By
combining both spatial and single-cell transcriptomic methods, we were able to determine that
the tentacle tip is enriched in a cluster of actively differentiating stinging cells (cnidocytes).
This investigation into the tentacle tip cluster is only one example of how the information
from our transcriptomic atlas can be utilized to explore new biology in Nematostella polyps.

Investigating regeneration across time and space

Having established the transcriptomic landscape of homeostatic polyps, we then turned to
investigate how gene expression patterns change during foot regeneration. The wound site
is often the focus of regeneration studies because that is the location in which new tissues
arise and undergo patterning to reform the missing structure. However, recent studies in
salamanders have shown that wound-like changes can also occur in non-wound locations
such as the uninjured contralateral limb upon limb amputation®S. Furthermore, the effect of
systemic factors such as insulin signaling and thyroid function has also been shown to have
a significant effect on the regenerative ability of animals’®. These observations inspired us to
take an organism-level approach to studying regeneration and thus we performed tomo-seq on
foot regenerating polyps at four different time points (12, 24, 48, 96 hours post amputation)
spanning the entire time course of regeneration (Chapter 3).

We first identified genes showing wound-localized expression at 12 hours post amputation
(hpa) and compared their expression pattern in uncut polyps. By doing so, we were able to
cluster these wound-localized genes into 4 distinct classes defined by their expression pattern
in uncut polyps. It is interesting to be able to determine the expression pattern of wound-
localized genes in uncut polyps because such information may shed light into the function of
these genes during homeostasis. It also opens up new questions about whether the function of
these genes change upon injury and how such a change may be regulated. For example, we
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found two heat shock proteins (HSP90B1 and HSPAS) showing wound-localized expression
at 12hpa have enriched expression in the tentacles during homeostasis. To investigate whether
these heat shock proteins serve a stress sensing role, we looked at how their expression is
affected after heat shock treatment. Interestingly, we saw that polyps at 12 hours after heat
shock showed a polarized upregulation of these two heat shock proteins with the highest
expression found in the tentacle region. Since these heat shock proteins are usually enriched
at the wound location at 12hpa, it is interesting that the tentacles seem to be responding like a
wound after heat shock treatment. This prompt us to investigate if the tentacle region shows
any other similar responses to the wound-site upon injury. Strikingly, we found that both
foot amputation and heat shock treatment cause an upregulation of cell proliferation at the
tentacle region. These results led us to speculate whether the tentacle tissues are “primed” for
regeneration and whether a global stress such as heat shock is sufficient to activate wounding
signals in Nematostella. Considering the fact that the tentacles are naturally under constant
battery from the environment during its function in defense and prey capture, it seemed
possible to imagine that this tissue is in a constant state of repair or regeneration. However,
more molecular studies into the function of these wound-localized genes during homeostasis
will be needed to better understand if this is indeed the case.

Next, we exploited our spatial transcriptomic atlas to investigate if there were any non-wound
localized changes resulting from foot amputation. Interestingly, we found over 4600 genes
differentially expressed (<1% FDR) in the different anatomical regions at each time point
during regeneration. When we isolated the most significantly up-regulated genes that were
differentially expressed only within a single anatomical region, we found that the tentacles
showed up-regulation of “wound-like” genes involved in the inflammation response, stress
sensing, and polarity establishment. This was very unexpected because the tentacles are the
spatially most distant tissue from the wound site. These results reveal that local wounds are
able to initiate long-range communication across the body and induce vast changes in gene
expression across the entire animal. Whether these transcriptional changes have a direct role
in regeneration or if they resulted from a secondary effect will require further investigation.

While we have demonstrated that heat shock treatment is able to elicit similar changes as foot
amputation in gene expression of two heat shock proteins and cell proliferation, it is unclear
if these are isolated effects or if temperature stress is able to induce other wound signals. One
of the most spectacular functions of wound signals in Nematostella is regeneration initiation.
Thus, to test if heat shock treatment is able to elicit other wound signals, we challenged
the ability of such a global stress to activate regenerative programs in Nematostella polyps
arrested during head regeneration. Strikingly, we found that heat shock treatment was
sufficient to induce regeneration in Nematostella polyps. This is the first example to our
knowledge where regeneration was initiated in the absence of wounding.

Wounding is the first step to regeneration. This has been the paradigm in the field of
regeneration since its inception. Recently, it was shown that injury induces generic wound
signals that are able to initiate regeneration in a tissue permissive context’. Using MAPK
inhibitors, Owlarn et al was able to arrest Planaria and Zebrafish regeneration after wound
healing. Induction of a secondary incision at the original wound site was sufficient to induce
full regeneration of the missing structures. Now we have shown that heat shock treatment
is also sufficient to induce regeneration in dormant Nematostella polyps, suggesting that the



wound signals required for regeneration initiation could be generated by exposure to other
environmental stresses. It would be important to determine if this response is a conserved
phenomenon among other regenerative species. If so, this result will surely challenge us to
think about regeneration in a brand-new light.

Dissecting local and systemic contributions to appendage regeneration

In Chapter 4, we take a more direct approach to studying how different areas of the body
may contribute to regeneration. By studying tentacle tip regeneration in detached tentacles as
well as whole polyps, we showed that tentacle tip regeneration can proceed via two distinct
mechanisms: 1) a fast response driven by the presence of an enriched cluster of developing
cnidocyte cells near the tip, and 2) a slower response dependent on FGF signaling. By
physically removing the tentacle from the body, we were able to generate a reduced system
in which to study tip regeneration. Combined with the use of transgenic lines marking Fgfrb
expression and cell cycle progression, we were able to identify a population of developing
cnidocyte cells present near the tip that directly contributed to the regrowth of the tentacle
tip. When these precursor cells were removed, regeneration required input from the rest of
the body in order to reform these precursor cells. Interestingly, we found that these precursor
cnidocyte cells were undergoing differentiation during the cell cycle (late G1 to early G2).
This was an unexpected finding because terminal cell differentiation usually occurs after cell
cycle exit'". Further work into defining the molecular and transcriptional signatures of these
differentiating cnidocyte precursors would be needed to better understand how differentiation
of these cells are regulated in Nematostella and how cell cycle progression may be linked to
differentiation programs. Furthermore, it would be interesting to investigate why generation
of these precursor cells requires input from the polyp body. Can we identify the molecular or
cellular components the body contributes to the formation of these cells?

Concluding remarks

Taken as a whole, the work in this thesis has demonstrated the value of taking an organism-
level approach to studying regeneration. Indeed, regeneration of a body structure is not
an isolated event at the wound but rather a highly orchestrated phenomenon involving the
whole animal. With the recent and ongoing advances in imaging technology and sequencing
methods, the monitoring of whole-organisms throughout the time course of regeneration is
no longer an impossible dream. As these methods approach molecular resolution, we will
no doubt be able to unravel the mysteries of biology at ever greater precision. In my PhD
work, I have utilized some of these modern technological advances to generate two datasets
of spatial transcriptomic atlases of regenerating Nematostella polyps. We have only begun
to scratch the surface of the biological insights that can be gleamed from this data. I hope
these will serve as valuable resources for future investigations to understanding regeneration
as well as other fundamental processes such as cellular communication. Furthermore, I hope
our results will inspire others to consider applying such an organism-level approach to their
field of study.
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ToivT

“Anyone whose goal is ‘something higher’ must expect some day to suffer vertigo.”
- Milan Kundera, The Unbearable Lightness of Being, p.58
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Addendum
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Nederlandse sammenvatting

Regeneratie in het dierenrijk houdt in dat dieren een lichaamsdeel, zoals een arm of een
staart, kunnen hergroeien nadat ze deze zijn kwijtgeraakt. Hoewel we vaak over regeneratie
denken als de hergroei van een ledemaat, kunnen ook kleinere structuren (zoals een
onderdeel van een zenuw of een orgaan) regenereren. Sommige dieren kunnen ook veel
grotere structuren hergroeien. De platworm Planaria kan bijvoorbeeld in 279 kleine stukken
gesneden worden, waarna elk stukje weer uit kan groeien tot een volledige platworm. Het
vermogen om een compleet lichaam te kunnen hergroeien uit een klein stukje weefsel wordt
“whole-body regeneration” genoemt. Van de verschillende regeneratie types is dit de meest
indrukwekkende omdat een heel klein stukje weefsel het vermogen heeft om alle verschillende
onderdelen van het lichaam te hergroeien. Hoe dit kleine stukje weefsel precies weet welke
lichaamsdelen er precies missen en hoe hetlichaam er uit zag is nog steeds niet veel over bekend.

Officieel begon de studie van regeneratie in het midden van de 18de eeuw.
Wetenschappers waren gebiologeerd door het vermogen van verschillende dieren om
missende lichaamsdelen te hergroeien en zochten naar manieren om te begrijpen hoe
regeneratie plaatsvindt in deze dieren. Hydra, een zoetwater diertje met een simpel buis-
achtig lichaam met tentakels aan een uiteinde, was het eerste dier waarbij de regeneratieve
vermogens beschreven werden. Na deze ontdekking bleken meer dieren lichaamsdelen
te kunnen hergroeien. De platworm Planaria, de Zebravis en de salamander zijn een
aantal van de meest populaire model systemen die gebruikt worden om regeneratie te
bestuderen. Door te onderzoeken hoe al die dieren lichaamsdelen kunnen hergroeien hebben
wetenschappers geleerd hoe regeneratie kan beginnen beginnend met een wond. Elk dierlijk
modelsysteem heeft zijn eigen specifieke gebreken en limitaties wat wetenschappers
van ze kunnen leren. Daarom worden er nog steeds nieuwe dieren geintroduceerd om
regeneratie te bestuderen en beter te begrijpen welke factoren belangrijk zijn.

Nematostella vectensis, een kleine zeeanemoon, is een van deze nieuwe diermodellen die
gebruikt worden om regeneratie te bestuderen. Deze zeeanemoon is een eenvoudig diertje
maar deelt nog steeds veel genetische eigenschappen met mensen. Het is ook een makkelijk
dier om mee te werken en het kan zijn hele lichaam regenereren. Vanwege deze handige
eigenschappen is Nematostella onze keuze geweest om regeneratie te bestuderen. Ik heb
deze zeeanemoon gebruikt tijdens mijn promotieonderzoek om beter te begrijpen hoe de
verschillende delen van het anemonen lichaam reageren op verwonding en regeneratie. In
plaats van alleen naar het regenererende deel van het lichaam te kijken, hebben we gekozen
voor een meer holistische aanpak door naar het complete anemoon lichaam te kijken.

InHoofdstuk 1 vanditproefschrift geefik eenalgemene introductie voorregeneratie onderzoek.

Hoofdstuk 2 beschrijft hoe we nicuwe sequencing technologie gebruikt hebben
om te achterhalen welke genen ge-expresseerd worden in het anemoon lichaam als
er geen regeneratie plaatsvindt. We hebben meer dan 200 genen gevonden die zeer
specifieke expressie patronen vertoonden over de belangrijkste lichaamsas. Onze resultaten



hebben ertoe geleid dat we een ruimtelijke genexpressie kaart hebben kunnen maken,
wat een belangrijke kennisbron kan zijn voor de Nematostella onderzoek gemeenschap.

In Hoofdstuk 3 hebben we gekeken naar hoe genexpressie veranderd tijdens regeneratie op
verschillende tijdspunten en plekken. Hoewel veel gen activiteit veranderd bij de wondlocatie,
hebben we ook gezien dat er zeer veel veranderingen plaatsvinden in lichaamsdelen verder
weg van de wond. Deze veranderingen die ver weg van de wond plaatsvinden zijn interessant
genoeg vergelijkbaar met de veranderingen bij de wondlocatie. Daarnahebben we laten zien dat
deze reacties ook plaatsvinden als de anemoon op een andere manier schade ondervindt (door
middel van hitte) en dat schade zonder een wond ook regeneratie kan induceren in Nematostella.

In Hoofdstuk 4 hebben we ontdekt dat de Nematostella tentakels ook kunnen regenereren nadat
ze van het lichaam zijn afgehakt. Door middel van klassieke biologie methodes hebben we laten
ziendattentakels kunnenregenereren zonder signalen van derest van hetlichaam zolang er maar
een speciale groep cellen in de tentakel aanwezig zijn. Als deze cellen verwijderd worden zijn
er daarentegen wel signalen van de rest van het lichaam nodig om de tentakel te regenereren.

Ik eindig dit proefschrift in Hoofdstuk 5 waar ik de resultaten van mijn promotie onderzoek
uitleg in de context van het brede regeneratie onderzoek.
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English summary

Animal regeneration describes the ability of animals to regrow a missing body part, such
as an arm or a tail. While we often think about regeneration to mean regrowth of limbs,
regeneration can also describe the regrowth of smaller structures (such as part of a nerve, or
part of an organ like the liver). Some animals are also able to regrow much larger structures.
For example, when the flatworm Planaria is cut into 279 little pieces, each piece is able to
regrow into a full worm again. This ability to reform an entire body from a small fragment
of tissue is called whole-body regeneration. This is the most impressive type of regeneration
because in this case, a very small bit of tissue is able to regrow all the different parts of the
whole body. How the small piece of tissue knows which body parts are missing and what the
body used to look like is still poorly understood.

The study of regeneration formally started in the mid 1700s. Scientists were captivated with
the ability of various animals’ ability to regrow missing body parts and sought to understand
how regeneration happens in these animals. The first animal to have its regenerative abilities
documented is the Hydra, a freshwater creature with a simple tube-like body with tentacles
extending from one end. Since the discovery of Hydra’s impressive regenerative abilities,
many animals have been found to be able to regrow body parts. Some of the most popular
animals used to study regeneration include a flatworm (Planaria), a small fish (zebrafish), and
a lizard (salamander). By studying how each of these animals are able to regrow lost body
parts, scientists have learned a lot about how wounding can lead to regeneration. However,
each of these animals has its shortcomings and limitations in terms of what scientists can
learn from them. Thus, new animals are still being introduced into the field of regeneration
to allow scientists to better understand the many factors involved in successful regeneration.

Nematostella vectensis, a small sea anemone, is one of these new animals being used to study
regeneration. This sea anemone is very simple but it still shares many genetic similarities with
humans. It is also very easy to work with and is capable of whole-body regeneration. Because
of these advantages, Nematostella became our animal of choice to study regeneration. During
my PhD I used this sea anemone to better understand how different parts of the animal
respond to injury and regeneration. Rather than focusing on only the regrowing body part, we
take a more holistic approach by looking at the entire body of the animal.

In Chapter 1 of this thesis, I give a general introduction to the field of regeneration.

Chapter 2 describes how we used new sequencing technology to find out what genes are
being expressed throughout the animal when it is not regenerating. We identified over 200
genes that had very specific expression patterns across the major body axis. Our results
allowed us to generate a spatial gene map of the animal, which would serve as a powerful
resource for the Nematostella community.

In Chapter 3, we looked at how genes changed over time and space during regeneration.
We learned that while a lot of genes change at the wound site, there are also many changes



happening in distant body parts. Interestingly, these changes in distant body parts are similar
to the response at the wound site. We then showed that these responses are also present when
the animal is stressed in a different way (i.e. heat shock) and that non-wounding stresses can
also initiate regeneration in Nematostella!

In Chapter 4, we discover that the tentacles of Nematostella can regenerate when detached
from the body. Using classical biology techniques, we show that the tentacles can regenerate
without input from the body when a very special group of cells are present. When these cells
are removed, input from the body is required for successful regeneration.

I conclude this thesis in Chapter 5 where I put the results of my PhD work into the context
of the field of regeneration.
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“Well, sometimes science is more art than science, Morty. A lot of people don’t get that.”

- Rick Sanchez (Rick and Morty)
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