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Abstract

Regeneration of missing tissues requires regulatory mechanisms that ensure the coordinated behaviour of
cells in both spatial and temporal dimensions. Planarians are highly regenerative flatworms capable of
regenerating any missing body part, providing a suitable model system to understand these regulatory
mechanisms. Planarian whole-body regeneration is enabled by a population of adult somatic pluripotent
stem cells and a dynamic positional information system that instructs cell differentiation following injury.
Although planarian regeneration and its molecular underpinnings have been studied for decades, the
mechanisms of gene regulation during regeneration remain poorly understood. In this thesis, we investigate
system-wide gene regulatory networks of planarian stem cells, while focusing on the role of TALE
homeobox genes in planarian regenerative patterning. To understand the gene regulatory networks of
planarian neoblasts, we comprehensively reannotate the genome of the planarian model species Schwidtea
mediterranea, compile a list of its transcription factors, and discover enhancer-like regions active in stem cells
by combining epigenomic evidence from histone modifications and chromatin accessibility. By integrating
footprints of transcription factors in these enhancer-like regions, we construct emergent gene regulatory
networks that provide testable hypotheses for how transcription factors maintain stemness and drive cell
lineage differentiation in planarian stem cells. As our compilation of transcription factors identified multiple
uncharacterised TALE homeobox genes within the genome of S. wediterranea, we continued to study the
phylogeny of the TALE gene repertoire. Our analysis revealed that S. mediterranca possesses both
evolutionarily conserved and recently evolved lineage-specific TALE genes, including both spiralian- and
platyhelminth-specific genes. Among the conserved TALE genes, pbx-7 and prep had been previously
implicated in axial regeneration, and we discovered that an additional TALE factor of the Meis family, #zeis-
2,1s required for postetior regeneration. To infer the targets regulated by these TALE factors, we performed
transcriptomic and epigenomic profiling following knockdowns. Our analysis of sequencing data, in
combination with preliminary functional experiments and existing planarian literature, suggests that pbx-7
and meis-2 regulate as a dimer the posterior pole marker wut1 and other genes of the posterior specification
program, while prep and pbx-1 regulate pole markers and FGFRL family members in the anterior blastema.
In conclusion, these findings provide one of the first insights into the gene regulatory networks of planarian
regenerative abilities, offering perspectives for understanding the evolution of animal stem cells and body

axis patterning, and potential implications for regenerative medicine.
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Chapter 1. General introduction

This thesis studies gene regulatory networks in planarian stem cells, the evolution of planarian TALE
homeobox genes, and the regulatory function of the TALE genes prep, pbx-1, and meis-2 in planarian
regenerative patterning. First, the field of regenerative biology, the planarians as a model system, planarian
adult pluripotent stem cells, and sequencing technologies used to infer gene regulatory networks are
introduced (1.1 Principles of planarian regeneration and gene regulation). This serves as background to all
the result chapters and the published second chapter that examines the gene regulatory networks active in
planarian stem cells. Second, the literature on TALE factors is reviewed to summarise our knowledge of
their evolution and their role as transcription factors and regulators of gene activity in metazoan
development (1.2 TALE factors in metazoans). This serves as background to the third chapter, which
studies the phylogeny of planarian TALE genes, and the fourth chapter, which investigates the regulatory
roles of TALE factors in regenerative patterning. To further understand the regulatory context of TALE
factors in the fourth chapter, the planarian positional information system and the molecular underpinnings
of the regeneration process from amputation to healing are reviewed in the third part (1.3 Patterning in
planarian regeneration). The research objectives are clarified in the final section of the introduction (1.4
Aims of thesis).

1.1 Principles of planarian regeneration and gene regulation

1.1.1 Regenerative biology is set for a renaissance

Regeneration is the replacement or functional restoration of injured or lost structures in adult multicellular
organisms. It can occur at different structural levels: axons repair at the cellular level, the intestinal
epithelium renews at the tissue level, the heart in zebrafish heals at the organ level, and planarians are
capable of whole-body regeneration (Bely and Nyberg, 2010). Specifically, restorative or injury-induced
regeneration refers to events of traumatic injury or sudden tissue loss, while the continuous turnover of
cells and tissues throughout the life of an organism is sometimes included in the definition of regeneration
and denoted as homeostatic or physiological regeneration. Historically, regenerative events were classified
as either epimorphosis or morphallaxis. In this classification, epimorphic regeneration is driven by cell
proliferation, whereas morphallactic regeneration occurs through the remodeling of pre-existing cells and
tissues without an increase in cell number (Morgan, 1901b). However, since many regenerative events
include both cell proliferation and remodeling such as in planarians, modern regenerative biology classifies
regenerative mechanisms based on the origin of regenerated cells: stem cells, dedifferentiation, and
transdifferentiation (Poss and Tanaka, 2024).

The conundrum of regeneration has intrigued biologists since the dawn of biology itself; the first humans
likely observed which injuries regenerate and which do not. In Ancient Greece and Rome, Aristotle and
Pliny described some cases of regeneration, but it was Trembley (1744) who led the rediscovery of the field
by describing regeneration in hydra. Trembley’s findings sparked a series of further studies: Bonnet (1745)
demonstrated that some annelid worms regenerate, while Spallanzani’s Prodromo (1768) described
regeneration in tadpoles, salamanders, and snails. As for planatians, old Chinese manuscripts from the 800s
hint at regeneration by describing fission in flatworms (Elliott and Sanchez Alvarado, 2013). In the West,
Pallas (1774) encountered planarians in the Ural mountains (Figure 1.1B), and to Dalyell (1814) planarians
were “almost to be called immortal under the edge of the knife”. However, it was T. H. Morgan (Figure
1.1D) who established planarians as a scientific model system in his influential work from 1898 to 1905
before famously turning to fly genetics.

Regeneration remains one of the greatest unanswered questions in biology. Does regeneration recapitulate
development? How has regeneration evolved, and why do some animals regenerate, while others do not?
Are regenerative abilities adaptive traits in themselves or emergent epiphenomena of other underlying
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Figure 1.1 Introduction to planarians. (A) Image of the main modern planarian model species,
Schmidtea mediterranea. (B) Illustration from Pallas (1774) Spicilegia Zoologica. Two planarians are depicted
in the lower right corner. (C) Planarians belong to the lophotrochozoans or spiralians in the metazoan
phylogeny. (D) T. H. Morgan established planarians as a modern model system between 1898 and 1905
(Shine and Wrobel 2014). (E) Schematic illustrations of the planarian nervous system, the digestive
system, and protonephridia. (F) Asexual reproduction in planarians occurs through fission. (G) In
sexual strains, hermaphrodites copulate and lay cocoons.

10



processes? What are our limits to regenerative abilities? The existence of regenerative abilities in all
metazoan basal taxa suggests that regeneration is an ancestral trait of all animals (Bely and Nyberg, 2010;
Lai and Aboobaker, 2018). Recently, there has been a renaissance in regenerative biology from an
evolutionary or comparative perspective, as new model species are emerging or re-emerging (Lai and
Aboobaker, 2018). In the past two decades, planarians have entered the age of molecular genetics and
remain as a primary driving force of the field of developmental and regenerative biology. In this thesis, I
aim to bring the planarians into the age of “regulomics” and understand the gene regulatory networks of
the two robust aspects of planarian whole-body regeneration: adult pluripotent stem cells and the positional
information system that patterns regenerating structures.

1.1.2 Planarians remain a primus motor of regenerative biology

Planarians are flatworms (order Tricladida, phylum Platyhelminthes, superphylum Lophotrochozoa, Figure
1.1A, C) that inhabit both marine and freshwater ecosystems, as well as terrestrial habitats (Sluys and
Riutort, 2018). They are bilateral, triploblastic and acoelomate, with a complex internal anatomy (Figure
1.1E) (Sluys and Riutort, 2018). The central nervous system consists of the bilobed, arch-shaped cephalic
ganglia (i.e. the brain) and two ventral nerve cords (VNCs) (Ross et al., 2017). The cephalic ganglia are
connected by an anterior commissure, and lateral branches project towards the margin (Ross et al., 2017).
The VNCs extend to posterior end and are interconnected via transversal commissures along the length of
the worm (Ross et al., 2017; Pascual-Carreras, 2020). The brain includes different neuronal subpopulations:
serotonergic, dopaminergic, glutamatergic, GABAergic, and cholinergic neurons (Ross et al., 2017; Pascual-
Carreras, 2020). Photoreceptors are located dorsally and include rhabdomeric photoreceptor neurons and
pigmented optic cup cells (Reddien et al., 2021). Neuronal projections from the photoreceptors form an
optic chiasm (Scimone et al., 2020).

A three-branched digestive system with an anterior branch and two posterior branches distributes nutrients
ingested by the muscular pharynx in the worm's central region (Figure 1.1E) (Forsthoefel et al., 2011). The
pharynx is a cylindrical muscle that connects to the intestine through the esophagus and serves as both
mouth and anus (Forsthoefel et al., 2011). The monostratified epithelium of the gut includes absorptive
phagocytes and secretory goblet cells that are surrounded by the enteric musculature (Forsthoefel et al.,
2011; Pascual-Carreras, 2020). The excretory and osmoregulatory system is composed of protonephridia
that are scattered throughout the worm (Figure 1.1E) (Scimone et al., 2011; Pascual-Carreras, 2020).
Protonephridia consist of flame cells, tubule cells, and the collecting duct (Scimone et al., 2011; Pascual-
Carreras, 2020).

The planarian epidermis secretes protective mucus and contains non-ciliated and ventral ciliated cells used
for locomotion (Cheng et al., 2018; Pascual-Carreras et al. 2020). The three-layered body wall musculature
contains longitudinal, circular, and diagonal fibers and is important for locomotion but also for providing
positional information during regeneration and secreting extracellular matrix (ECM) components (Scimone
et al.,, 2017; Cote et al., 2019). Planarians lack circulatory and respiratory systems, and oxygen diffuses
through the epidermis to internal organs (Lewallen and Burggren, 2020). Planarians have both asexual and
sexual strains; obligate asexual worms lack reproductive organs and reproduce through fission, while sexual
strains are cross-fertilising hermaphrodites with testes and ovaries (Figure 1.1F, G) (Newmark et al., 2008).

Today, the main planarian model species is Schwidtea mediterranea (Figure 1.1A), followed by Dugesia japonica,
Girardia tigrina, and Schmidtea polychroa (Reddien and Sanchez Alvarado, 2004; Agata et al., 2003; Wurtzel et
al., 2015; Booth et al., 2024), but less regenerative planarian species such as Dendrocoeluns lacteum and Phagocata
kawakatsui have also been used for comparative studies of regeneration competence (Liu et al., 2013; Sikes
et al., 2013; Umesono et al., 2013). The advantages of planarians as a model system include easy husbandry
and an expanding molecular toolkit: the genome of S. mediterranea (800 Mb, 4 chromosomes) has been
sequenced and annotated (Grohme et al., 2018), robust functional knockdowns are possible through RNAi
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(Sanchez Alvarado and Newmark, 1999), and gene expression can be revealed by 7 situ hybridisation and
protein localisation by immunohistochemistry (King et al., 2013; Forsthoefel et al., 2018). However,
planarians lack tools readily available in other systems: transgenesis, genetic lineage tracing, gene editing,
overexpression approaches and stem cell culture systems are still unavailable.

1.1.3 Planarians have adult pluripotent stem cells that drive regeneration

Planarian regeneration is based on adult somatic pluripotent stem cells called neoblasts (Figure 1.2A, B).
Here, pluripotency is defined as the capacity to give rise to all somatic cell types and germ cells (Hanna et
al. 2010; Varley et al., 2023). Neoblasts are the only cycling cells of the adult, enable indefinite self-renewal,
and can differentiate to all somatic cell types of the adult body plan, and most likely also the germ cells in
sexual strains (Figure 1.2B) (Bagufia et al., 1989; Newmark and Sanchez Alvarado, 2000; Aboobaker, 2011;
Wagner, 2011). The ability to differentiate to all somatic lineages was demonstrated when a single
transplanted neoblast from an asexual donor could rescue regeneration in a neoblast-depleted sexual host
(Wagner et al., 2011). The ability to give rise to germ cells has been inferred from the regenerative capacity
of head fragments in sexual worms, showing that fragments lacking germ cells can regenerate the sexual
body along with the germline (Morgan, 1901a; Sato et al., 2006).

Neoblasts are driving both homeostatic cell turnover and injury-induced regeneration. The cells are
abundantly scattered in the mesenchyme and constitute 20-30% of all planarian cells (Figure 1.2A) (Bagufia
and Romero, 1981; Garcia-Castro et al., 2021). The neoblast cytoplasm contains chromatoid bodies that
are intricate ribonucleoprotein complexes (Aboobaker, 2011). Additionally, neoblasts have a distinct
morphology and a large nucleus and a high nuclear:cytoplasmic ratio (Figure 2.1B). This ratio is used in
fluorescence-activated cell sorting (FACS) to separate planarian cells into three compartments: X1 cells that
are neoblasts in the S/G2/M phases of the cell cycle, X2 cells that are neoblasts in the G1 phase and post-
mitotic progeny, and Xins cells (insensitive to irradiation) that are differentiated cells (Hayashi et al., 20006;
Labbé et al., 2012; Onal et al., 2012; Romero et al., 2012; Solana et al., 2012). Thus, X1 cells are commonly
used to represent neoblasts for experimental reasons. Since neoblasts are more sensitive to ionising
radiation than differentiated cells, this property is routinely used to specifically ablate stem cells in
planarians.

Neoblasts express a set of markers mostly linked to the cell cycle, chromatoid bodies or germ plasm, and
chromatin remodelers (Shibata et al., 1999; Reddien et al., 2005b; Salvetti et al., 2005; Guo et al., 2006; Rossi
et al., 2006; Oviedo and Levin, 2007; Rossi et al., 2007; Yoshida-Kashikawa et al., 2007; Eisenhoffer et al.,
2008; Palakodeti et al., 2008; Solana et al., 2009; Rouhana et al., 2010; Scimone et al., 2010). The canonical
markers linked to the chromatoid bodies in planarians or other animals include e.g. pawi-1, piwi-2, piwi-3,
vasa, tudor, brult, pumilio. These genes are associated with RNA binding and metabolism in the germline of
many organisms; the Piwi/Argonaute gene family is required for the synthesis of piRNAs that mediate
transposon silencing, while bru/i and pumilio are RNA-binding proteins required for germline development
in flies (Lin and Spradling, 1997, Aboobaker, 2011). Therefore, neoblasts express animal germ plasm
components but are not germline stem cells, as these are a separate planarian cell type expressing unique
markers such as #anos (Wang et al., 2007). This has inspired the idea of a common germline multipotency
program (GMP) shared between the germline and adult stem cells (Juliano et al., 2010). According to the
primordial stem cell hypothesis, adult stem cells are also part of the germline, implying that the Weissmann
barrier would not be positioned between the germline and soma, but rather between “maintainers” in
general (adult stem cells and germline) and differentiated cells (Solana, 2013).

Originally, neoblasts were defined as a morphologically uniform cell population. However, with the advent
of transcriptomics, individual neoblasts were found to be highly heterogeneous in their gene expression
profiles. The neoblast population contains subpopulations of neoblasts expressing transcription factors
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Figure 1.2 Introduction to neoblasts. (A) Neoblasts are scattered throughout the mesenchyme of the
worm, except in the most anterior region and the pharynx. (B) Schematic illustrations of neoblast
properties: neoblasts have a high nuclear:cytoplasmic ratio, are the only proliferating cell type, and are
capable of indefinite self-renewal. Transplantation of a single neoblast can rescue irradiated (neoblast-
depleted) worms, and neoblasts are able to differentiate into all cell types in the adult worm. (C) Two
main models of neoblast pluripotency are depicted as simplified schematics. In the “hierarchical model”,
a subset of neoblasts constitutes a pluripotent subpopulation that gives rise to specialised neoblasts
expressing fate-specific transcription factors. In the single-step fate model, specialised neoblasts divide
asymmetrically and give rise to a fate-specified daughter and a daughter cell that undergoes fate switch
into another lineage.
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specific for differentiated cell fates (FSTFs, fate-specific transcription factors), including those for eyes
(Lapan and Reddien, 2011; 2012), neural subtypes (Cowles et al., 2013; Currie and Pearson, 2013; Mirz et
al., 2013; Cowles et al., 2014; Scimone et al., 2014b, Molinaro and Pearson, 2016; Roberts-Galbraith et al.,
2016; Ross et al., 2017, 2018), pharyngeal cells (Adler et al., 2014), protonephridial cells (Scimone et al.,
2011), muscle cells (Scimone et al., 2017, 2018), anterior pole cells (Scimone et al., 2014a, Vasquez-
Doorman and Petersen, 2014; Vogg et al., 2014), and parenchymal cells (Fincher et al., 2018). Recently,
these transcriptomic profiling efforts have been further augmented by an ever-increasing collection of single
cell RNA-sequencing atlases (Fincher et al., 2018; Plass et al., 2018; Zeng et al., 2018; Benham-Pyle et al.,
2021; Garcia-Castro et al., 2021). Thereby, the presence of neoblasts specialised for certain fates has raised
the question of whether any of the subclasses is at the top of the differentiation hierarchy and constitutes
a population of naive stem cells that give rise to all other subclasses. An earlier pioneering single-cell
multiplexed qPCR approach subdivided neoblasts into o, {, and y; {-neoblasts are epidermis-specialised, y-
neoblasts are intestine-specialised, while o-neoblasts were hypothesised to harbor the naive or pluripotent
neoblasts (van Wolfswinkel et al., 2014). In a subsequent scRNA-seq study, neoblasts enriched for the cell
surface marker tetraspanin-1 (TSPAN-1) and the tetraspanin group specific gene 1 (#g5-7) were observed to
have higher rescue potential in a neoblast-depleted background, suggesting that these could constitute the
source of pluripotency (Zeng et al., 2018).

On the other hand, there might not be a single subclass to rule them all (Raz et al., 2021; Reddien et al.,
2022). Indeed, Raz et al. (2021) discovered that different FSTF-expressing neoblast subpopulations likely
harbour pluripotent neoblasts, or at least neoblasts not restricted to a single germ layer, i.e. FSTF-expressing
cells can express different FSTFs in subsequent rounds of division (Raz et al., 2021). Furthermore, neoblasts
expressing fgs-1 were discovered to express many neural precursor markers (Raz et al., 2021). These
experimental findings led to the single-step fate model, in which specialised neoblasts can divide
asymmetrically and give rise to a fate-specified post-mitotic daughter cells and a daughter cell that is able to
switch fate and specialise into another fate (Raz et al.,, 2021; Reddien et al., 2022). FSTFs are expressed
mainly in the S/G2/M phases of the neoblast cell cycle, but less so in the G1 phase, suggesting that the
fate-specific expression program becomes reset before the following cycle. Therefore, flexible and dynamic
fate switching rather than a specific pluripotent subclass explains pluripotency of the whole neoblast
population in the single-step fate model (Raz et al., 2021). However, how fate switching occurs, how the
fate-specification apparatus is reprogrammed in neoblasts, and how the single-step fate model maintains
stemness in the neoblast population over time are yet to be clarified.

Lastly, the epigenomic state and chromatin dynamics of neoblasts and their progeny are central to
maintaining self-renewal and differentiation. Neoblasts are enriched for both histone-modifying enzymes
and chromatin remodeling enzymes (Onal et al., 2012; Solana et al., 2012), and neoblast function is
perturbed following knockdown of NuRD complex components (Scimone et la., 2010; Jaber-Hijazi et al.,
2013; Vasquez-Doorman and Petersen, 2016), COMPASS and COMPASS-like families (Hubert et al., 2013;
Duncan et al., 2015; Mihaylova et al., 2018), CBP/p300 homologues (Stelman, 2021), and BAF complex
components (Wiggans et al., 2023). To avoid cellular senescence, asexual planarians have also evolved
somatic telomerase activity to maintain telomeres (Tan et al., 2012). Altogether, it appears that many aspects
of stem and germ cells are shared between planarians and other model systems in terms of RNA and
genome biology, whereas transcription factors that confer pluripotency appear not to have been conserved.

1.1.4 Sequencing technologies are used to infer gene regulatory networks

Gene regulation is the regulation of gene expression in quantity, time, and space. In broad terms, gene
regulation includes transcriptional regulation, pre-mRNA processing, translational regulation of mRNA,
and post-translational modifications of the translated protein. Transcriptional regulation involves the
coordinated activity of the transcription machinery, transcription factors, and non-coding sequences or cis-

regulatory genomic regions (CREs), which include the promoter, enhancers, silencers or repressors, and
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insulators (Kim and Wysocka, 2023). At the promoter, the enzyme RNA polymerase 11 (RNA Pol II) and
basal or general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) form the basal
transcriptional machinery, the preinitiation complex (PIC), which transcribes the gene (Soutourina, 2018).
Specific transcription factors bind to transcription factor binding sites (TFBS) in enhancers and silencers,
recruit co-regulators such as chromatin remodelers and histone-modifying enzymes, loop the chromatin to
bring together the enhancer and the promoter, and modulate the activity of the PIC through the Mediator
complex (Soutourina, 2018; Kim and Wysocka, 2023). Specific transcription factors can be classified with
respect to their DNA binding domains, including homeodomain proteins, basic-helix-loop-helix factors,
and zinc fingers (Lambert et al., 2018).

A system of transcription factors regulating their target genes is often presented and modelled as a gene
regulatory network (GRN) (Karlebach and Shamir, 2008; Peter and Davidson, 2015; Badia-i-Mompel et al.,
2023). Mathematically, GRNs can be modelled as discrete logical models (e.g. Boolean networks),
continuous models (e.g. ordinary differential equations), and single-molecule level models (Karlebach and
Shamir, 2008). In developmental biology, the concept of GRNs was pioneered by Eric H. Davidson, who
utilised expression patterns, perturbation experiments and analysis of cis-regulatory elements to construct
a logical GRN model capturing the specification of cell lineages in the sea urchin embryo (Britten and
Davidson, 1969; Davidson et al., 2002; Davidson and Erwin, 2006; Davidson and Levine, 2008; Peter and
Davidson, 2015). Overall, the pre-omic era recognised that constructing a GRN requires the identification
of its components, namely transcription factors (TFs) and cis-regulatory elements. Thus far, identifying
transcription factors has been simpler due to their conserved protein-coding domains, whereas discovering

active cis-regulatory elements within the genome has been more challenging.
gu Y g ging.

When transcriptomics came of age, methods relying on coexpression matrices were used to infer regulatory
networks (Langfelder and Horvath, 2008; Huynh-Thu et al., 2010). However, as these approaches do not
identify direct cis-regulatory interactions, methods were developed to detect TF binding. ChIP-seq
(chromatin immunoprecipitation followed by sequencing) and CUT&TAG (cleavage under targets and
tagmentation) can be used to profile the binding of individual TFs in the genome, but these techniques are
restricted to TFs for which antibodies are available (Johnson et al., 2007; Kaya-Okur et al., 2019). Therefore,
chromatin signatures, in combination with TF motifs, have been used to infer cis-regulatory regions on a
larger scale. Enhancer-associated histone modifications, such as acetylated lysine 27 of histone H3
(H3K27ac) and lysine 4 on histone 3 (H3K4me1), can also be identified by using ChIP-seq (Shlyueva et al.,
2014), while open chromatin can be identified by using DNase-seq (DNase I hypersensitive site sequencing)
(Boyle et al., 2008), FAIRE-seq (formaldehyde-associated isolation of regulatory elements followed by
sequencing) (Giresi et al., 2007), MNase-seq (micrococcal nuclease sequencing) (Yuan et al., 2005), and
ATAC-seq (Assay for transposase-accessible chromatin using sequencing) (Buenrostro et al., 2013). In the
fast-evolving era of single-cell sequencing, scRNA-seq and scATAC-seq (Buenrostro et al., 2015) have been
combined to generate multiome data (Badia-i-Mompel et al., 2023; Baysoy et al., 2023). To infer GRNs
from these datasets, a plethora of algorithms have recently been developed, including ANANSE (Xu et al.,
2021), SCENIC+ (Bravo Gonzalez-Blas et al., 2023), GRANIE and GRANPA (Kamal et al., 2023), and
PANDO (Fleck et al., 2023). Nonetheless, all the methods rely on the same underlying biological logic: TFs
are assigned to CREs that are assigned to target genes, and these regulatory interactions are used to

construct networks.

As regenerative and non-regenerative species mostly share the same underlying molecular toolkit of genes,
differences in regenerative abilities are also thought to arise from differences in the cis-regulatory code
(Srivastava, 2021). So far, enhancers active during tissue-level regeneration have been identified in Drosophila
imaginal discs (Harris et al., 2016), the African killifish (Wang, W., et al., 2020), and most extensively in
zebrafish organs (Kang et al., 2016; Goldman et al., 2017; Goldman and Poss, 2020; Thompson et al., 2020;
Cao et al. 2022; Sun et al. 2022; Cigliola et al., 2023). In urodeles, snRNA-seq have been used to understand
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telencephalon regeneration after injury (Lust et al., 2022). Furthermore, acoels and Hydra have begun to
shed light on the cis-regulatory code in whole-body regeneration (Gehrke et al., 2019; Murad et al., 2021).
Against this background, the demand for understanding regulatory mechanisms in planarian regeneration

is ever-increasing.

1.2 TALE factors in metazoans

Understanding a gene regulatory network requires an understanding of the genes within that network. Here,
the evolution of TALE factors and the regulatory activities of Pbx, Prep, and Meis are reviewed as
background for the third and fourth chapters.

1.2.1 TALE factors are a subclass of homeobox genes

TALE (Three Amino Acids Loop Extension) factors constitute a subclass of homeobox genes alongside
the other subclasses ANTP, PRD, LIM, POU, HNF, SINE, CUT, PROS, ZF, and CERS (Holland et al.,
2007). Homeobox genes share the homeodomain of around 60 residues, consisting of three a-helices that
bind to DNA (Burglin and Affolter, 2016). Many homeobox genes are involved in regulating embryonic
development and cell fate specification, the most famous being the eponymous class of Hox factors
(Burglin and Affolter, 2016). TALE factors are further subdivided into five subclasses: PBC or PBX,
MEINOX or MEIS and PREP, TGIF, IRO (Iroquois), and MKX (Mohawk) (Mukherjee and Biirglin,
2007).

The PBX genes (Pre-B-cell leukemia homeobox) were discovered as translocation partners with E2a in
human pre-B acute lymphocytic leukaemia (Kamps et al., 1990; Nourse et al., 1990). At the same time, the
homolog of PBX in flies, extradenticle (exd), was named after the extra denticles observed in the abdominal
region of larvae in mutation screens (Wieschaus et al., 1984; Peifer and Wieschaus, 1990). Mice, humans,
and chicks have four Pbx genes (Pbx1-4), while zebrafish has six (pbx1a, pbx1b, pbx2, pbx3a, pbx3b, pbx4 or
lazarus) (Mukherjee and Birglin, 2007). Misleadingly, pbx4 ot lazarus in zebrafish is an orthologue of
mammalian Phx3, and no orthologue of Pbx4 appears to exist in the zebrafish genome (Longobardi et al.,
2014). Exd is the single orthologue in D. melanogaster, while C. elegans has three PBC genes: the conserved
ceh-20, and the divergent ceh<40 and ceh-60 (Mukherjee and Biirglin, 2007).

The MEINOX (a contraction of MEIS and KNOX) clade includes Meis and Prep/Pknox. Meis (Myeloid
Ecotropic viral Integration Site) genes were discovered by viral insertion mutagenesis in mouse (Moskow
et al.,, 1995; Steelman et al., 1997), while Prep (PBX Regulatory Protein) or Pknox (PBX/Knox1-related)
genes were discovered when screening human cDNA libraries (Chen et al., 1997; Berthelsen et al., 1998).
In amniote model species, humans and mice have two Prep genes (PrepT and Prep2) and three Meis genes
(Meis1-3), while chick has two Prep genes (Prep? and Prep2) but only two Meis genes (Meis? and Meis2)
following loss of Meis3 (Mukherjee and Biirglin, 2007; Sanchez-Guardado et al., 2011). In zebrafish, prep is
represented by three copies (prepla, preplb, prep2) and meis by five (meisla, meislb, meis2a, meis2b, meis3)
(Mukherjee and Biirglin, 2007). In D. melanogaster, the single MEINOX member homothorax (bth) was named
after the mutational phenotype: homogenisation in the morphology of thoracic denticle bands (Jiirgens et
al., 1984; Rieckhof et al., 1997). In C. elegans, the homologue of Meis is #ne-62, which derives its name from
the uncoordinated (Unc) phenotype observed in the first forward genetic screens (Brenner, 1974; Van
Auken et al., 2002). In addition, C. elgans has a divergent orthologue of Prep, psa-3, which has lost its
homeodomain but retained the conserved MH-A and MH-B domains (Mukherjee and Biirglin, 2007).
Originally, the presence of a single MEINOX homologue in D. melanogaster gave rise to the simplistic
interpretation that Prep genes had arisen in the deuterostome lineage, but this idea was revised when both
Meis and Prep were discovered in other insects and the cnidarian IN. vectensis, tracing the divergence between
Prep and Meis turther back to the base of the metazoan tree (Mukherjee and Biirglin, 2007).

TGIF (Transforming growth factor-B-induced factor or 5-TG-3 interacting factor) factors were described
as a new a subclass of TALE factors binding to the promoter of CRBPII (Bertolino et al., 1995). Human
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and mouse have four TGIF genes (IGIF1, TGIF2, TGIFLX, TGIFLY), while chick and zebrafish both
have two (#gf7 and 7/f2) (Hu et al., 2011). Therefore, the sex chromosome-linked TGIFLX and TGIFLY
are eutherian innovations, and it appears that at least TGIFI.X evolved from autosomal TGIF2 through
retrotransposition (Blanco-Arias et al. 2002). In their phylogenetic analysis, Mukherjee and Burglin (2007)
found that the presence of 172 was restricted to the vertebrate clade, whereas the presence of a single 7
gene in the N. vectensis genome suggest that the Tgif clade diverged from an ancestral MEINOX gene at or
before the base of the metazoan phylogeny. In Drosophila, the etymology of the name of the Tgfhomologue
achintya (achi) derives from the Sanskrit word meaning “that which is beyond thought and contemplation”,
while vismay is Hindi for “surprise” (Ayyar, 2003; Hyman et al., 2003). However, achi and visin D. melanogaster
are the outcome of a recent gene duplication event, as the closely related D. pseundoobscura only has a single
gene copy (Mukherjee and Birglin, 2007).

The IRO class was defined by three genes in the Iroquois complex of D. melanogaster, araucan (ara), canpolican
(canp), and mirror (mirr) (Mukherjee and Birglin, 2007). In D. melanogaster, the first mutant of this complex
had suppressed lateral bristles in the dorsal mesothorax but kept its bristles in the central region, thus giving
rise to a bristle pattern resembling the hairstyle of Iroquois American Indians (Dambly-Chaudiére and
Leyns, 1992; Leyns et al., 1996). Consequently, arancan and caupolican are named after the Araucanian people
and their chief Caupolican who led the resistance against the Spanish invaders of Chile. In contrast, wzrror
is expressed in the dorsal half of the eye and was named after this mirror-image distribution (McNeill et al.,
1997). Human, mouse and chick have six Irx genes (Irx7-6), while zebrafish has 11 copies (irx7a, irx1b,
irx2a, irx3a, irx3b, irxda, irsdb, irx5a, irx5b, irxGa, irx7) following whole-genome duplication (Mukherjee and
Birglin, 2007; Dildrop and Ruther, 2004; Feijo et al., 2004). Interestingly, in both vertebrates and D.
melanogaster Irx genes are clustered in the genome, but this likely reflects independent tandem gene
duplications rather than a homologous cluster structure (Mukherjee and Biirglin, 2007; Kerner et al., 2009).
C. elegans has a single IRO gene 7rx-7, and Irx genes are present in the genomes of N. vectensis and H. vulgaris,
also indicating that the Irx clade diverged at or before the base of the metazoan tree (Mukherjee and Burglin
2007).

Lastly, the MKX (Mohawk homeobox) was named after one of the Iroquois nations, the Mohawk, and was
discovered in mouse when querying for Irx genes in the mouse genome (Anderson et al., 2006; Mukherjee
and Biirglin, 2007). Indeed, the M#zx subclade belongs to the same clade as the Irx genes, and appears to
be robust against gene duplications as Mukherjee and Biurglin (2007) found a single copy in most
deuterostome and protostome species in their phylogenetic analysis. Underwhelmingly, the M#éx
homologue in D. melanogaster was overlooked by developmental geneticists, and is known as CG77677 and
is pootly characterised unlike the genes of the other TALE subclasses (Mukherjee and Biirglin, 2007).

Allin all, TALE genes predate metazoans and their evolutionary origin can be traced possibly all the way
to the last common eukaryote ancestor (Derelle et al., 2007; de Mendoza et al., 2013). Importantly, although
the Hox genes are likely the best known homeobox genes, they have arisen in the metazoan clade and are
not the most basal lineage in the homeobox gene phylogeny (Merabet and Galliot, 2015; Biirglin and
Affolter, 20106). In contrast, TALE factors are present in animals, fungi (M-ATYP and CUP), plants (KNOX
and BEL), and unicellular eukaryotes, rendering them some of the most ancient transcription factors in
eukaryotes (Bharathan et al., 1997; Burglin et al., 1997; Derelle et al., 2007; Biirglin and Affolter, 2016; Joo
et al., 2018). In the homeobox gene phylogeny, the bifurcation into TALE and non-TALE lineages spans
the entire eukaryotic domain of life, suggesting that the divergence into TALE and non-TALE branches
predates eukaryotes, and that the last common ancestor of eukaryotes possessed at least a single TALE and
a non-TALE homeobox gene (Bharathan et al., 1997; Biirglin, 1997; Derelle et al., 2007). To conclude,
TALE factors are an ancestral class of homeobox genes that are deeply embedded in the framework of
metazoan multicellularity.
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1.2.2 TALE factors possess consetrved functional domains

To execute their conserved functions in metazoans, TALE factors rely on a set of conserved functional
domains in the protein sequence. As the name Three Amino Acids Loop Extension implies, TALE factors
contain an atypical homeodomain (HD) containing a three-amino-acids extension between the first and
second helix, further supporting their monophyletic status (Birglin, 1997; Mukherjee and Biirglin, 2007).
These three amino acids are mostly proline-tyrosine-proline (PYP), but alanine-tyrosine-proline (AYP) is
also found in the TGIF class (Mukherjee and Biirglin, 2007). This extension forms a flexible linker and
hydrophobic pocket that influences DNA binding (Passner et al., 1999; Piper et al., 1999; LaRonde-LeBlanc
and Wolberger, 2003; Moens and Selleri, 2006; Mukherjee and Birglin, 2007; Saadaoui et al., 2011; Burglin
and Affolter, 2016; Dard et al., 2018, 2019). This hydrophobic pocket also interacts with the Hox factors
upon DNA binding (see Hox cofactors) (Passner et al. 1999). In addition to the atypical HD, the TALE

factors contain other subclass-specific domains that confer subclass-specific functionality (Figure 1.3).
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Figure 1.3 Functional domains of TALE proteins. The homeodomain is matrked in navy-blue,

functional domains of each subclass are marked in dark grey, and nuclear localization signals (NLS) and

nuclear export signals (NES) are marked in orange (Reichlmeir et al. 2021).

Towards the N terminus, the PBC proteins contain the conserved domains PBC-A and PBC-B that are
necessary for heterodimerisation with MEIS or PREP (see 1.2.3 MEINOX and PBC proteins form dimers)
(Figure 3.1) (Longobardi et al., 2014). In addition, the PBC proteins contain nuclear localisation signals
(NLS) and nuclear export signals (NES) that regulate subcellular distribution (see 1.2.4 Nuclear localisation).
The weaker NLS1 (sequence RRKRR) is located in the N-terminal end of the HD, the stronger NLS2
(sequence KRIRYKKNI) is positioned in the third helix of the HD, a NES-like sequence lies in the PBC-
A domain, and the phosphorylation state of serine residues (S187, S193, S202, S209, and S218) in the PBC-
B domain also control nuclear localisation (Abu-Shaar et al., 1999; Berthelsen et al., 1999; Saleh et al., 2000;
Saleh et al., 2000b; Kilstrup-Nielsen et al., 2003). In the pre-omics era, alternatively spliced isoforms for
Pbx1 (Pbx1a and Pbx1b) and Pbx3 (Pbx3a to d) differing in both N-terminal (Pbx3) and C-terminal (Pbx1
and Pbx3) ends were identified and experimentally validated (Monica et al., 1991; Di Rocco et al., 1997;
Milech et al., 2001). These isoforms display distinct expression patterns during mammalian development,



suggesting isoform-specific developmental functions (Swift et al., 1998; Milech et al., 2001; Schnabel et al.,
2001).

In MEINOX proteins, the conserved domains MH-A and MH-B consisting of two short a-helices
participate in the dimerisation with PBC proteins (Longobardi et al., 2014). The MEIS proteins contain the
conserved sequence stretches MEIS C and D (both about 20 residues) flanking the HD, and the MEIS N
region (about 30 residues) is located towards the N-terminus (Mukherjee and Burglin, 2007). The MH-B
domain includes a NES (sequence LLELEK), and the N-terminal end of the HD is flanked by a NLS
(sequence KKRQ) (Kolb et al., 2018). However, the NLS of Hth seems to be dispensable, and the function
of NLS in mammalian MEIS proteins has not been experimentally validated (Ryoo et al., 1999). In PREP
proteins, no functional NLS has been identified (Berthelsen et al., 1999). The C-terminal end of MEIS
proteins contains a transcriptional activation domain that modulates gene expression (Williams et al., 2005).
The C-terminus also interacts directly with posterior HOX proteins and is necessary for trimeric
PBX:HOX:MEIS complex formation (Shanmugam et al., 1999). Wildtype splice variants have been
discovered in mouse (Meis2a to d), Xenopus (Meislb and Meisld), D. melanogaster (HD-less and HD-
containing) and C. ekgans (Oulad-Abdelghani et al., 1997; Maeda et al., 2001; Van Auken et al., 2002; Glazov
et al., 2005; Noro et al., 2000).

Functional domains of TGIF, IRO, and MKX proteins have not been characterised to the same extent as
in PBC and MEINOX proteins, and our current knowledge is inferred from conservation in multiple
sequence alignments (Mukherjee and Birglin, 2007). TGIF proteins contain the TGIF A domain (17
residues) immediately downstream of the HD and the TGIF box (about 12 residues) towards the C-terminal
end (Wang and Mann, 2003; Mukherjee and Biirglin, 2007). Similarly, the IRO proteins contain the IRO A
domain (13 residues) flanking the HD domain and the IRO box (about 15 residues) towards the C-terminal
end (Mukherjee and Biirglin, 2007). Lastly, the MKX proteins harbour the conserved domains MKX A (30
residues), MKX B (15 residues), and MKX C (12 residues) (Mukhetjee and Biirglin, 2007).

1.2.3 MEINOX and PBC proteins form dimers

In vitro studies and nuclear extracts revealed that MEIS and PREP can form heterodimers with PBX through
interaction between the MH-A and MH-B domains in MEINOX proteins and the PBC-A and PBC-B
domains in PBC proteins (Chang et al., 1997; Knoepfler et al., 1997; Berthelsen et al., 1998a, Jacobs et al.,
1999; Ryoo et al., 1999; Shanmugam et al., 1999). However, the deletion of both the PBC-A and PBC-B
domains together, and then separately, demonstrated that only PBC-A is strictly necessary for dimerisation,
while the PBC-B domain is dispensable (Chang et al., 1997; Knoepfler et al., 1997; Berthelsen et al., 1998a;
Abu-Shaar et al., 1999; Jacobs et al., 1999; Ryoo et al., 1999; Shanmugam et al., 1999). Similarly, collective
deletion of MH-A and MH-B in Hth, specific deletion of MH-A in Prep1 and Hth, and point mutations in
Prepl demonstrated that MH-A is necessary for dimerization (Berthelsen et al., 1998a; Ryoo et al., 1999;
Diaz et al., 2007). However, no studies appear to have tested further whether the MH-B domain is necessary

for dimerisation.

Dimerisation can occur in the absence of binding to DNA, but formation of the dimeric MEIS/PREP:PBX
complex enhances DNA binding and increases specificity (Chang et al., 1997; Knoepfler et al., 1997,
Berthelsen et al., 1998a; Jacobs et al., 1999; Ryoo et al., 1999; Shanmugam et al., 1999). Nonetheless, both
homeodomains are necessary for DNA binding after dimerisation (Stevens and Mann, 2007; Mann and
Chan, 1996; Ferretti et al., 2000; Mathiasen et al., 2016). In addition, dimerisation with PBC proteins frees
up the C-terminal in MEIS proteins for transcriptional activation, likely because the MH-A and MH-B
domains fold onto it and block its function in monomeric MEIS proteins (Hyman-Walsh et al., 2010).
Dimerisation between MEINOX and PBC proteins is an ancestral feature and has been observed in various
eukaryotic lineages (Joo et al., 2018). Dimerisation with MEINOX proteins regulates the activity of PBX
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proteins post-translationally, as dimerisation is essential for PBX proteins to enter the nucleus for

transcriptional activation.

1.2.4 Nuclear localisation controls TALE activity

As discovered in fly embryos, the activities of Exd and Hth are regulated through their dynamic subcellular
localisation (Mann and Abu-Shaar, 1996; Aspland and White, 1997). Hth is both necessary and sufficient
to induce cytoplasmic to nuclear translocation of Exd, while Exd is necessary for the nuclear localisation
of Hth (Rieckhoff et al., 1997; Abu-Shaar and Mann, 1998; Kurant et al., 1998; Jaw et al., 2000). Similatly,
the nuclear localisation of Pbx1 correlates with the expression of Meis1 and Meis2 in the developing limb
buds in mouse and chicken (Gonzalez-Crespo et al., 1998; Capdevilla et al., 1999; Mercader et al., 1999).
Also in frog and zebrafish embryos, nuclear localisation of Meis proteins was functionally demonstrated to
depend on Pbx (Vlachakis et al., 2001; Maeda et al., 2002). In the cytoplasm, PBX proteins interact with
non-muscle myosin heavy chain II B that prevents them from entering the nucleus (Huang et al., 2003).
Also PREP2 requires PBX1 for its nuclear localisation, and interaction with actin and microtubule
cytoskeletons facilitates retention of PREP2 in the cytoplasm (Fognani et al., 2002; Haller et al., 2004).

The balance between nuclear import and export governs nuclear localisation of the Exd:Hth dimer,
mediated by NLS and NES sequences. The NLS sequence in Hth is dispensable, while Exd has two NLSs
in the HD (Abu-Shaar et al., 1999; Berthelsen et al., 1999; Ryoo et al., 1999; Saleh et al., 2000b). Therefore,
MEINOX proteins enter the nucleus with the aid of the NLS in PBC proteins. Since repression of the
nuclear export pathway accumulates Exd/Pbx in the nucleus, the NESs were proposed to be in either PBC-
A (Berthelsen et al., 1999) or PBC-B (Abu-Shaar et al., 1999). The lack of a proper NES sequence in the
PBC-A domain led to the idea that PBC-A promotes nuclear export indirectly by folding onto and masking
the NLSs in the HD (Saleh et al., 2000). However, Kilstrup-Nielsen et al. (2003) found two adjacent NESs
of the leucine-rich type in the PBC-A domain that mediate direct contact with the CRM1 export receptor.
Furthermore, PKA was found to phosphorylate serine residues in the PBC-B domain 7 vitro, and PKA
activation blocks nuclear export of PBX 7 vivo (Kilstrup-Nielsen et al., 2003). In another study, disruptive
point mutations indicated the presence of a NES in the PBC-B domain (Stevens and Mann, 2007). Taken
together, both the PBC-A and PBC-B domains appear to regulate nuclear export of the PBC:MEINOX

dimer.

1.2.5 TALE proteins are Hox cofactors

The “Hox specificity paradox” refers to the seemingly contradictory observation that Hox factors regulate
specific developmental programs but bind highly similar DNA sequences (TAAT) i vitro (Merabet and
Mann, 2016). The existence of additional binding partners, so called Hox cofactors, were offered as a partial
explanation to this paradox. After pioneering studies on fly development, the TALE factors rose to fame
and became known as these essential Hox cofactors. In D. melanogaster, both exd and hth mutants resemble
Hox mutants, but they do not affect Hox gene expression, suggesting that they modulate HOX protein
binding (Peifer and Wieschaus, 1990; Rauskolb et al., 1993; Rauskolb and Wieschaus, 1994; Rieckhof et al.,
1997; Kurant et al., 1998; Pai et al., 1998). Similatly, mutants of pbx, prep, and meis were discovered to
resemble Hox mutants and were reasoned to acts as cofactors of Hox proteins in the vertebrate hindbrain
and C. elegans (Poppetl et al., 1995, 2000; Ferretti et al., 2000; Van Auken et al., 2002; Samad et al., 2004).
The TALE-HOX partnership appears to be conserved even beyond bilaterians, as TALE factors in the
cnidarian N. vectensis are also able to interact with HOX proteins (Ferrier et al., 2014; Hudry et al., 2014,
Merabet and Galliot, 2015). However, this partnership seems to have arisen in metazoans, as TALE factors
from the unicellular Acanthamoeba are unable to interact with HOX proteins (Hudry et al., 2014).

In the wake of the enthusiasm sparked by the first observed mutants, an extensive research program was
initiated to understand the structural biology of the PBC:HOX dimer and cooperative DNA binding
dynamics (Chan et al., 1994; van Dijk and Murre, 1994; Chang et al., 1995; Johnson et al., 1995; Knoepfler
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and Kamps, 1995; Lu et al., 1995; Neuteboom et al., 1995; Phelan et al., 1995; Chan and Mann, 1996; Chang
et al., 1996; Lu and Kamps, 1996; Peltenburg and Murre, 1996; Shen et al., 1996; Lu and Kamps, 1997,
Neuteboom and Murre, 1997; Phelan and Featherstone 1997; Shen et al., 1997a; Piper et al., 1999; Passner
et al.,, 1999; LaRonde-LeBlanc and Wolberger, 2003; Joshi et al., 2007; Slattery et al., 2011; Dard et al,,
2018). Indeed, formation of the PBC:HOX complex was found to increase and modulate DNA binding
specificity of Hox factors (Chang et al., 1996; Shen et al., 1996; Lu and Kamps, 1997; Neuteboom and
Murre, 1997; Joshi et al., 2007; Slattery et al., 2011). PBC proteins interact with the hexapeptide motif
(IYPWMK) situated N-terminal to the homeodomain of HOX proteins (Lu and Kamps, 1996; Peltenburg
and Murre, 1996; Shen et al., 1996; Shen et al., 1997; Passner et al., 1999; Piper et al., 1999; LaRonde-
LeBlanc and Wolberger, 2003; Saadaoui et al., 2011). Crystallography of complexes in D. melanogaster and
mammals revealed that the hexapeptide forms strong contacts within the hydrophobic pocket created by
the homeodomain in PBC proteins (Passner et al, 1999; Piper et al, 1999; LaRonde-LeBlanc and
Wolberger, 2003; Joshi et al., 2007). In the PBC:HOX complex, each homeodomain binds one half of an
octameric DNA sequence, and the third helix of each homeodomain inserts into the main groove of the
DNA double helix (Passner et al., 1999; Piper et al., 1999, LaRonde-LeBlanc and Wolberger, 2003; Joshi et
al., 2007). However, PBC:HOX dimers can form even in the absence of the hexapeptide, suggesting that
the interaction between PBC and HOX is more versatile than initially thought (Galant et al., 2002; Hudry
et al., 2012; Foos et al., 2015). In fact, later studies have revealed that binding specificity also depends on
the extended and unstructured regions in Hox proteins (Joshi et al., 2007). In the current model, binding
specificity is provided by extended regions of the Hox/Exd complex that insert into the minor groove and
recognise a sequence-dependent DNA structure (Joshi et al., 2007).

The first experiments indicated that Exd seems to interact with and increase the binding specificity of Hox
proteins from Labial to AbdA, but not the posterior AbdB (Chan et al., 1994; van Dijk and Mutre, 1994;
Johnson et al., 1995; Chan and Mann, 1996). However, a SELEX-seq screening indicates that Exd can
dimerise with all eight Hox proteins in D. melanogaster (Slattery et al., 2011). Similarly, the first 7z vitro studies
suggested that vertebrate Pbx proteins can dimerise with the ten first Hox paralog proteins, but not with
posterior-group Hox11-Hox13 proteins (Chang et al., 1995; Knoepfler and Kamps, 1995; Lu et al., 1995;
Phelan et al., 1995; Chang et al., 1996; Neuteboom and Mutre, 1997; Shen et al., 1996; Shen et al., 1997a).
However, bimolecular fluorescence complementation (BiFC) in human cells revealed that HOXAT11,
HOXD12, and HOXB13 can interact with PBX1, and that HOX proteins from the posterior groups can
form ternary HOX:PBX1:MEIS1 complexes (Dard et al., 2018). Lastly, genome-wide ChiP-seq has
demonstrated the co-occupancy of PBC and Hox proteins (paralog groups 1 to 7) also iz vivo (Donaldson
et al., 2012; De Kumar et al., 2017; Bridoux et al., 2020; Feng et al., 2022).

With respect to the MEIS:HOX dimer, MEIS1 was first discovered to dimerise with posterior HOX
proteins (HOX9 to HOX13), but later experiments also revealed interactions with anterior Hox proteins
(Shen et al., 1997b; Williams et al., 2005). In these studies, MEIS proteins were shown to interact with HOX
proteins through C-terminal sequences (18 residues in MEIST and 93 residues in MEIS2) (Williams et al.,
2005). ChIP-exo and CAP-selex experiments have further validated interaction between MEIS and
posterior HOX proteins (Jolma et al., 2015). In a genomic context, ChIP-seq in Drosophila and mouse
embryos along with hematopoietic cells have indicated the co-occupancy of MEIS and both anterior and
posterior HOX proteins (Choo et al., 2011; Fan et al., 2012; Huang et al., 2012; Penkov et al., 2013; Delgado
et al., 2021).

As PBC proteins dimerise with MEINOX and HOX proteins through different interaction surfaces, it
allows for the formation of trimeric MEINOX:PBC:HOX complexes. Indeed, the first trimeric complex
to be observed was the Prep1:Pbx1:Hoxb1 complex ## vitro (Berthelsen et al., 1998a). In Drosophila embryos,
the trimeric Hth:Lab:Exd complex is required for the activity of an autoregulatory enhancer of /b (Ryoo et
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al., 1999; Ebner et al., 2005). Likewise, Pbx:Meis:Hox and Pbx:Prep:Hox trimers have been found to
assemble on enhancers and drive Hox gene expression in the vertebrate hindbrain (Jacobs et al., 1999;
Ferrett et al., 2000; Vlachakis et al., 2000; Ferretti et al., 2005). Adjacent Pbx/Hox and Prep/Meis binding
sites facilitate trimerisation, but the trimeric complex can form even without Meis binding to DNA
(Berthelsen et al., 1998a; Ryoo et al., 1999; Shanmugam et al., 1999; Ferretti et al., 2000; Ferretti et al., 2005).
Nonetheless, the MEIS C-terminal is required for the formation of trimeric complexes (Shanmugam et al.,
1999). Lastly, ChIP-seq studies have also found tripartite co-occupancy of Pbx, Meis, and Hox proteins in
the genome (Amin et al., 2015; Bridoux et al., 2020).

1.2.6 TALE factors also interact with non-HOX components

Although TALE factors first gained a reputation as cofactors to Hox genes, later research has unveiled
numerous Hox-independent functions. A combination of 7 vitro studies, protein-protein interaction screens
and ChIP-seq experiments suggest that Pbx proteins interact with multiple other homeobox proteins, other
transcription factors such as basic helix-loop-helix factors (bHLH), and miscellaneous other proteins (Table
1.1). Among non-Hox genes, the best characterised Pbx interactors are Pdx1 and myogenic bHLH factors
that are involved in the differentiation of the pancreas and muscle cells, respectively (Table 1.1). Likewise,
the non-Hox interactome of Meis proteins has been discovered to include notable interactions between
Pax and DIx proteins in neuronal development (Table 1.2). The interactome of Prep is not as well
characterised, but includes a set of other transcription factors (Table 1.3). Beyond metazoans, the TALE
factor MATalpha2 has been discovered to interact with the other homeobox gene MATal (Li et al., 1995;

Biirglin and Affolter, 2016).

Table 1.1 Non-Hox interactions with Pbx.

Homeobox proteins

Pdx1 (Peers et al., 1995; Goudet et al., 1999;
Liu et al., 2001; Kim et al., 2002)

Emx2 (Capellini et al., 2010)

En (Kobayashi et al., 2003)

Pax6 (Mikkola et al., 2001)

FoxC1 (Berry et al., 2005)

TIx3 (Rhee et al., 2004)

POU2F1 (Rave-Harel et al., 2004)

bHLH proteins

TCF3 or E2A (Knoepfler et al., 1999)

MyoD (Knoepfler et al., 1999; Maves et al.,
2007)

Myogenin (Knoepfler et al., 1999)

Myt6 (Knoepfler et al., 1999)

Myt5 (Knoepfler et al., 1999)

HAND?2 (Losa et al., 2023)

Other transcription factors

ZNF462 (Laurent et al., 2007; Laurent et al., 2009a,
b)

Klt4 (Bjetke et al., 2011)

TRalpha (Wang et al., 2001)

Glucocorticoid receptors (Subramaniam et al., 2003; Ravasi et al,,
2010)

Eralpha (Magnani et al., 2011)

Smad2,3 .4 (Bailey et al., 2004)

Other proteins

NMHCB (Huang et al., 2003)

Zipper (Huang et al., 2003)
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PBXIP1
ZNHIT3
ZDHHC7

(Abramovich et al., 2000)
(Ravasi et al., 2010)
(Ravasi et al., 2010)

Table 1.2 Non-Hox interactions with Meis.

Homeobox proteins

Otx2
Pax3, Pax6, Pax7

(Agoston and Schulte, 2009)
(Agoston et al., 2012, 2014)

DIx2, DIx3 (Agoston et al., 2014; Jolma et al., 2015)

En (Kobayashi et al., 2003)

Pdx1 (Swift et al., 1998; Liu et al., 2001)

TIx1, TIx2 (Milech et al., 2010; Ravasi et al., 2010)

Emx2 (Ravasi et al., 2010)

Evx1 (Jolma et al., 2015)

Drgx (Jolma et al., 2015)

Onecut2 (Jolma et al., 2015)

bHLH proteins

TCF3 or E2A (Knoepfler et al., 1999)

MyoD (Knoepfler et al., 1999; Maves et al,
2007)

Myogenin (Knoepfler et al., 1999)

Myt6 (Knoepfler et al., 1999)

Myt5 (Knoepfler et al., 1999)

Max (Jolma et al., 2015)

Other transcription factors

Ey (Bessa et al. 2002)

Tsh (Bessa et al. 2002)

Klf4 (Bjerke et al. 2011)

Ikaros (Aubrey et al. 2022)

Lobe (Singh et al 2011)

Androgen receptor (Cui et al. 2014)

Eomes (Jolma et al. 2015)

Elf1 (Jolma et al. 2015)

Other proteins

PKA (Huang et al. 2005)

Table 1.3 Non-Hox interactions with Prep.

Transcription factors

Pax6 (Mikkola et al., 2001)

POU2F1 (Rave-Harel et al., 2004)

Tlx1 (Ravasi et al., 2010)

Rfx3 (Ravasi et al., 2010)

Smad 2,3,4 (Bailey et al., 2004)

NF-Y (Ladam et al., 2018; Stanney 3t et al., 2020)
Other proteins

MYBBP1a (Diaz et al., 2007; Oriente et al., 2008)
4EHP (Villaescusa et al., 2009)

ZBTB3 (Ravasi et al., 2010)
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1.2.7 TALE proteins are modulators of the epigenomic landscape

Pioneer factors are transcription factors that have the unique property to engage with closed chromatin,
initiate chromatin opening, enable binding of additional factors, and drive cell fate specification and re-
specification. The versatility of TALE factors has raised the question of whether they also might act as
pioneers (Grebbin et al, 2017). Currently, the pioneering status of TALE proteins is supported by
preoccupancy at cis-regulatory regions, correlation with changes in histone modifications, and direct
interactions with histone-modifying enzymes. However, the putative pioneering role of TALE factors is
based on a handful of diverse case studies, including some in pathological contexts, which makes it difficult

to assess the prevalence and importance of pioneering.

At least in a few studied cases, TALE factors occupy binding sites before others. At the promoter of
MYOG, the binding of PBX1 precedes the binding of the master regulator MYOD driving muscle
differentiation, and bound PBX1 is observed before other factors in undifferentiated neuronal progenitor
cells (Berkes et al., 2004; Maves et al., 2007; Grebbin et al., 2016). In branchial arches, Meis1/2 binds to its
targets before Hoxa2, while PBX1 occupancy precedes and enables the binding of the estrogen receptor in
breast cancer tissue (Magnani et al., 2011; Amin et al., 2015). In zebrafish embryos, Pbx, Prep, and Meis
bind to the promoter of hoxb1a before other factors, and the maternally deposited Pbx and Prep form a
trimeric regulatory complex with NF-Y prior to the binding of tissue-specific factors (Choe et al., 2014,
Ladam et al., 2018). Altogether, the dynamics of transcription factor binding suggests that TALE factors
can bind to compacted chromatin and promote the binding of other factors.

Furthermore, in zebrafish blastulas, Pbx and Prep/Meis promote the increase in active (H3K27ac) and
decrease in repressive (H3K27me3) histone modifications and recruit RNA polymerase 11 to trigger weak
initial transcription of hoxb1a before another Hox protein also binds to stabilise transcription levels in a
cross-regulatory loop (Choe et al., 2014). At the same promoter, Meis binds to Pbx and displaces HDACs
(histone deacetylase) in exchange for CBP (a histone acetyltransferase), which drives the change in histone
modifications (Choe et al., 2009). The loss of Prep and Pbx is also associated with the reduction in H3K27ac
levels genome-wide (Ladam et al., 2018). Lastly, a mechanistic case study of the Dex promoter in neuronal
progenitors revealed that Meis interacts with prebound Pbx1 and recruits PARP1 that modifies and releases
histone H1, recruits RNA polymerase 11, and facilitates Dex transcription (Hau et al., 2017).

Studies in cell cultures suggest that Pbx proteins interact with a transcriptional corepressor complex
including HDACs, SIN3B, and N-CoR/SMRT (Saleh et al., 2000a). The N-terminal domain in Pbx1 has
been observed to mediate the interaction with CBP, while the C-terminal is associated with the corepressors
N-CoR/SMRT (Asahara et al., 1999). In mesenchymal cells, Pbx1 associates with HDACs and seems to
keep chromatin inactive at osteoblast-related genes, as loss of Pbx1 increases the recruitment of histone
acetylases (p300) (Gordon et al., 2010; Gordon et al., 2011). In leukaemogenic samples, Meis1 binding sites
are associates with increased levels of H3K4mel and CBP/p300 binding (Huang et al., 2012).

To summarise, the properties of TALE factors and circumstantial evidence suggests pioneering activity, yet
it cannot be ruled out that TALE-marked sites are already primed by another pioneer. Hence, it has been
suggested that TALE factors serve as “second-rank” pioneers that synchronise and facilitate the activity of
histone-modifying enzymes and tissue-specific transcription factors in establishing lineage-specific

transcriptional programs (Schulte and Geerts 2019; Bobola and Sagerstrom, 2024).

1.2.8 The DNA binding sites of TALE factors are well characterised
As transcription factors, an important part of the functionality of TALE factors is their binding to DNA
sequences. Iz vitro selection of target sequences by protein complexes, along with the analysis of a number

of regulatory elements within promoters of target genes, established the consensus binding sequence for
PBC:HOX complexes as 5> TGATNNATNN-3’ (termed as the “OCTA” motif) (Chan et al., 1994; Lu et
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al. 1995; Poppetl et al., 1995; Chan and Mann, 1996; Chang et al., 1996; Shen et al., 1996; Grieder et al.,
1997; Maconochie et al., 1997; Shen et al., 1997; Phelan and Featherstone, 1997; Lu and Kamps, 1996;
Passner et al., 1999; Piper et al., 1999; Ryoo and Mann, 1999; Ttumpel et al., 2007). The consensus site
consists of directly adjacent PBX and HOX half-sites (Piper et al., 1999; LaRonde-LeBlanc and Wolberger,
2003). The binding site for monomeric PBX was also identified to be a subvariant of this, namely
TGATTGAT (LeBrun and Cleary, 1994). Similarly, monomeric Hth/Meis/Prep was discovered to prefer
TGACAG (the “HEXA” motif) (Chang et al., 1997; Shen et al., 1997; Berthelsen et al., 1998b; Jacobs et
al.,, 1999; Ferretti et al., 2000; Ferretti et al., 2005; Ttumpel et al., 2007), while the preferred binding site for
the Pbx:Meis/Prep heterodimer was identified as TGATTGACAG (the “DECA” motif) (Chang et al.,
1997; Knoepfler et al., 1997; Knoepfler and Kamps, 1997).

Afterward, the first ChIP-seq experiments on embryonic mouse trunks were able to reproduce the HEXA,
OCTA, and DECA motifs (Penkov et al., 2013). The sequencing results revealed that Meis and Prep select
different DNA-binding sequences in the genome, as Meis prefers the HEXA and OCTA motifs, while Prep
prefers the DECA motif (Penkov et al., 2013). Additionally, Prep binding sites were enriched in promoters
and housekeeping genes, while Meis binds to distal enhancers of developmental genes (Penkov et al., 2013).
Additional ChIP-seq experiments on other mouse tissues also found that Meis binds to the HEXA motif,
Hox-Pbx to the OCTA motif, and Prep to the DECA motif (Amin et al., 2015; Marcos et al., 2015; Laurent
etal., 2015; De Kumar et al., 2017). Furthermore, Prep and Pbx co-occupy the DECA motif in the genome
of zebrafish blastulas (Ladam et al., 2018). Overall, an evolutionarily conserved set of motifs has been linked
to TALE factors, but the results are still somewhat ambiguous concerning the overlap of motifs preferred
by which monomeric TALE factors and which by TALE-TALE and TALE-HOX complexes.

1.2.9 TALE factors regulate the cell cycle and cell physiology

Predating metazoan multicellularity, TALE factors have been associated with several aspects of cell cycle
control. PBX1 was discovered as a proto-oncogene in human leukaemia, and the role of PBX in
tumorigenesis has expanded into its own subdiscipline (Kamps et al., 1990; Nourse et al., 1990; Liu et al.,
2022). Carcinogenesis has been explained by the aberrant activity of Pbx proteins in cell proliferation and
apoptosis, epithelial-mesenchymal transition (EMT), invasion and metastasis, and cancer stemness (Liu et
al., 2022). Similarly, Meis proteins were recognised as oncogenes in leukaemias (Nakamura, 1996a, b; Smith
et al.,, 1997; Lawrence et al.,, 1999). In contrast, Prepl acts as an tumour suppressor as demonstrated by
increased DNA damage and tumorigenesis in cells and hypomorphic mouse strains with a reduced level of
Prep expression (Longobardi et al., 2010; lotti et al.,, 2011, 2012). In tumorigenesis, Meis1 and Prepl
compete for Pbx1 and counteract each other (Dardaei et al., 2014, 2015). Furthermore, single nucleotide
substitutions, gene deletions, and gene amplifications of TALE genes are implicated in many human
tumours (Blasi et al., 2017).

Expectedly, TALE proteins have been found to control both directly and indirectly several components of
the cell cycle machinery also during embryonic development. Meis1/2 controls the expression of ¢yclin D1
(Cend?) and ¢-Myc (Myca), while Cend1 controls the expression of Meis2 and forms an autoregulatory loop
that drives proliferation of retinal progenitors (Bessa et al., 2008; Heine et al., 2008; Bienvenu et al., 2010).
In a similar manner, Hth acts indirectly via an intermediary layer of nuclear receptors to repress Stz (string,
homolog of Cdr25) that is required for cell cycle progression in the fly retina (Bessa et al., 2002; Lopes and
Casares, 2010, 2015; Neto et al., 2017). In contrast, Meis is required for the activation of Cdk inhibitors
p15, p16, and p21 to slow down the cell cycle in cardiomyocytes (Mahmoud et al., 2013).

Furthermore, the genomic distribution of Prep binding in the mouse embryonic trunk suggested that Prep1
is mostly involved in basal cell functions rather than development (Penkov et al., 2013; Laurent et al., 2015).
In the mouse and zebrafish embryos, Prepl-deficiency has been linked to increased levels of apoptosis,
suggesting that Prep is involved in the suppression of apoptosis during embryonic development (Deflorian
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et al., 2004; Micali et al., 2009; Fernandez-Diaz et al., 2010). Prep proteins have been found to interact with
the nuclear lamina and regulate the stiffness of the nucleus, while ablation of Prepl raises the expression
of components in the oxidative phosphorylation cascade (Kanzleiter et al., 2014; Palmigiano et al., 2018;
Purushothaman et al., 2022). All in all, TALE factors are involved in both basal cell functions maintaining
proper cell physiology and the coordinated proliferation of cells.

1.2.10 TALE factors play diverse roles in metazoan development

TALE factors are true sculptors of the embryo, as Pbx, Prep, and Meis have been implicated in the
development of almost every mammalian organ and the maintenance of adult stem cells (Selleri et al., 2019).
Although a lot of our knowledge of TALE factors is based on mouse development and associated
biomedical research, experiments in D. melanogaster along with some other organisms have begun to shed
light on possible evolutionarily shared developmental functions of TALE proteins, including axial
patterning, the outgrowth of both vertebrate and invertebrate appendages, and the development of the

visual system.

1.2.10.1 TALE proteins mould the mammalian embryo and maintain adult stem cells

During mouse development, Pbx genes display overlapping expression domains and functions, both also
gene-specific developmental roles (Selleri et al., 2019). Phx7 is expressed in almost all tissues and organ
systems during development, and loss of Pbx7 leads to embryonic death with hypoplasia or malformations
in virtually all organs (Schnabel et al., 2001; Selleri et al., 2001). Pbx2 is also expressed in multiple tissues,
but deletion of Pbx2 does not affect viability (Selleri et al., 2004). Expression of Pbx3 is not as widespread
but can be detected in the nervous system, the forelimb but not the hindlimb, mesenchyme, and ovaries,
and Pbx3(-/-) mice die within one day after birth due to central respiratory failure (Rhee et al., 2004; Di
Giacomo et al.,, 2000). In contrast, the expression of Pbx4 is restricted to the testes, and Phx4 appears to
not have as a systemic developmental function as its paralogues (Wagner et al., 2001).

In both mouse and chick, Meis7 and Meis2 are expressed in the primitive streak and lateral plate mesoderm
during gastrulation, and then in the neural tube, eye, inner ear, migrating neural crest cells, and the
cardiovascular system at the late somite stages (Coy and Borycki, 2010; Ceccont et al., 1997; Sanchez-
Guardado et al,, 2011). Systemic knockout and functional inactivation of Meis7 and Meis2 in mouse embryos
are embryonic lethal and mainly display defects in the eyes, haematopoiesis, and the cardiovascular system
(Hisa et al., 2004; Azcoitia et al., 2005; Stankunas et al., 2008; Machon et al., 2015).

In the mouse embryo, the Prepl protein is found in the developing first branchial arch, the hepatic
primordium, the midgut, the lung bud, neuronal tissues, and weakly in the heart (Ferretti et al., 1999).
Deletion of PrepT causes embryonic lethality, as the embryos do not gastrulate and the epiblast deteriorates,
while hypomorphic mouse strains develop until E17.5 and have overall organ hypoplasia, haematopoietic
defects, and vascular and eye anomalies (Ferretti et al., 2006; Fernandez-Diaz et al., 2010; Rowan et al.
2010). The mammalian paralogue Prep2 is highly expressed in the heart, brain, skeletal muscles and the
ovary, and to a lesser degree in the placenta, lungs, pancreas, prostate, and small intestine, but is not known
whether Prep2 has paralogue-specific functions in mammalian development (Haller et al., 2002; Fognani et
al., 2002).

Besides embryonic functions, TALE proteins are involved in adult stem cell biology as a part of
haematopoiesis (DiMartino et al., 2001; Azcoitia et al., 2005; D1 Rosa et al., 2007; Pillay et al., 2010; Cvejic
et al., 2011; Modica et al., 2014). Haematopoiesis is driven by haematopoietic stem cells (HSCs) that give
rise to rise to the common myeloid progenitors (CMPs) and granulocyte-macrophage-lymphocyte
progenitors (GMLPs) (Jagannathan-Bogdan and Zon, 2013). In turn, GMLPs differentiate into B and T
cells, while CMPs give rise to erythrocytes, thrombocytes and monocytes. In adults, Pbx and Meis are
required for maintaining the pool of HSCs (Ficara et al., 2008; Kocabas et al., 2012; Ficara et al., 2013; Ariki
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et al., 2014), while Prepl appears to be dispensable for the maintenance of adult HSCs (Yoshioka et al.,
2015). Furthermore, Pbx1 regulates B-cell commitment (Sanyal et al., 2007), and Prep1 is required for both
B and T cell differentiation (Penkov et al., 2005, 2008; Iotti et al., 2012; Yoshioka et al., 2015). All in all,
Pbx, Meis, and Prep are widely involved in organogenesis and cell fate specification during both embryonic

development and adult cell turnover in mammals.

1.2.10.2 TALE proteins are involved in axial patterning

Evidence from different metazoans raise the possibility for an evolutionarily conserved role for TALE
factors in axial patterning. The primaty or anterior-posterior axis of bilaterians is patterned by postetior
Wnt/beta-catenin signalling, while the secondary or dorsal-ventral axis is patterned by BMP signaling
(Petersen and Reddien, 2009; Niehrs, 2010; Loh et al., 2016; Petersen, 2023; Holzem et al., 2024). Indeed,
investigations into the positional information system of planarians have greatly contributed to our
understanding of the evolution of the mechanisms and signalling pathways that pattern the bilaterian body
axes (see 1.3 Patterning in planarian regeneration). As Hox factors pattern the bilaterian AP axis, this raises
the question how Hox genes are linked to the patterning activity of the Wnt signalling pathway. In the
cnidarian N. vectensis, a study suggests that knockdown of Hox genes affects oral-aboral patterning and the
expression of the Wnt signalling pathway, but the mechanistic link to Wnt signalling remains unclear
(DuBuc et al., 2018; Rentzsch and Holstein, 2018; Holstein, 2022). Furthermore, as TALE factors atre
evolutionarily conserved cofactors of Hox factors, this raises the possibility of an integrated
Wnt/Hox/TALE regulatory module in patterning the bilaterian body plan.

Vertebrate tail development and regeneration have begun to uncover an interrelationship between Wnt,
Hox, and TALE factors. As in D. melanogaster, mammalian mutants of Pbx and Meis display homeotic
transformations and mispatterned axial skeletons (Capellini et al., 2008; Berenguer et al., 2020; Lopez-
Delgado et al., 2021). During somitogenesis, neuromesodermal progenitors (NMPs) in the tailbud first
migrate posteriorly to the progenitor zone, and then change direction and migrate bilaterally, enter the
maturation zone, and differentiate into mesodermal progenitor cells that form the unsegmented pre-somitic
mesoderm (Mariani et al., 2021). In this context, TALE proteins regulate the migration and differentiation
of NMPs by opening chromatin and permitting the Wnt effector LEF1 to bind to its target genes and drive
the differentiation program into paraxial mesoderm (Mariani et al, 2021). In the current model,
PBX:PREP1 dimers first bind loosely to chromatin, and then a PBX:MEIS2:HOX1 ternary complex
increases chromatin accessibility to facilitate the activation of Wnt-responsive genes (Mariani et al., 2021).
Furthermore, Wnt signalling along with Pbx and Meis are required for tail regeneration in Xenopus tropicalis,
but the detailed mechanistic interrelationship between these remains unknown (Lin and Slack, 2008;
Kakebeen et al., 2020).

The vertebrate hindbrain is another well-studied model system that provides further insight into the
regulatory interactions between Wnt, Hox, and TALE factors. During neurulation, the ectodermal neural
plate invaginates and seals up to give rise to the neural tube. At the anterior end, the neural tube expands
and forms three primary vesicles: the forebrain (prosencephalon), midbrain (mesencephalon), and
hindbrain (thombencephalon). The hindbrain becomes compartmentalised into seven thombomeres (r1 to
t7) that organise the neuronal populations and adjacent craniofacial tissues. The hierarchical GRN
governing hindbrain segmentation involves a primary AP signalling module, a secondary segment
subdivision module, and a tertiary intrasegmental AP patterning module (Krumlauf and Wilkinson, 2021).
During the AP signalling module, cooperative interactions between the Fgf, Wnt, and retinoic acid
signalling pathways initiates segmentation along the AP axis. In this phase, mesodermal Wnt3a activates
Meis and Pbx, which in turn induce the expression of Fgf3/8 and the biosynthetic enzyme Raldh2
(Waskiewicz et al., 2002; Dibner et al., 2004; Elkouby et al., 2010; Gutkovich et al., 2010; Vitobello et al.
2011; Schulte and Frank, 2014). Raldh2 produces RA in the mesoderm from which it diffuses to form a
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posterior-to-anterior gradient required for segmenting the hindbrain into thombomeres (Schulte and Frank,
2014). In the segment subdivision module, a thombomere-specific TALE-mediated Hox code provides
segmental identity to each rhombomere (Schulte and Frank, 2014). Here, Hox binding activity is modulated
by dimeric and trimeric complexes involving Pbx, Meis, Prep, and Hox, as disruption of their activities
perturbs rthombomere segment identity formation (Poppetl et al., 1995; Salzberg et al., 1999; Poppetl et al.,
2000; Dibner et al., 2001; Vlachakis et al., 2001; Waskiewicz et al., 2001, 2002; Choe et al. 2002; Maeda et
al. 2002; Deflorian et al., 2004; Vaccari et al. 2010). Taken together, TALE factors have been shown to act
as cofactors to Hox genes in Wnt-regulated contexts, but the exact mechanisms of interaction and the
broader evolutionary significance of the interplay between Wnt, Hox, and TALE factors is still poorly
understood.

1.2.10.3 TALE factors grow out vertebrate and invertebrate appendages

TALE factors have been well characterised in the development of both vertebrate and invertebrate
appendages. The tetrapod limb develops from limb buds derived from the posterior lateral mesoderm,
neighbouring somites, and the overlying ectoderm. Limb bud growth is fuelled by the proliferative
mesenchyme in the progress zone, the anterior-posterior axis is patterned by the zone of polarizing activity
(ZPA), and the limb apex is covered by the apical ectodermal ridge (AER). Pbx proteins are necessary for
both proximal and distal limb development (Gonzalez-Crespo et al., 1998; Selleri et al., 2001; Capellini et
al., 2006; Capellini et al., 2011; Losa et al., 2023). Pbx expression in the mesenchyme is necessary for
hindlimb bud development, and Pbx proteins execute some of their function through cooperative binding
with Hand2 (Losa et al., 2023). Later in the developing bud, Pbx proteins are also necessary for Shh
expression in the ZPA (Capellini et al. 2000). Similatly, Meis genes are expressed in the lateral plate
mesoderm, regulate limb initiation, and are then involved in patterning the growing limb along the anterior-
posterior and proximal-distal axes (Capdevila et al., 1999; Mercader et al., 1999; Mercader et al., 2000;
Delgado et al., 2009; Delgado et al., 2020; Delgado et al., 2021). Additionally, the patterning activity of Meis
has been shown to be recapitulated in regenerating axolotl limbs (Mercader et al., 2005).

In insects, appendages can be subdivided into two categories. Dorsal appendages include wings and
halteres, while ventral appendages include antennae, feeding appendages, legs and genitalia. From proximal
to distal, the leg consists of coxa, trochanter, femur, tibia, tarsus and pretarsus. The leg develops from the
leg disc that telescopes out from the centre to form the leg. Similar to vertebrates, Exd and Hth are involved
in proximodistal development of the insect leg (Gonzalez-Crespo et al., 1998; Kojima, 2004). In the leg disc
of D. melanogaster, dllis expressed in the center, while 475 is expressed in the peripheral ring. Exdis expressed
throughout the leg disc but is localised to the nucleus in the A#h-expressing domain that develops into the
proximal part of the leg (Kojima, 2004). The proximodistal patterning mechanism of D. melanogaster has
been found to be conserved in other arthropods (Kojima, 2004; Bruce and Patel, 2020). Furthermore,
cephalopods have evolved limbs independently, yet /75 and exd are involved in the proximal regionalisation
of limbs (Tarazona et al., 2019). Altogether, Pbx and Meis have been found to be involved in appendage

outgrowth and patterning in many metazoan lineages.

1.2.10.4 Meis has a conserved role in the development of the visual system

Moreover, the role of Meis is conserved in the gene regulatory networks of eye development in both flies
and vertebrates. In flies, the eye imaginal disc invaginates from the ectoderm, while the optic vesicle in
vertebrates protrudes from the neural tube (Schulte and Frank, 2014). Famously, pax6 is necessary and
sufficient for eye development in both phyla (Halder et al., 1995). The eye imaginal disc is transversed by
the morphogenetic furrow that proceeds from posterior to anterior. In the anterior, Hth maintains retinal
progenitors in the undifferentiated and proliferating state, while Hth is downregulated in the posterior and
the postmitotic neuronal differentiation trajectory is initiated (Pai et al., 1998; Bessa et al., 2002; Lopes and
Casares, 2010, 2015). In the vertebrate retina, neurons and glia arise from multipotent retinal progenitor
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cells (Schulte and Frank, 2014). Differentiation occurs in periodic waves, which initiate in the central retina
and advance towards the margin (Schulte and Frank, 2014). Loss of Meis disturbs vertebrate eye
development (Zhang et al., 2002; Hisa et al., 2004; Marcos et al., 2015), and similar to flies, Meis maintains
the pool of undifferentiated progenitors (Bessa et al., 2008; Heine et al., 2008; Dupacova et al., 2021). In
both the retina and lens ectoderm, Meis proteins are direct regulators of the master regulator Pax6 (Zhang
et al., 2002; Marcos et al., 2015; Antosova et al., 20106).

1.2.11 TALE factors have diversified in spiralians

Interestingly, although TALE factors are an evolutionarily conserved class of homeobox genes and are
deeply embedded in metazoan development as outlined above, phylogenetic studies have revealed that
TALE factors have diversified in spiralians and given rise to lineage-specific genes (Paps et al., 2015; Morino
et al, 2017; Barton-Owen et al., 2018; Phuangphong et al., 2021; Morino et al., 2022; Morino and
Yoshikawa, 2023). Spiralians or lophotrochozoans comprise 14 out of 36 metazoan phyla, including
molluscs, annelids, rotifers, and the platyhelminths. Morphological evolution has been proposed to be
mainly driven by changes in the expression of a conserved set of toolkit genes rather than by sequence
evolution in protein-coding genes (Davidson and Erwin, 2006; Carroll, 2008; Carroll, 2013), but recent
research has revived the importance of asymmetric gene duplications as a force of morphological evolution
(Holland et al., 2017). Indeed, the diversification of TALE genes in spiralians constitutes one of the largest
known expansion of homeobox genes yet described (Paps et al., 2015; Morino et al., 2017; Barton-Owen,
et al. 2018; Phuangphong et al., 2021; Morino et al., 2022).

A pioneering phylogenetic analysis based on eight spiralian species discovered orphan TALE genes not
belonging to any of the conserved TALE classes and classified them into seven spiralian-specific subclades
(TALE I to V1I) (Paps et al,, 2015). In another analysis, Barton-Owen et al. (2018) also uncovered orphan
spiralian TALE genes and proposed a classification scheme based on 19 TALE clades (T'ALE I to XIX).
In contrast, Morino et al. (2017) reconstructed a monophyletic spiralian-specific clade of divergent TALE
genes and named it SPILE (SPIralian-specific talLE). Later analyses of mollusc sequences have refined the
phylogeny and subdivided the SPILE clade into four subclades, SPILLE-A/C, SPILE-B, SPILLE-D and
SPILE-E, based on five defining SPILLE genes in the model limpet species Nipponacmea fuscoviridis that have
been used for functional studies (Morino et al., 2017; Morino et al., 2022; Morino et al., 2023). Interestingly,
the SPILE-B clade is distinguished by a duplication of the homeodomain, while the conserved PADRE
domain N-terminal to the homeodomain is present in A/C, B, and D clades (Paps et al., 2015; Morino et
al., 2017; Barton-Owen et al., 2018; Phuangphong et al., 2021; Morino et al., 2022). Furthermore, SPIL.LE
genes appear to have been evolving most rapidly in the mollusc and annelid lineages, while less divergence
has occurred in platyhelminths and rotifers (Morino et al., 2017; Barton-Owen et al., 2018). Genes in the
SPILE-D and SPILE-E clades duplicate rarely in molluscs, while genes in the SPILLE-A4/C clade have
duplicated multiple times in the molluscan lineage (Motino et al., 2022). Interestingly, SPILE genes appear
to have been lost in the cephalopods altogether, which Morino et al. (2022) surmise is connected to the loss

of the spiralian cleavage pattern.

Eatly analysis of transcriptomic data indicated that the expression of many spiralian-specific genes peaks
either during early development or at the trochophore larval stage (Paps et al., 2015). As the name implies,
many spiralians undergo spiralian cleavage, in which the zygote first undergoes two rounds of cell division
along the animal-vegetal axis, giving rise to four blastomeres A, B, C, and D, termed macromeres (Lambert,
2010; Henry, 2015; Martin-Duran and Marlétaz, 2020). The macromeres then divide and generate the “first
quartet” of micromeres positioned diagonally on top of the macromeres (Figure 1.4). Subsequently, the
macromeres divide and produce the second and third quartets, while the micromeres divide within their
quartet groups (Figure 1.4). In early embryos of molluscs and annelids, the expression of many SPILE genes
is specific to a subset of blastomeres (Figure 1.4) (Morino et al., 2017; Phuangphong et al., 2021). This led
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Figure 1.4 Spiralian cleavage and SPILE gene expression in spiralian embryos. (A) Schematic
illustration of spiralian cleavage. At the 8-cell stage, the embryo contains 4 macromeres (1Q) and four
micromeres (1q) that constitute the first quartet. Macromeres divide and give rise to the second quartet
(2q), and then the third quartet (3q). (B) Gene expression patterns for SPILE genes in 8-cell stage and
16-cell stage embryos of Mytilisepta virgata (Mv), Nipponacmea fuscoviridis (INE), and Spirobranchus kraussii
(Mortino et al. 2017, Phuangphong et al. 2021). Cells expressing the SPILE gene are marked in dark
grey. SPILE genes of the same clade are grouped. The diagrams correspond to the schematic cleavage
pattern in (A).
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to the idea of blastomere-specifying functions for spiralian-specific genes, and under- and overexpression
experiments have indicated that at least SPILLE genes in N. fuscoviridis cross-regulate each othert’s expression
patterns as well as the expression patterns of other transcription factors (Morino et al., 2017; Morino et al.,
2023). However, the functional role of SPILE genes beyond molluscs, including flatworms and planarians,

remains to be investigated.

1.2.12 Summary of TALE factors
To conclude, TALE factors are an ancient subfamily of homeobox genes that are deeply incorporated into
the meshwork of metazoan life, yet are also underlying evolutionary innovations. Against this background,

TALE factors also play their part in patterning the regenerating planarian.

1.3 Patterning in planarian regeneration
Gene regulatory networks require an understanding of the underlying biological system. Here, the dynamics
of a repatterning planarian is reviewed to understand the broader context in which Pbx, Prep, and Meis

function to drive anterior and posterior regeneration, the subject of the fourth chapter.

1.3.1 Pattern formation in the context of regeneration

How do we make heads and tails of planarian regeneration? Stem cells and their progeny provide the
building blocks for regeneration, but these blocks need to be laid in an organised spatiotemporal manner
to precisely regenerate the missing tissue. Whole-body regeneration in planarians may be the best-
understood model system for studies on regeneration polarity and pattern formation as a part of
regeneration. Commonly, regeneration polarity refers to the initial specification of the identity of structures
to be regenerated, whereas regenerative pattern formation encompasses patterning events from wounding
to a fully regenerated structure. Pattern formation is central to the field of developmental biology; however,
regeneration brings the concept to new dimensions (Wolpert et al., 1969; French et al., 1976; Green and
Sharpe, 2015). As opposed to the relatively deterministic nature of embryonic development, regeneration
begins from a stochastic and variable point, as different types of wounds result in varying proportions in
the remaining tissue fragments (Capek and Miiller, 2019; Reddien, 2022). Mechanistically, the process
necessitates several critical steps: the quantitative sensing of tissue loss; the re-establishment of the
positional information system in accordance with the new body proportions; the coordinated regrowth of
the lost tissue; and the integration of the reforming structure with the pre-existing tissue (Capek and Miiller,
2019; Reddien, 2022).

As demonstrated by classical grafting experiments, tissues are able to interact and induce developmental
fates through cell-to-cell communication mediated by signalling molecules (Browne, 1909; Spemann and
Mangold, 1924). Morphogen gradients and reaction-diffusion systems represent the two main theoretical
models of pattern formation, both positing that signaling molecules elicit cellular responses in a
concentration-dependent manner (Wolpert, 1969; Turing, 1952; Green and Sharpe, 2015). The concept of
a morphogen gradient is intuitive; a morphogen is secreted at the source, transported from the source, and
establishes a concentration gradient that instructs cell fate specification (Wolpert et al., 1969; Kicheva and
Sharpe, 2023). However, the minimal model of a concentration gradient does not explain how the
patterning system remains robust to alterations in the size of the patterning field, i.e. the property of size-
invariance (Capek and Miiller, 2019). Thus, the gradient model was improved into a “source and sink” or
“synthesis-diffusion-degradation” model, wherein a signaling source and sink ensure that a size-invariant
gradient is formed (Capek and Miiller, 2019). Later theoretical advancements have also explained size-
invariance by additional mechanisms, including a mobile modulator that modifies degradation and diffusion
rates, opposing gradients, and feedback interactions (Capek and Miiller, 2019). The morphogen gradient
relies on a prepattern, whereas the reaction-diffusion model puts forth that a diffusible local autoactivator
and long-range inhibitor can generate stable concentration patterns from a homogeneous initial point in a
self-organising manner (Turing, 1952; Gierer and Meinhardt, 1972). Although sometimes presented as
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mutually exclusive, these models are complementary and may act upstream, downstream, and in parallel

with each other to create biological patterns (Green and Sharpe, 2015).

Morphogen diffusion provides an elegant theoretical framework for biological patterning, but it does not
address the biophysical properties of signalling molecules. How do morphogens operate within the intricate
meshwork of tissues? How are morphogen gradients generated in the extracellular medium, how are the
morphogens transported, and how is the gradient interpreted, particularly at low concentrations that
obscure the interpretation of concentration differences? (Stapornwongkul and Vincent, 2021; Kicheva and
Sharpe, 2023; Liberali and Schier, 2024). Given the nature of the extracellular compartment, passive and
non-directional diffusion may be too simplistic a mechanism for morphogen transport; yet experimental
evidence supports diffusion in many instances (Stapornwongkul and Vincent, 2021; Liberali and Schier,

2024).

To this end, other modes of morphogen transportation have been proposed. In the relay mechanism,
morphogens do not diffuse over long distances, but rather activate their own expression in adjacent cells
and launch a chain reaction that drives signalling forward. Moreover, extracellular matrix components such
as heparan sulfate proteoglycans (HSPGs) and cellular protrusions may also facilitate morphogen transpott.
In planar transcytosis, a cascade of cell-to-cell exocytoses and endocytoses would steer ligands along the
plane of the epithelium. As some morphogens are lipidated and display reduced solubility in the aqueous
extracellular medium, alternative transport mechanisms involving lipid-binding chaperones, exosomes,
lipoprotein particles, and micelles have been suggested (Stapornwongkul and Vincent, 2021; Kicheva and
Sharpe, 2023).

1.3.2 Entwicklungsmechanik of planarians informs on pattern formation

Regenerative pattern formation in planarians is studied following different types of amputation. S.
mediterranea can regenerate heads and tails following transverse amputations anywhere along the AP axis,
but the rate of regeneration decreases more posteriorly (Evans et al., 2011). Along the ML axis, thin and
thick fragments of S. mediterranea regenerate lateral structures after parasagittal amputations, indicating that
the positional information of the midline is reformed. Likewise, the worms also heal from a variety of
oblique and triangular cuts. Nonetheless, some long-known regeneration abnormalities in planarians inform
on the nature of positional mechanisms. Occasionally, thin cross-pieces resulting from transverse cuts
regrow heads instead of tails at posterior-facing wounds; these “Janus heads” or heteromorphs attracted
the interest of T. H. Morgan when he formulated his views on the mechanisms of regeneration polarity
(Motgan, 1898, 1900). Furthermore, partial longitudinal splitting in the head or tail duplicates the body axis
and gives rise to two-headed or two-tailed worms if the tissue stumps are not allowed to merge after
wounding (Morgan, 1900). In a less well-known case, if the partial split from the posterior is extended
forwards to the head, ectopic heads may regenerate at the base of the split (Morgan, 1900). In a similar T-
cut, ectopic heads have been observed to form at the anterior-facing cut surfaces (Brondsted, 1955).

In the first attempt to explain planarian regeneration in mechanistic terms, Morgan theorised the existence
of some “structure or composition” in the pre-existing tissue that guides neoblast behavior in the
regenerating blastema (Morgan, 1904). For Morgan, the existence of “head stuff” and “tail stuff” did not
necessatily imply a gradient but nevertheless some physicochemical mechanism acting differentially at
anterior-facing and posterior-facing wounds. Child (1911) became a strong proponent of the idea of a
gradient and quantitative differences along the planarian body axis, which he believed were metabolic in
nature. In the century that followed, a series of grafting experiments revealed that the cross-transplantation
of tissues from different axial positions may cause ectopic outgrowths as a result of intercalary regeneration,
restoring the missing positional identity between the donor and recipient tissues (Santos, 1929, 1931; Okada
and Sugino, 1934; Schewtschenko, 1936a,b; Okada and Sugino, 1937; Miller, 1938; Sugino, 1940, 1941; Salé
and Bagufia, 1985; Kobayashi et al., 1999; Kato et al., 2001; Saito et al., 2003; Witchley et al., 2013; Oderberg
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et al., 2017). Among the grafts, the anterior pole possesses unique organising properties, as it can induce
the growth of a complete ectopic head when transplanted to lateral flank tissues (Oderberg et al., 2017). To
sum up, the robust regenerative scenarios in planarians, combined with grafting experiments, suggest the
existence of a constitutive positional information system along the body axes of these animals. In the last

two decades, the molecular underpinnings of this information system have been investigated.

1.3.3 A molecular coordinate system provides positional information in planarians

In planarians, pattern formation is required both during homeostatic cell turnover and injury-induced
restorative regeneration. The positional information system provides a molecular coordinate system along
the anteroposterior (AP), dorsoventral (DV), and mediolateral (ML) axes, and is rescaled following injury
to accommodate new body proportions. In the planatian literature, position control genes (PCGs) have
been defined as genes that are constitutively and regionally expressed along any of the body axes, display
patterning phenotypes following knockdowns, or are predicted to encode components of the same
signalling pathways included in the set of PCGs (Witchley et al., 2013; Scimone et al., 2016; Reddien et al.,
2018; Reddien et al., 2022). In this definition, PCGs include components of signalling pathways (Wnt, BMP,
FGFR-like, Slit, Netrin) and certain transcription factors, but exclude signalling molecules orchestrating
regeneration that are not expressed in an axially restricted manner in the adult worm (e.g. Hedgehog).
Although the same core signalling pathways of the positional information system are shared between
homeostasis and injury-induced regeneration, additional factors are involved in reconfiguring positional
information into a new tissue context. The positional information system instructs neoblast fate
specification (Wurtzel et al., 2017), but how the signalling cues ate translated into neoblast behaviour is still
incompletely understood.

Along the AP axis, extensive knockdown experiments of Wnt signalling components and inhibitors have
revealed that loss of Wnt signalling activity leads to posterior heads, while increased Wnt activity generates
ectopic tails at anterior-facing wounds (Petersen and Reddien, 2008; Gutley et al., 2008; Iglesias et al., 2008;
Adell et al., 2009; Petersen and Reddien, 2009b; Gurley et al., 2010; Almuedo-Castillo et al, 2011; Iglesias
et al., 2011; Petersen and Reddien, 2011; Reuter et al., 2015; Owen et al., 2015; Sureda-Gomez et al., 2015;
Scimone et al., 2016; Lander and Petersen 2016; Sureda-Gémez et al., 2016; Stiickemann et al., 2017; Tewari
et al.,, 2019; Pascual-Carreras et al., 2021; Pascual-Carreras et al., 2023). In situ hybridisation (ISH) has
revealed that certain Wnt ligands are expressed in a posterior-to-anterior gradient, and immunostainings
and Western blotting from tissue fragments have indicated the existence of a gradient of Wnt signalling
activity (Sureda-Gomez et al., 2015; Scimone et al., 2016). Intriguingly, differences in regenerative abilities
of planarians species have been attributed to evolutionary modifications in Wnt signalling dynamics. In the
partially regeneration-deficient species such as Phagocata kawatsui, Dendrocoelum lactenm and Procotyla fluviatilis,
inhibition of beta-catenin is able to restore anterior regeneration (Liu et al., 2013; Sikes et al., 2013;
Umesono et al., 2013). It has been hypothesised that the requirement for Wnt signalling in the reproductive
system may constitute an evolutionary trade-off between robust regenerative abilities and effective sexual
reproduction (Vila-Farré et al., 2023).

Furthermore, FGFR-like (FGFRL) genes are expressed in the head and prepharyngeal regions and are
involved in the patterning of the head and the trunk (Cebria et al., 2002; Scimone et al., 2016). Even though
components of the Hh and Erk signalling pathways are not expressed in a graded manner in adult worms,
they control AP polarity during regeneration. Reduced Hh signalling impairs posterior regeneration, while
increased signalling impairs anterior regeneration (Rink et al., 2009; Yazawa et al., 2009). At least in D.
Japonica, Exk activity is biased to the anterior during regeneration (Umesono et al., 2013; Agata et al., 2014).

The planarian DV axis is patterned by BMP signalling (Molina et al., 2007; Orii and Watanabe, 2007,
Reddien et al., 2007; Gavifio and Reddien, 2011; Molina et al., 2011). Increased BMP signalling dorsalises
planarians, while reduced signalling ventralises the body plan during both homeostasis and injury-induced
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regeneration. A cross-inhibitory module between laterally expressed wn#5 and medially expressed sz
patterns the ML axis, as silencing s/ expands lateral identities, while inhibition of wn#5 extends the midline
laterally (Cebria et al., 2007; Adell et al., 2009; Gutrley et al., 2010; Almuedo-Castillo et al., 2011; Oderberg
et al., 2017; Atabay et al., 2018). However, it is unclear whether wn#5 and s/i regulate each other directly or
indirectly.

The majority of the signalling molecules of the molecular coordinate system are expressed in muscle cells.
The body wall musculature (BWM) of planarians has three layers: the outer layer of circular fibres along the
ML axis, the middle layer of diagonal and thin longitudinal fibres along the AP axis, and an inner layer of
thick longitudinal fibres along the AP axis (Cebria et al., 2016; Scimone et al., 2017). Additionally,
dorsoventral muscle fibres extend along the DV axis (Cebria et al., 2016; Witchley et al., 2017). Most of the
signalling molecules (Wnt, BMP, and FGFRL signalling components) are expressed in the body wall
musculature, with some PCGs, such as wntP-2 and wnt11-2, expressed throughout several muscle cell types,
whereas some genes, such as wn#77-1 (circular fibres) and s/z (DV fibres), are restricted to certain subtypes
of muscle cells (Witchley et al., 2013; Lander and Petersen 2016; Scimone et al., 2016; Scimone et al., 2017,
2018; Cote et al,, 2019). Functional muscle fibres are necessary for proper regeneration, as the loss of
longitudinal fibres eliminates the formation of both anterior (notum+) and posterior (wnt1+) poles, while
the loss of circular fibres bifurcates the AP axis (Scimone et al., 2017). Additionally, disruption of DDX24
(DEAD box RNA helicase) and Phred-1 (a divergent neurexin-1 homolog), which regulate proper muscle
biology, also leads to patterning defects in regenerating worms (Sarkar et al., 2022; Adler and Sanchez
Alvarado, 2017).

How the patterning systems of different body axes interact is poorly understood, or whether any of the
body axes exert a primary directive role. Recently, it has been discovered that BMP signalling regulates the
localisation of the wnt1 expression domain at the posterior pole during homeostasis, while inhibition of
wnt1 shifts bmp4 expression patterns (Clark and Petersen, 2023). Additionally, bzp4 is involved in ML
patterning by activating s/ and repressing wnt5 expression (Clark and Petersen, 2023). Therefore, intricate

cross-regulations appear to contribute to the robustness of the positional information system.

In addition to signalling molecules, the bioelectrical state of planarians also influences regeneration
outcomes. The bioelectrical state of tissues arises from ion concentration differences across cell
membranes, and it can influence cell behaviour during both development and regeneration (Harris et al.,
2021). In planarians, perturbations to the function of gap junctions and ion channels, with subsequent
alterations in electrical potentials, may cause misspecification of regeneration polarity (Nogi and Levin,
2005; Beane et al., 2011; Zhang et al., 2011; Durant et al., 2016; Durant et al.,, 2019). However, the
coordination between bioelectrical and molecular signalling in planarians in carrying out proper

regeneration is still poorly understood.

1.3.4 Signalling pathways in planarian regeneration
To further understand the signalling pathways involved in planarian regeneration, we will first reduce the
problem by examining the components of the different signalling pathways and the knockdown phenotypes

generated over two decades of research in molecular genetics.

1.3.4.1 Wnt signalling

Whnt signalling proceeds from the production and secretion of Wnt ligands from the sending cell to
intercellular transport and signal transduction in the receiving cell. In the endoplasmic reticulum of the
sending cell, membrane-bound Porcupine adds lipid moieties to the Wnt ligands, which are then delivered
by the transport protein EVI/WLS to the vesicular transport machinery and Golgi apparatus (Holzem et
al., 2024). From the Golgi apparatus, Wnt ligands are secreted to the extracellular compartment, wherein
several mechanisms have been proposed to aid in the transport of the lipophilic Wnt ligands, including
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vesicular transport on exosomes, attaching lipoproteins, HSPGs, and cell protrusions (Holzem et al., 2024).
During morphogen transport, the activity of Wnt ligands can also be inhibited by a number of antagonists,
including Notum, WIF1, and DKK (Holzem et al., 2024).

In the receiving cell, the Wnt signal is transduced through either the canonical beta-catenin-dependent
pathway, the canonical Wnt/STOP pathway, the non-canonical planar cell polarity pathway, or the calcium-
dependent pathway (Holzem et al., 2024). In the beta-catenin-dependent pathway, the Wnt ligand binds to
and brings together the receptors Frizzled and LRP5/6, and assemble the signalosome complex (Dsh, Axin,
CD1alpha, GSK3). This signalosome complex breaks up the degradation complex, which degrades beta-
catenin in the absence of the activating Wnt ligand, allowing the co-repressor Groucho to enter the nucleus
and repress the activation of Wnt-responsive genes. When not degraded, beta-catenin then enters the
nucleus and turns the LEF/TCF factors into activators of gene exptression. In the PCP pathway, Wnt
ligands bind to the receptor pair Frizzled-Ror, activating Rho GTPases, which in turn activate mainly
kinesins and cytoskeletal binding proteins that drive changes in cell shape and movement. In the calcium-
dependent pathway, Wnt binds to Ryk, activates a phospholipase that frees calcium ions into the cytoplasm,
where they act as secondary messengers to modulate the activity of various enzymes, transcription factors,

and translation factors.

In planarians, the various subcomponents of the Wnt pathway contribute to proper signalling activity. The
genome of S. mediterrranea contains a single wntless, nine wnt ligands, three sFRP inhibitors, a single notum,
nine frigzled receptors, three /rp receptors, two beta-catenin genes, a two APC genes, and two axin genes
(Gutley et al., 2008; Iglesias et al., 2008, Petersen and Reddien, 2008; Adell et al., 2009; Gutley et al., 2010;
Iglesias et al., 2011; Witchley et al., 2013; Scimone et al., 2016; Stiickemann et al., 2017; Pascual-Carreras
et al,, 2021). Of the Wnt ligands, wnt-1, wnt11-1, wnt11-2, and wnt11-5/wntP-2 are expressed in a postetiot-
to-anterior gradient in intact adult worms (Gurley et al., 2008; Petersen and Reddien, 2008; Adell et al.,
2009; Gutley et al., 2010; Sureda-Goémez et al., 2015). Among these, wnt1 is expressed in the posterior pole,
wnt11-1 and wnt11-2 are expressed from the postetior pole to the pharynx, and wnt11-5/wntP-2 is expressed
from posterior pole to the pre-pharyngeal region. In contrast, Wnt inhibitors are expressed in the anterior:
notum in the anterior pole, sFRP-7 in the far anterior, and sFRP-2 in the anterior half (Gutley et al., 2010;
Petersen and Reddien, 2008; Petersen and Reddien, 2011). Although the befa-catenin-1 transcript is present
ubiquitously along the AP axis, the nuclear localisation of the beta-catenin-1 protein displays a postetior-
to-anterior gradient in the intact adults (Gurley et al., 2008; Iglesias et al., 2008; Petersen and Reddien, 2008;
Sureda-Goémez et al., 2016; Stiickemann et al., 2017). In contrast, beta-catenin-2 is involved in cell adhesion
rather than in Wnt signalling (Chai et al., 2010).

Among the Wnt signalling components, knockdown of the intracellular molecules beta-catenin-1 and APC-1
results in the strongest phenotypes. Silencing of befa-catenin-1 reverses polarity during regeneration and gives
rise to two-headed worms, while knockdown of AAPC-7 has the opposite effect and results in two-tailed
worms. Interestingly, knockdown of beta-catenin-1 is able to disrupt polarity during homeostasis and give
rise to “radial-like hypercephalized” worms, whereas inhibition of AAPC-7 does not eliminate the anterior
brain or result in “hypercaudal” worms (Gurley et al., 2008).

To understand the main driver of beta-catenin-1 signalling, the posteriorly expressed Wnt ligands can be
sorted into a posterior “Wnt code” with respect to the severity in regeneration outcomes after knockdown.
Knockdown of wn#1 results in two-headed or tailless planarians (Petersen and Reddien, 2009b; Gutley et
al., 2010; Sureda-Gémez et al., 2015), wnt11-2(RNA7) worms display the tailless phenotype with no
duplicated pharynx (Sureda-Goémez et al., 2015), in wnt11-7(RINA7) worms the tails are shorter and pharynx
sometimes duplicates, and in wnt11-5/wntP-2(RNAZ) worms the tail is normal but the pharynx duplicates.
Thus, wnt1 appears to be the primary ligand that drives beta-catenin signalling during regeneration, whereas
wnt11-2 and wntP-2 appear to have secondary roles later on in the regeneration process. Given phenotype
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data and expression patterns, the receptors fzd1, fzd4-1, and /rp5/6 are transducing the posterior Wnt signals
(Pascual-Carreras et al. 2021).

1.3.4.2 Hedgehog signalling

In the Hedgehog signalling pathway, the Hh ligand is lipidated (cholesterol and palmitate) and bound to
the membrane before being extracted from the membrane by DISP1 and shielded by SCUBE2, which
ensures the transport of the Hh ligand to the receiving cell (Zhang and Beachy, 2023). There, the Hh ligand
binds to the receptor Patched (Ptc), which suppresses the transmembrane protein Smoothened (Zhang and
Beachy, 2023). In the absence of the Hh signal, Ptc inhibits Smoothened (Smo) activity and the Gli
transcription factors are sequestered by Kif7 and Sufu and phosphorylated by PKA and CK1, which leads
to proteasomal degradation, yielding the repressor form (GLIR). When Smo is no longer inhibited, the Gli
proteins are protected from proteolytic processing and enter the nucleus in their active form (GLIA) (Zhang
and Beachy, 2023). Interestingly, the signalling dynamics in vertebrates and flies display differences in the
requirement of the SuFu protein and the primary cilium (Lee et al., 2016).

The genome of S. mediterranea contains a single hb ligand, a single p#c receptor, a single smo receptor, a single
sufu, and three g/i genes, of which only g/-7 is involved in Hh signalling (Rink et al., 2009). Neither cilia nor
the signal transduction components Cos2, Kif2, Kif7, Fused, and Iguana are required for functional Hh
signalling in S. mediterrannea (Rink et al., 2009). Although Hh singalling genes are not expressed in a graded
fashion in intact worms, Hh signalling is nonetheless required for proper regeneration. Increased Hh
signalling levels (knockdown of p# or sufu) increase mitotic activity and result in a headless phenotype, while
decreased Hh signalling (knockdown of hh, smo, and gli-1) decreases cell proliferation levels and leads to a
tailless phenotype (Rink et al., 2009; Yazawa et al., 2009). Alterations in Hh signalling affects Wnt signalling
during regeneration but not in intact adults, indicating that the patterning effect of Hh signalling is
regeneration-specific (Rink et al., 2009; Yazawa et al., 2009).

1.3.4.3 Growth factors: FGF, ERK and JNK signalling

The role of growth factors encompassing the FGFRL, ERK, and JNK signalling pathways is the most
enigmatic in planarian regeneration. FGF's bind to their tyrosinase kinase receptors (FGIFRs) and activate
downstream signalling pathways including MAPK/ERK, PI3K/AKT, PLCy, and STAT (Xie et al., 2020).
However, FGFRLs are atypical FGFRs that lack the intracellular tyrosine kinase domain, and the
downstream transduction signalling mechanism is poorly understood, even though the FGFRL family is
conserved throughout metazoans (Bertrand et al., 2009; Trueb, 2011). As the extracellular part resembles
FGFRs, the FGFRL family may act as decoy receptors that inhibit FGF signalling (Trueb, 2011). In turn,
the MAPK/ERK signal transduction cascade includes a chain reaction of phosphorylation: MAP3K,
MAP2K/MEK, and MAPK/ERK. The MAPK family of kinases includes three subfamilies: ERKSs, JNKs,
and p38s (Lavoie et al., 2020). ERK induces the expression of immediate early genes including members
JUN, FOS, MYC, and EGR families, and mostly drive a cell proliferation program (Lavoie et al., 2020).
Meanwhile, the JNK signalling pathway mainly activates the AP-1 transcription factor and has been
implicated in both cell proliferation and cell death (Weston and Davies, 2007).

In 8. mediterranea, the FGFRL family includes the defining member nou-darake (ndk, “brains everywhere” in
Japanese) and five noudarake-like genes, ndl-1 to ndl-5 (Cebria et al., 2002; Scimone et al., 2016). All FGFRL
genes are expressed in the anterior, and loss of #dk expands brain tissues towards the posterior both during
homeostasis and in regenerating worms without perturbing trunk identity (Cebria et al., 2002; Scimone et
al., 2016). As ndk can bind FGF in the Xenopus embryos, this supports the decoy receptor model in which
ndk binds to an diffusing FGF ligand and restricts its signalling activity to the anterior (Adell et al., 2010;
Agata et al., 2014). However, the presence of a FGF ligand has not been established, and only recently has
a FGF ligand been identified in D. japonica (Auwal et al., 2020). However, although fifis expressed in the
anterior and is upregulated following amputation, knockdown of fgf'does not result in regeneration defects
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as the current model would predict (Auwal et al., 2020). Therefore, further research into the FGF-FGIR-
FGFRL problem is required in planarians.

The ERK pathway is rapidly activated at wounds and required for wound-induced gene expression, later
becoming restricted to the anterior (seel.3.5.1 Early generic wound response). The JNK signalling
components mapk’/ hem, jnk, and two transcription factors junl-1 and jun/-2 have been described in the
genome of 8. medjterranea, and Jnk signalling is required for coordinating mitosis, apoptosis as well as
posterior regeneration (Wagner et al., 2012; Wenemoser et al., 2012; Almuedo-Castillo et al., 2014; Tejada-
Romero et al., 2015).

1.3.4.4 TGF-g superfamily

The TGF-B superfamily includes subfamilies TGF-3, BMP, activin and inhibin, and Lefty (Kitisin et al.,
2007). The TGF-§ signals bind to type I and type II receptors that are serine-threonine kinases (Kitisin et
al.,, 2007). The type 1I receptors include BMPRII, ActRIIA, ActRIIB, and TGFBRIIL. The type I receptors
include seven members, ALK1 to ALK7. The TGF-§ ligands binds to type Il receptors, leading to the
phosphorylation and activation of type I receptors. Type 1 receptors phosphorylate receptor-activated
Smads of the signal transduction cascade. TGF-8 and activin activates Smad2 and 3, while BMPs activates
Smadl, 5, and 8. The receptor-activated Smads, along with the common Smad4, form the R-Smad-Smad4
complex that enters the nucleus and triggers gene expression. Noggin and chordin are extracellular
inhibitors of BMP signalling, while follistatin (fst) can inhibit both BMPs and activin.

In S. mediterranea, two activins activin-1 and activin-2, a single receptor acfR, and a single s#ad2/ 3 have been
described (Gavifio et al., 2013; Roberts-Galbraith et al., 2013; Cloutier et al., 2021). As for the BMP
signalling pathways, the genes bup1, bimp4, admp-1a, admp-1b, smadl, smad4, noggin-1, noggin-2, and eight noggin-
like (nlg1 to nlg) have been identified (Molina et al., 2007; Reddien et al., 2007; Gavifio and Reddien, 2011;
Molina et al., 2011). Bmp4 is expressed in a dorsal-to-ventral gradient centred at the dorsal midline, while
admp-1 (i.e. admp-1a/b) is expressed laterally and ventrally (Reddien et al., 2007; Molina et al., 2007; Gavifio
and Reddien, 2011; Molina et al., 2011). The bnp/ admp regulatory circuit patterns the DV axis both duting
regeneration and homeostasis (Molina et al., 2007; Orii and Wtanabe, 2007; Reddien et al., 2007; Gavifio
and Reddien, 2011; Molina et al., 2011). During homeostasis, the most severe phenotypes develop an
ectopic CNS on top of the pre-existing CNS (Cebria et al., 2007; Molina et al., 2007; Reddien et al., 2007,
Gavifio and Reddien, 2011; Molina et al., 2011). However, it is unclear whether admp-1 regulates bmp4
directly or indirectly, but admp-1 expression is negatively regulated by Bmp signling during homeostasis and
growth (Gavifio and Reddien, 2011).

1.3.4.5 Hox genes

The genome of S. mediterrena harbours thirteen Hox genes, the anterior (box1, hox3a, hox3b, hox4a, and
hox4b), the central (lox4a, lox5a, and lox5b), and the postetior (post-1, post-2a, post-2b, post-2¢, post-2d). The first
planarian Hox genes were first cloned already 30 years ago (Garcia-Fernandez et al.,, 1991; Balavoine and
Telford, 1995), but knockdown of them failed to give visible phenotypes for a long time, despite the fact
that five Hox genes, hox3b, hox4b, lox5a, post2c, post2d, display axially restricted expression in adult worms
(Currie et al., 2016; Scimone et al. 2016). However, recent experiments have implicated a role for post-24 in
posterior regeneration (Tewari et al., 2019). Instead, it appeats that some of the planarian Hox genes (hox7,

hoxc3a, hox3b, lox5b, and post2b) are required for asexual reproduction by spacing cryptic fission planes along
the AP axis (Arnold et al., 2019; Arnold et al., 2021).

1.3.4.6 Hippo/Yorkie pathway and kinases

The Hippo/Yorkie pathway is a conserved signalling pathway in development that regulates organ size and
cell fate (Manning et al., 2020). Cell adhesion and cell polarity influence the activity of the core kinase
cassette, which includes Hippo (mammalian MST1 and MST?2), salvador (SAV1), Mats (MOBKLIA and
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MOBKLI1B) and Warts (LATS1 and LATS2). The kinase cassette normally inhibits the downstream
transcription co-activator Yki (YAP and TAZ) and the partner transcription factor Sd (TEAD1/2/3/4),
but upon activation, Yki/YAP/TAZ enters the nucleus (Manning et al., 2020).

In planarians, Yki limits stem cell proliferation and has been implicated in axial regeneration and the
rescaling of the positional information system after injury (Lin and Pearson, 2014, 2017). Recently, it was
discovered that the Hippo signalling components Merlin and Warts are required for the function of pak?
(p21-activated kinase), which inhibits beta-catenin-dependent Wnt signalling along the AP axis and acts
synergistically with beta-catenin-independent Wnt signalling along the ML axis (Doddihal et al., 2024). The
STRIPAK complex is a multimolecular structure comprising kinases and phosphatases and is involved in
signalling pathways such as Hippo, MAPK/ERK, cytoskeleton modelling (Shi et al., 2016). In planatians,
STRIPAK complex components restrict wnt1+ cells to the tail tip and are thus involved in axial scaling
(Schad and Petersen, 2020). Furthermore, the non-receptor tyrosine kinase sre-7 is a global repressor of
anterior identities in parallel or downstream of Wnt/FGFRL signalling pathways (Bonar et al., 2022) .

1.3.5 Regeneration cascade

In planarians, injury-induced regeneration can be divided into three phases: the eatly phase (0-18 hpa),
which involves the expression of generic wound response genes; the second phase (18-48 hpa), during
which positional information is re-established; and the late phase (48 hpa onwards), which involves fate-
specific cell differentiation and morphogenesis. In the early phase, muscles contract and seal the wound, a
thin epidermal film covers the wound, and the basal membrane reforms. In the second phase, asymmetric
notum expression at anterior-facing wounds inhibits Wnt activity and rescales the positional information
system. In the late phase, the blastemal outgrowth is fuelled by neoblast progeny and orchestrated by distal
blastemal poles that orchestrate morphogenesis. Over the past two decades, advancements in
developmental genetics and transcriptomics have helped to unravel the genes regulating different phases of
regeneration. Recently, single-cell transcriptomics of regenerating worms have mapped out transient
regeneration-activated cell states, while a three-dimensional spatiotemporal transcriptomic atlas has further

informed on the genes involved in the regeneration process (Benham-Pyle et al., 2021; Cui et al., 2023b).

1.3.5.1 Early generic wound response

The early generic wound response involves the expression of around 200 wound response genes, a general
mitotic peak in neoblasts throughout the worm, and a local apoptotic response in differentiated cells at the
wound site (Bagufia, 1976; Sal6 and Bagufia, 1984; Pellettieri et al., 2010; Wenemoser and Reddien, 2010;
Wenemoser et al., 2012; Wurtzel et al., 2015). The early phase is initiated by all types of injuries, including
small incisions, and is stem cell-independent, while the missing tissue response occurs following tissue loss.
If tissue is lost, the missing tissue response is initiated, which includes the extended expression of the wound
response genes beyond 24 hpa, a second mitotic peak in neoblasts at the wound site, and a systemic
apoptotic response in differentiated tissues (Pellettieri et al., 2010; Wenemoser and Reddien, 2010;
Wenemoser et al., 2012). However, it seems that disruption of the positional information system primarily
drives regeneration and the missing tissue response mainly accelerates it, as planarians can regenerate slowly
even in the absence of the three hallmarks of the MTR, thanks to basal turnover rates in the neoblasts
(Tewari et al., 2018). Incisions in patterning-deficient backgrounds (beta-catenin-1(RIN.Ai), APC-1(RN.A7),
and patched(RINAZ)) cause ectopic outgrowths, further suggesting that an early generic wound response
occurring in a disrupted positional system launches the missing tissue response and restorative regeneration
(Owlarn et al., 2017).

The gene expression program includes the upregulation of around 200 genes (Wenemoser and Reddien,
2012; Wurtzel et al., 2015). The very first genes include “immediate early genes” such as jun-1, fos-1, egir1,
egr-2, egr-3, and ¢gr-4, whose expression does not depend on new protein synthesis. The program also
includes broadly expressed stress-related genes (HSP90, HSP70, HSP40, ¢gr-2), a neoblast subprogram
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involving histone methyltransferases, cell cycle factors, chromatin remodelling factors, and transcription
factors (HZ2B, topbp1, rrm2b, runt-1, srf; runt-2), and an epidermis program (jun-1, TRAF-1, ston, hadrian), and
the muscle subprogram (patterning genes, i.e. members of Wnt, BMP, and TGF-beta pathways), whose
expression is translation-dependent (Wenemoser et al., 2012; Wurtzel et al., 2015).

Early wound-induced gene expression and the missing tissue response are dependent on Erk signalling
(Tasaki et al., 2011a; Owlarn et al., 2017, Fan et al., 2023). Erk activates the missing tissue response through
5t induction (Owlarn et al., 2017). After injury, ERK signalling activity propagates at a speed of 1 mm/h
from the wound site along longitudinal muscle fibres to areas distant from the wound (Fan et al., 2023).
Interestingly, wound-induced gene expression occurs both at distal and proximal sites, and the distal
response is dependent on Erk signalling (Fan et al., 2023). At distal sites, ERK signalling is required for the
mitotic response in neoblasts, but the functional link is unclear (Fan et al., 2023). Moreover, the ERK signal
might hypothetically elicit a reaction in distal tissues that informs on body proportions to the proximal
wound site, but no backwards-propagating signal has yet been characterised (Fan et al., 2023). If ERK
signalling is inhibited during the onset of regeneration, regeneration-deficient dormant tissue fragments are
formed, but if the generic wound response is triggered again in dormant tails, functional regeneration occurs
(Owlarn et al, 2017; Fan et al.,, 2023). As regeneration proceeds, the pERK signal is shifted from
differentiated cells to neoblast-derived blastemal cells at 24 hpa (Tasaki et al., 2011a). Additionally, NK
signalling is active in the postblastemal region and is required to properly induce the expression of early
wound-induced genes, the control of the two mitotic peaks, and both of the apoptotic responses (Tasaki et
al., 2011b; Almuedo-Castillo et al., 2014). Although JNK signalling affects the early generic phase, it is only
strictly required for the onset of the missing tissue response (Almuedo-Castillo et al., 2014).

Interestingly, a subprogram of wound-induced gene expression includes the expression of the patterning
genes f5z, notum and wntl in pre-existing muscle fibres at all wound sites (6 hpa to 18 hpa) (Petersen and
Reddien, 2009; Gurley et al., 2010; Gavifio et al., 2013; Scimone et al., 2017). Induction of eatly expression
of wnt1 (0-24 hpa) is independent of beta-catenin-1 or APC-1, while wound-induced expression of notum
depends on beta-catenin-1 (Petersen and Reddien, 2009; Rink et al., 2009). Furthermore, as indicated eatlier,
wound-induced f71s required for the missing tissue response, but in a separate regulatory gate, fi7 suppresses
wnt1 at anterior-facing wounds by inhibiting actvin-1 ot activin-2 that likely transduce their signal through a
ac!R-1 and smad2/3 circuit (Gavifio et al., 2013; Roberts-Galbraith et al., 2013; Tewari et al., 2018).
Additionally, wounding induces the expression of foxD (6 hpa) at the ventral midline muscle cells if the
midline is perturbed (Scimone et al.,, 2014a). Interestingly, Hh signalling inhibits wound-induced foxD
expression, while wound-induced foxD expression is independent of Wnt signalling levels (Scimone et al.,
2014a).

1.3.5.3 Rescaling of positional information

The start of the second phase (18 hpa to 48 hpa) is marked by re-establishment of the positional information
system, as observed by the rescaling of critical PCGs to correspond to the body proportions of the tissue
fragment. Resetting of positional information is required for regeneration, as the loss of muscle fibers and
PCG expression disrupts the second phase (Scimone et al., 2017). Positional rescaling is also required for
remodelling tissues in the pre-existing fragment (Umesono et al., 2013; Lander and Petersen, 2016). During
the second phase (18 hpa), neoblasts migrate and accumulate in the postblastemal region of the wound site,
where they divide, differentiate, and neoblast progeny feed the outgrowth of the blastema (Dubois, 1949;
Sal6 and Bagufia, 1984; Newmark and Sanchez Alvarado, 2000; Eisenhoffer et al., 2008; Wenemoser and
Reddien, 2010).

The onset of axial re-establishment is marked by the asymmetric expression of #otum in muscle cells at
anterior wound sites, which is the first gene to be differentially expressed at anterior- vs posterior-facing
wounds (Petersen and Reddien, 2011; Wurtzel et al., 2015). Anterior expression of notum reduces the level
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of Wnt activity at the anterior, reestablishing a posterior-to-anterior gradient corresponding to the
regenerating fragment. As regeneration proceeds, the expression of #otum becomes restricted to the stem
cell-derived anterior pole, which acts as a signalling center, patterning the outgrowing head (Petersen and
Reddien, 2011; Witchley et al., 2013; Vasquez-Doorman and Petersen, 2014). Although early notum
expression is dependent on befa-catenin-1, a head is able to form in notumibeta-catenin-1(RIN.Ai) double
knockdowns, indicating that low beta-catenin signalling levels are sufficient to drive anterior regeneration.
Conversely, at posterior wound sites, wnt1 expression becomes progressively restricted to the stem cell-
derived posterior pole that drives posterior specification (Petersen and Reddien, 2009; Gurley et al., 2010;
Hayashi et al., 2011). However, although differential Wnt activity provides and elegant model for anterior
vs. posterior patterning, beta-catenin-1 is in fact observed to be nuclearised in both anterior and posterior
blastemas from 12-24 hpa onwards (Sureda-Goémez et al.,, 2016). Nuclearisation is dependent on wntl in
the posterior blastema but not in the anterior (Sureda-Goémez et al., 2010).

However, what signal controls #otum expression in anterior vs. posterior wounds? Recent efforts have begun
to find upstream regulators of notum. Knockdown of activin-2 eliminates asymmetric expression of notum
and is required to prevent notum from being activated at posterior-facing wounds (Cloutier et al., 2021).
Activin-2 1s expressed in muscle cells, and disruption of the longitudinal muscle fibers, in combination with
knockdown of activin-2, rescues asymmetric expression of notum, suggesting that activin-2 somehow modifies
the synthesis of longitudinal muscle fibers and their inherent polarity competence, which is used during axis
re-establishment (Cloutier et al., 2021). In addition, the transcription factor a/x-3 appears to be required for
notum expression in the anterior (Akheralie et al., 2023).

During the second phase, ERK signalling activity becomes restricted to the anterior blastema, at least in
the species D. japonica (Umesono et al., 2013; Agata et al., 2014). Knockdown of befa-catenin increased the
ERK levels in both anterior and posterior blastemas, indicating that befa-catenin has the capacity to
downregulate ERK signalling levels throughout the worm (Umesono et al., 2013). Based on these data,
Agata et al. (2014) propose that the default trajectory of neoblasts is towards the anterior fate and brain
neurons, while Wnt signalling suppresses this in the posterior end by inhibiting ERK activity levels.
Furthermore, the anteriorly expressed #dk also has the ability to suppress ERK signalling (Umesono et al.,
2013). Knockdown of ndk expands the ERK signalling boundary from the anterior blastema towards the
pharynx and displays a posterior expansion of brain tissues towards the pharynx. Based on these findings,
Umesono et al. (2013) hypothesise that an anterior FGF signal activates ERK signalling. Since ndk does
not have the intracellular signalling domain, it would act as a decoy receptor, trapping FGF ligands and
ensuring that FGF signalling activity does not extend beyond the brain towards the posterior. However,
this model has its limitations; an fgfligand has been characterised in D. japonica, but it does not seem to have
as a critical role as posited by the model (Auwal et al., 2020).

Another line of evidence for anterior fate bias in neoblasts comes from the observation that early brain
development appears to be uncoupled from Wnt signalling (Evans et al., 2011; Iglesias et al.,, 2011).
Following increased Wnt signalling levels, small brain primordia form in the regenerated ectopic tail of two-
tailed worms, but these do not mature into a functional brain (Evans et al., 2011; Iglesias et al., 2011). In
wildtype worms, the brain primordia form at the distal tip of the blastema, while in two-tailed worms the
primordia form at the boundary between the blastema and the postblastema (Cebria et al., 2002; Iglesias et
al., 2011). Therefore, neoblast may differentiate towards an anterior fate in the postblastemal region
independently of Wnt signalling, but a low Wnt signalling environment further allows subsequent
differentiation at the anterior end. As the brain primordia appear close to the pharynx in homeostatic two-
tailed worms, Iglesias et al. (2011) also speculate that the pharynx might act as an additional signalling center,
motivated by the fact that several signalling factors are expressed in the esophageal region.
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In the regenerating tail, Hh signalling promotes the expression of wu#1 and drives the posterior specification
program, while increased levels of Hh signalling do not affect the expression of notum (Rink et al., 2009;
Yazawa et al., 2009; Petersen and Reddien, 2011). At 18 hpa, 4b is expressed in ventral nerve cords and wnt1
in muscle cells, suggesting that the Hh signal might be transported via neural axons to the target cells
(Yazawa et al., 2009). Differences in regenerative rate along the AP axis is dependent on Hh signalling,
suggesting that Hh signalling temporarily inhibits anterior regeneration (Evans et al., 2011). Furthermore,
JNK signalling ensures that the anterior and posterior poles arise from neoblasts (Almuedo-Castillo et al.,
2014; Tejada-Romero et al., 2015). Specifically, neoblast-expressed jun/-1 is required for specifying the
posterior pole lineage (Tejada-Romero et al., 2015).

In addition to the dynamic signalling pathways, a range of transcription factors, including the TALE factors,
begin to specify the blastemal poles at the end of the second phase. The nuclear receptor #r#-a is expressed
in muscle fibres and is necessary for the positioning of both the anterior and posterior poles to the distal
tips of the outgrowing blastemas (Li et al., 2019). In the anterior blastema, notum, f5t, and foxD are first
expressed in the muscle fibres, while 277 is expressed in neoblasts. Towards the end of the second phase,
the expression of all these factors becomes restricted to a subset of differentiating neoblast progeny that
give rise to the anterior pole (Gavifio et al., 2013; Scimone et al., 2014a; Vasquez-Doorman and Petersen,
2014; Vogg et al,, 2014). In the second phase blastema (24 hpa), the number of anterior pole progenitors
(zie-1+) 1s dependent on low levels of Wnt signalling and the activity of pbx and fi# (Vasquez-Doorman and
Petersen, 2014). Furthermore, the factors prep, pbx, iskt-1 and pifx are expressed diffusely in both anterior
and posterior blastemas, and are involved in the specification of the antetior (prep, pbx) and postetior (pbx,
istet, pitx) poles (Felix and Aboobaker, 2010; Hayashi et al., 2011; Blassberg et al., 2013; Chen et al., 2013;
Currie and Pearson, 2013; Mirz et al., 2013).

1.3.5.4 Anterior specification and morphogenesis

In the third phase (48 hpa onwards), the poles assemble at the tips of blastemas and act as signalling centers,
patterning the blastema along with signalling cues from the pre-existing fragments. As transplanted anterior
poles can induce the ectopic outgrowth of heads, this indicates that they provide signalling cues along all
the three body axes (Oderberg et al., 2017). Anterior pole progenitors differentiate while migrating towards
the tip of the blastema, where they coalesce into a cluster (Scimone et al., 2014a; Vogg et al., 2014). The
muscle fibers of the pre-existing fragment are required for the formation and organisation of the antetior
pole, as the loss of longitudinal fibers eliminates pole formation, while disruption in the circular fibres splits
the pole into two and gives rise to bifurcated worms (Scimone et al., 2017). Moreover, signals from the pre-
existing fragment direct the positioning of the pole at the pre-existing midline and DV boundary (Oderberg
et al., 2017). Initially (48 hpa), the pole progenitors are specified from neoblasts at the MLL median plane
but broadly along the DV axis, before progressively accumulating at the DV median plane (Oderberg et al.,
2017). The anterior pole is then required to rescale the expression boundaries of PCGs (Vasquez-Doorman
and Petersen, 2014).

In third-stage blastemas, the expression of the markers notum, fit, foxD, and zie-1 is restricted to the antetior
pole (Koinuma et al., 2003; Roberts-Galbraith and Newmark, 2013; Scimone et al., 2014a; Vasquez-
Doorman and Petersen, 2014; Vogg et al., 2014). Other genes expressed in the anterior pole include sFRP-
1, ndk, ndl-4, and prep, but not sFRP-2 or the midline and DV boundary markers s/ and admp-1 (Scimone et
al., 2014a). Knockdown experiments have revealed that the formation of the anterior pole is dependent on
notum, fst, foxD, zie-1, prep, and pbx (Felix and Aboobaker, 2010; Blassberg et al., 2013; Chen et al., 2013;
Scimone et al., 2014a; Vasquez-Doorman and Petersen, 2014; Vogg et al., 2014). Among these factors,
homeostatic knockdowns suggest that foxD and zie-7 act upstream of notum and f5t in the pole specification
cascade (Vogg et al., 2014). Even though notum expression is eliminated after double-knockdown of zze-7
and beta-catenin-1, heads form at both ends, suggesting that gi-7 and notum are dispensable in a low Wnt
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environment (Vasquez-Doorman and Petersen, 2014). Although pirx and iskt-1 are expressed at both
anterior and posterior poles, they are required only for the formation of the posterior pole (Currie and
Pearson, 2013; Mirz et al., 2013). Nonetheless, pitx and ésler-1 along with foxD, pbx, and prep are required
for extending the midline (sZ#+ cells) from the anterior pole to the postblastema in the pre-existing fragment
(Currie and Pearson, 2013; Mirz et al., 2013; Scimone et al., 2014a). As only around 50 transcripts are
differentially regulated between the anterior pole and the flanking tissues, it appears that the specification
and function of the pole can be reduced to a set of critical transcription factors mentioned above (Li et al.,

2019).

1.3.5.5 Posterior pole and specification

Likewise, the posterior pole forms at the tip of the posterior blastema and expresses the markers wnt1, islet-
1, and pitx (Petersen and Reddien, 2009; Hayashi et al., 2011; Currie and Pearson, 2013; Mirz et al., 2013).
The formation of the posterior pole is also dependent on the activity of these, and pitx is further required
for the formation of the midline between the pole and the postblastema in pre-existing fragment as in the
anterior blastema (Petersen and Reddien, 2009; Hayashi et al., 2011; Currie and Pearson, 2013; Mirz et al.
2013). In the posterior, transcriptomic profiling has identified around 200 pole-specific transcripts
compared to adjacent tissues, suggesting that the signalling ligands and transcription factors regulating the
specification of the posterior pole have also been mostly found (Li et al., 2019).

According to expression patterns and phenotypic data following knockdowns, a hierarchical “Wnt code”
model has been proposed. Early injury-induced wn#1 expression in pre-existing muscle cells at the end of
the second phase induces the late-stage expression of wntl in a subsets of neoblasts and initiates the
postetior specification program. As the receptors fzd7 and /p5/6 display the strongest phenotypes, this
could indicate that these receptors mediate the signal of wn#7 to specify the posterior pole. In addition to
wntl, the Wnt ligands wnt11-2, wnt11-1, and wntP-2 are expressed in the posterior blastema. As the
knockdown of these ligands display weaker phenotypes than that of wu#i, it is likely that these act
downstream of the wnt1-fzd1-lrp5/6 circuit to specify postetior identities. Wnt11-2 is also required for the
specification of the posterior pole, while silencing wn#17-1 gives rise to shorter tails but does not eliminate
the formation of the posterior pole, and knockdown of wnzP-2 does not affect tail regeneration but is
involved in patterning the trunk (Adell et al., 2009; Gutley et al., 2010; Sureda-Gémez et al., 2015). The
knockdown of fzd4-1 also produces tailless animals, suggesting that wnt77-2 could transduce its signal
through this receptor (Pascual-Carreras et al., 2021). In the third stage, the expression of wnfP-2 is first
induced in the posterior blastema, but the expression boundary later extends forward to form a posterior-
to-anterior gradient. Taken together, eatly-injury induced wn#7 from differentiated cells could induce its
own expression in pole-forming neoblasts or neoblast progeny through fzd7-/p5/6. In the pole-forming
cells, wnt1 also induces the expression of the second rank module containing wnt17-2 and fzd4-1, which
helps to stabilise the specification of the posterior pole. In addition, wntl from posterior pole cells could
induce the expression of wnt11-2 and fzd4-1 in adjacent posterior cells that drive tail regeneration around
the posterior pole cells. In turn, wnt17-2 secreted from these adjacent cells would induce the expression of
the third module involving wn#17-1 that ensures the correct morphology of the tail, and subsequently wzP-

2 to ensure the regeneration of central regions.

Gene expression patterns along the AP axis and sequencing after knockdown of beta-catenin-1 and wnt1 have
begun to identify the targetome of Wnt signalling (Owen et al., 2015; Reuter et al., 2015; Lander and
Petersen, 2016; Scimone et al., 2016; Stiickemann et al., 2017; Tewari et al., 2019; Pascul-Carreras et al.,
2023). Together, these studies have observed a core downstream posterior specification program including
the posterior Wnt components (wnt11-1, wnt11-2, wntP-2, fzd4-1, fzd4-2, axinB, wntless), postetiotly expressed
Hox genes (hox4b, lox5a, post-2c, post-2d), and the transcription factor sp5 and the zinc finger #5h. Additionally,

it appears that these core downstream effector are evolutionarily conserved, as they are downregulated after
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knockdown of beta-catenin-1 in acoels and zebrafish (Reuter et al., 2015; Tewari et al., 2019; Pascual-Carreras
et al.,, 2023). In turn, the downstream effector sp5 functions with wntP-2 to position the trunk region along
the AP axis (Tewari et al., 2019).

1.3.5.6 Trunk specification

In the trunk or the worm’s central region, a regulatory module including the FGFRL family member #d/-3,
the Wnt ligand wnfP-2, and the kinase pz&7 have been shown to establish axial proportions, as knockdown
of these genes results in worms with a second ectopic pharynx and mouth (Sureda-Gémez et al., 2015;
Lander and Petersen, 2016; Scimone et al., 2016). Additionally, the loss of wntP-2 expands the nd/-3
expression domain towards the posterior (Lander and Petersen, 2016; Scimone et al., 2016), indicating
cross-regulatory interactions. However, the direct and exact signalling mechanisms of the genes patterning

the trunk are not known.

1.3.6 Planarian eye regeneration is self-organising

In addition to tissue loss and the regeneration cascade, the planarian eyes have provided further insight into
the process of regeneration and pattern formation. The planarian eyes are discrete and easily accessible,
making them a good experimental model to study planarian cell dynamics during regeneration. Two models
for neoblast behaviour in regeneration have been proposed: targeted and non-targeted mode of
regeneration. In the targeted mode of regeneration, neoblasts specifically give rise to progenitors of lost
organs (Thi-Kim Vu et al., 2015; Bohr et al., 2021). In contrast, eyes regenerate in a non-targeted mode of
regeneration, in which passive cell turnover replaces the cells over time (LoCascio et al., 2017). Neoblasts
give rise to eye progenitors in a broad area extending from eyes to near the pharynx (LoCascio et al., 2017,
Atabay et al., 2018). The specialised eye neoblasts are interspersed among other neoblasts. Upon eye
resection, the number of eye progenitors is not increased, and continuous cell turnover regenerates the eyes
passively over time (LoCascio et al., 2017; Reddien et al., 2021). Furthermore, it has been shown that both
the eye-external positional information system and the self-organisation of eye progenitors contribute to
eye regeneration (Atabay et al., 2018; Hill and Petersen, 2018). If the PCG expression domains are shifted
following RNAI, the eye progenitors migrate to their correct position in the PCG expression domain if no
eyes are present (external positional information). However, if eyes are present, the eye progenitors
incorporate into the pre-existing eye regardless of PCG gene expression (self-organisation). Taken together,
planarian eyes have demonstrated that, at least in some instances, planarian regeneration is not only

dependent on the positional information system, but also the self-regulatory behaviour of planarian cells.

1.3.7 Summary of planarian regeneration

Whole-body regeneration in planarians relies on a molecular coordinate system of signalling pathways. This
system is dynamically rescaled after injury. At wound sites, blastemas with signalling centres form that
orchestrate downstream regeneration. The TALE factors pbx and prep are required for anterior pole
specification, while pbx is additionally required for forming the posterior pole.
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1.4 Aims of thesis

Before this thesis, little was known about gene regulatory networks in planarian whole-body regeneration.
Therefore, the aim of this thesis is to understand regulatory mechanisms of the components of planarian
regeneration: adult pluripotent stem cells and the dynamic cascade of mechanisms that pattern the
regenerating planarian. The regulatory mechanisms of planarian stem cells are holistically studied as a
system-wide gene regulatory network, while this thesis takes a reductionist approach to patterning
mechanisms, focusing specifically on the family of TALE homeobox genes.

Chapter 1 provides a brief overview of planarians as a model system and their stem cells, along with a more

comprehensive review on TALE factors and pattern formation in the context of a regenerating planarian.

Chapter 2 investigates gene regulatory networks in planarian stem cells. To this end, it provides a
reannotation of the planarian genome, compiles a list of transcription factors, identifies enhancer-like
regions active in stem cells, and integrates this information to construct gene regulatory networks modelling

planarian stem cell dynamics. In this study, our research questions are:

e  What are the transcription factors in the genome of S. mediterranea?
e Which enhancers are active in planarian stem cells?

e Which transcription factors are binding to the enhancers?

e  What is the gene regulatory network of planarian stem cells?

e  What does the gene regulatory network reveal about stem cell maintenance and lineage
differentiation programs?

Our hypothesis was that enhancers are enriched in the vicinity of neoblast-specific genes, and a putative
master regulator of pluripotency is enriched in these enhancers. However, our findings did not uncover a
clearly enriched pluripotency factor in the network, although we found multiple enhancer-like regions in
association with uncharacterised transcription factors, providing resources for further investigation into the

mechanisms of stem cell maintenance and lineage differentiation in planarian stem cells.

Chapter 3 studies the phylogeny of planarian TALE homeobox genes, given that the transcription factor
screening in the previous chapter had uncovered multiple uncharacterised TALE factors in the genome of
8. mediterranea, and that TALE factors have diversified in spiralians. In this chapter, our research questions

are:

e How have the TALE factors of S. mediterranea evolved?

e  What are the homologues of TALE factors in the genome of § mediterranea?
e Are there lineage-specific TALE factors in S. wediterreanea?

e What are the gene expression dynamics of TALE factors in S. wediterranea?
e What are the functional roles of TALE factors in S. mediterranea?

Our hypothesis was that both conserved and lineage-specific TALE factors are present in the genome of
S. mediterranea. Indeed, we found factors in conserved families (#rx-1, irx-2, irx-3, irx-4, prep, pbx-1, pbx-2,
meis-1, meis-2, meis-like) as well as factors in lineage-specific clades (SPILE-Z1, SPILLE-Z2, SPILLE-ET,
SPILE-E2, PALE). Expression analysis and preliminary RNAi screening suggest roles in both early

development and organogenesis.

In the fourth chapter, we asked whether other TALE factors are required for axial regeneration alongside
the previously characterised pbx-7 and prep. Furthermore, we sought to understand the targetome of TALE
factors in axial regeneration and to infer TALE-independent regulatory interactions using chromatin

accessibility in regenerating blastemas. Our research questions are:
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e Are other TALE factors besides pbx-7 and prep involved in axial regeneration?
e Which genes do prep, pbx-1, and meis-2 regulate in axial regeneration?

e Which direct regulatory interactions between patterning genes are most likely, given chromatin
accessibility data and previous knowledge?

We found that the Meis family member seis-2 is involved in posterior regeneration. Integration of
transcriptomic and accessibility data, along with some experimental evidence, suggests that prep and pbx-1
are direct regulators of anterior pole markers and FGFRL genes in the anterior blastema, while pbx-7 and

meis-2 are direct regulators of wnt1 and other genes of posterior specification regulatory cassette.
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Identification of putative enhancer-like elements predicts regulatory networks active in planarian
adult stem cells

Jakke Neiro, Divya Sridhar, Anish Dattani, Aziz Aboobaker

This chapter has been published as a first author original research article in eLIFE
(https://doi.org/10.7554/Life.79675). Jakke Neiro and Aziz Aboobaker are corresponding authors. It was
published online on the 23rd of August, and is reproduced here.

Divya Sridhar and Anish Dattani generated the H3K27ac ChIP-seq and ATAC-seq data. Dattani compiled
the publicly available RNA-seq data used for the expression-driven reannotation of the planarian genome
and provided preliminary guidance on the analysis. Jakke Neiro conducted the computational analysis for

all sections, wrote the manuscript, and revised it following reviews.

Jakke Neiro
Contribution Formal analysis, Validation, Investigation, Visualization, Methodology, Writing - original
draft, Writing - review and editing

Divya Sridhar
Contribution Investigation, Methodology, Writing - review and editing

Anish Dattani
Contribution Formal analysis, Investigation, Visualization, Methodology, Writing - review and editing

Aziz Aboobaker
Contribution Conceptualization, Supervision, Funding acquisition, Investigation, Methodology, Writing -
original draft, Project administration, Writing - review and editing

Funding

Medical Research Council (MR /T028165/1)

Biotechnology and Biological Sciences Research Council (BB/]J014427/1)
Biotechnology and Biological Sciences Research Council (BB/M011224/1)

The funders had no role in study design, data collection and interpretation, or the decision to submit the

work for publication.

46



Chapter 2. Identification of putative enhancer-like elements

predicts regulatory networks active in planarian adult stem cells

Jakke Neiro, Divya Sridhar, Anish Dattani, Aziz Aboobaker

Planarians have become an established model system to study regeneration and stem cells,
but the regulatory elements in the genome remain almost entirely undescribed. Here, by
integrating epigenetic and expression data we use multiple sources of evidence to predict
enhancer elements active in the adult stem cell populations that drive regeneration. We have
used ChIP-seq data to identify genomic regions with histone modifications consistent with
enhancer activity, and ATAC-seq data to identify accessible chromatin. Overlapping these
signals allowed for the identification of a set of high-confidence candidate enhancers
predicted to be active in planarian adult stem cells. These enhancers are enriched for
predicted transcription factor (ITF) binding sites for TFs and TF families expressed in
planarian adult stem cells. Footprinting analyses provided further evidence that these
potential TF binding sites are likely to be occupied in adult stem cells. We integrated these
analyses to build testable hypotheses for the regulatory function of TFs in stem cells, both
with respect to how pluripotency might be regulated, and to how lineage differentiation
programs are controlled. We found that our predicted GRNs were independently supported
by existing TF RNAi/RNA-seq datasets, providing further evidence that our work predicts

active enhancers that regulate adult stem cells and regenerative mechanisms.

2.1 Introduction

The molecular and evolutionary mechanisms of regeneration remain underexplained compared to animal
development. This can be attributed to the greater technical difficulty historically associated with studying
the molecular mechanisms of adult biology compared with development. However, an ever-broadening
repertoire of model organisms for regeneration, progress in understanding the vatiety of cellular and
molecular mechanisms used across taxa, and advances in experimental tools are serving to close this gap.
One area of slower progress has been our knowledge of the regulatory logic of regenerative mechanisms,
with relatively few studies in highly regenerative models providing precise insight into the epigenetic
regulation of regeneration. While transcription factors (TFs) have been assigned functions, and in some
cases a list of likely targets through transcriptome analysis, regulatory logic has been studied in only a few
cases (Pascual-Carreras et al., 2020; Wang et al., 2020). This is particularly true in the highly regenerative
planarian model system, where only a few studies credibly address epigenetic and regulatory mechanisms
(Duncan et al., 2015; Dattani et al., 2018; Mihaylova et al., 2018; Dattani et al., 2019, Pascual-Carreras et al.,
2020).

Enhancers are distal-acting elements that regulate transcription initiation when TFs attach to TF binding
sites, containing conserved sequences. In a regenerative context, active enhancers have been identified at
the tissue level in zebrafish, the African killifish Nothobranchins furzeri, and the fruit fly Drosophila melanogaster,
and at the whole-body level in the acoel worm Hofstenia miamia and the cnidarian Hydra vulgaris (Harris et
al.,, 2016, Kang et al., 2016; Goldman et al., 2017; Gehrke et al., 2019; Murad et al., 2019, Yang and Kang,
2019; Wang et al., 2020). Despite their importance as a model for understanding regeneration, there are
only a few putative enhancers identified or implicated in planarians (Pascual-Carreras et al., 2020), partly
due to the lack of transgenic approaches allowing for direct functional testing of potential regulatory

47



elements. Hence, other analytical methods must be used to discover enhancer regions de novo across the
genome. A set of putative planarian TFs have been identified based on available transcriptomic data, but
genome-wide TT interaction with potential enhancers has not been elucidated (Swapna et al., 2018; Pascual-
Carreras et al., 2020). Ultimately, TF interactions with enhancers can be used to construct gene regulatory
networks (GRNs) (Duren et al., 2017; Lowe et al., 2019; Miraldi et al., 2019, Duren et al., 2020; Janssens et
al., 2022).

In planarians, regeneration is based on a population of somatic pluripotent stem cells called neoblasts that
can differentiate into all cell types of the adult body plan and are the only cycling cells in the adult worm
(Aboobaker, 2011; Rink, 2013, Zhu and Pearson, 2016). Nonetheless, how neoblasts dynamically retain
pluripotency, specify fate, and differentiate remains unknown from a regulatory network perspective, while
a number of different models at the cell biological level have been hypothesized (Adler and Sanchez
Alvarado, 2015, Swapna et al., 2018; Raz et al., 2021). Fluorescence-activated cell sorting (FACS) separates
cells into three compartments: S/G2/M cell-cycle stage neoblasts (known as X1), G1 stage neoblasts and
postmitotic progeny (known as X2), and differentiated cells (known as Xins, as the insensitive to radiation
treatment) (Hayashi et al., 2006; Labbé et al., 2012; Onal et al., 2012; Romero et al., 2012; Solana et al.,
2012). Analysis of the X1 cells has been used to catalog genes expressed in neoblasts, and these studies
have revealed that neoblasts are heterogeneous and can be subdivided into multiple classes based on their
gene expression profiles (van Wolfswinkel et al., 2014; Fincher et al., 2018; Plass et al., 2018). Some classes
of fate-specified neoblasts are termed specialized neoblasts, which include precursors to eyes,
protonephridia, epidermis, intestine, pharynx, neurons, and muscle (van Wolfswinkel et al., 2014; Raz et al.,
2021). Fate-specific transcription factors (FSTFs) are expressed in S/G2/M phase and are thought to direct
fate specification into different cell types (Raz et al., 2021). Evidence from current experimental data
supports a model where specialized neoblasts can divide asymmetrically giving rise to one fate-specified,
postmitotic daughter and a proliferative neoblast that may still specify different fates (Raz et al., 2021).
Genome-wide identification of active enhancers in the X1 compartment would shed light on the GRNs
regulating the dynamic behavior of neoblasts in planarian regeneration (Labbé et al., 2012; Onal et al., 2012;
Solana et al., 2012). Currently, no such predictions of enhancers or GRNs of TFs exist.

Identifying enhancers is challenging and especially so in non-model organisms, but various genome-wide
high-throughput sequencing techniques have revealed signatures indicative of enhancers (Shlyueva et al.,
2014, Tomoyasu and Halfon, 2020). Chromatin accessibility has proven to be a universal attribute of active
enhancers and other regulatory regions in eukaryotes (Thomas et al., 2011; West et al., 2014; Zhu et al.,
2015; Daugherty et al., 2017; Klemm et al., 2019). Assay for transposase-accessible chromatin using
sequencing (ATAC-seq) has become the standard method of mapping open chromatin regions in various
taxa (Buenrostro etal., 2013; Li et al., 2019; Yan et al., 2020). However, chromatin accessibility is not unique
and specific to enhancers, and thus other complementary methods are used to discriminate enhancers from

other open chromatin regions, particularly at the point of initial identification.

Enhancers are known to be flanked by nucleosomes with specific histone modifications (Shlyueva et al.,
2014). In both mammals and D. melanogaster, acetylated lysine 27 of histone H3 (H3K27ac) is known to
mark active enhancers together with mono-methylation of lysine 4 on histone H3 (H3K4me1), whereas
H3K4mel alone marks predetermined or poised enhancers (Heintzman et al., 2007; Creyghton et al., 2010;
Ernst etal., 2011; Rada-Iglesias et al., 2011; Bonn et al., 2012; Arnold et al., 2013; Calo and Wysocka, 2013).
However, poised enhancers are not always activated, most enhancers are activated without a prior poised
state, and some poised enhancers are later actively repressed, indicating that the poised enhancer state is
not necessarily indicative of a pre-activation state (Bonn et al., 2012; Rada-Iglesias et al., 2011; Koenecke et
al., 2017). Nonetheless, the bivalent epigenetic signature of H3K27ac and H3K4mel seems to be a
conserved indicator of active enhancers in metazoans and has been successfully used for enhancer detection
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in non-model organisms (Gaiti et al., 2017a, Jdnes et al., 2018). In planarian neoblasts, the same histone
modifications mark the active, suppressed, and bivalent state of promoters as in vertebrates (Dattani et al.,
2018). Taken together, these data suggest that epigenetic marks may have a conserved association with
regulatory elements across bilaterians (Schwaiger et al., 2014; Sebé-Pedrds et al., 2016; Gaiti et al., 2017b,
Dattani et al., 2018).

Here, we significantly improve upon the annotation of the planarian genome (Grohme et al., 2018), take a
computational approach to identify all TFs in this annotation, identify putative enhancers in the planarian
genome supported by multiple lines of evidence, and then construct hypothetical GRNs active in neoblasts.
We find that multiple enhancers have evidence of FSTF-mediated regulation, supporting the view that fate
specification occurs in the S/G2/M phases. The FSTFs of different cell types seem to cross-regulate each
other, revealing the potential for a dynamic GRN governing neoblast fate specification. We identified
enhancers linked to several unstudied TFs implicating them in potentially central roles in neoblast TF
GRNs. Enhancers linked to well-known planarian positional genes suggest regulatory mechanisms for some
of the known links between these genes implicated by phenotypic studies. Finally, we show that our GRNs
predict TF regulatory interactions implicated by available data measuring gene expression changes after TF
RNAI. Overall, this work provides a foundation for future work on the regulatory logic of planarian stem
cell biology and identifies many candidate TFs with predicted roles in regulating adult stem cells.

2.2 Results

2.2.1 Annotation with a full range of transcriptome samples identifies more than 3000 new protein
coding genes in the Schmidtea mediterranea genome

We refined and extended the current annotation of the S. mediterranea genome (SMESG.1 genome and
SMESG high-confidence annotation at Planmine; Brandl et al., 2016). We performed a genome-directed
annotation based on the genome sequence and 183 independent RNA-seq datasets, including data both
from whole worms and cell compartments (Figure 2.1A and B; this new annotation has also been used in
Garcfa-Castro et al., 2021, but is described in more detail here). By including a diverse and large set of RNA-
seq data, we sought to characterize transcripts undetected in individual studies and annotation attempts
(Hoff and Stanke, 2013; Hoff and Stanke, 2019). Furthermore, we calculated proportional expression values
for each cell population defined by FACS using approaches established previously (Figure 2.1A; Dattani et
al., 2018).

In total, our expression-driven annotation process identified 91,068 transcripts at 28,097 genomic loci
(Figure 2.1B). The annotation process validated all gene models in the SMESG high-confidence annotation,
as all loci, transcripts, and exons were also found in our new annotation. In total, 50,213 transcripts were
identified as putative new isoforms of previously identified loci (Figure 2.1C). Furthermore, 7412 new loci
with 10,636 transcripts were found (Figure 2.1B, C). The protein coding potential of these new transcripts
was assessed by defining putative open-reading frames (ORFs) and scanning for protein structures (Figure
2.1B). In total, 3121 new loci with 4752 transcripts were predicted to be coding, while 4291 loci with 5884
transcripts were predicted to be non-coding (Figure 2.1B, C).

The newly described isoforms across the genome were slightly shorter than known transcripts (median
length 1618 bp vs. 1656 bp), while the new coding and non-coding transcripts were much shorter (median
length 583 and 388 bp, respectively) (Figure 2.1D). However, the mean transcripts per kilobase million
(TPM) value measured across the RNA-seq samples for new isoforms did not differ much from the levels
of previously known transcripts, while the mean TPM values for new coding and non-coding transcripts
were slightly higher (Figure 2.1, S2.A). This suggests that the main advantage of our approach was to
discover shorter transcripts (and encoded proteins) not found by previous annotation approaches (Figure
2.1D, Figure 2.1, S2.1). We sorted all annotated genes to FACS enrichment groups (Figure 2.1H), using
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Figure 2.1 An expression-driven genome annotation of Schmidtea mediterranea.

(A) Diagram of the planarian neoblast cell cycle illustrating how the fluorescence-activated cell sorting
(FACS) cell compartments X1, X2, and Xins relate to different cell-cycle phases. (B) Overview of
methodology for annotating the S. mediterranea genome and identifying novel coding and non-coding
transcripts. In total, 183 RINA-seq datasets were aligned to the SMESG.1 genome (Planmine). Novel
transcripts were assembled by using the SMESG-high-confidence annotation as a reference (Planmine).
(C) The proportion of transcript identities in the new annotation. ‘SMESG’ are transcripts present in
the known SMESG high-confidence annotation, ‘Isoforms’ are transcripts that are isoforms or splicing
variants of known transcripts in the SMESG high-confidence annotation, and ‘New coding’ and ‘New
non-coding’ are previously unknown transcripts deemed to have coding and non-coding potential,
respectively. (D) The transcript lengths of known transcripts (SMESG, n = 28624), isoforms (n =
50213), new coding transcripts (n = 4752), and new non-coding transcripts (n=5884). Kruskal-Wallis
test is used to compare all groups and Wilcoxon rank-sum test is used for pairwise comparisons. (E)
FACS categorization of 28,003 total loci into enrichment groups (Dattani et al., 2018). The enrichment
groups are X1 (X1 proportional expression = 50%), X2 (X2 proportional expression = 50%), Xins (Xins
proportional expression = 50%), X1 and X2 (X1 + X2 proportional expression = 75%, neither enriched
in X1 nor X2), X1 and Xins (X1 + Xins proportional expression = 75%, neither enriched in X1 nor
Xins), X2 and Xins (X2 + Xins proportional expression = 75%, neither enriched in X2 nor Xins), and
ubiquitous (loci not categorized into the enrichment groups above and with roughly equal proportion
in all three groups). (F) Ternary plot of proportional expression values in the X1, X2, and Xins cell
compartments. Each dot represents one single locus. The information content metric represents the
enrichment of a locus to one of the three compartments, meaning that gray loci are unspecific while red
loci are specific to a single compartment (see ‘Materials and methods’ for details). (G) Conservation of
new coding and non-coding loci to loci in Dugesia japonica and humans. ‘Smed’ (n1) are loci exclusive to
S. mediterranea, ‘Smed&Djap’ (n2) are loci with a homolog in D. japonica but not in humans, and
‘Smed&Djap&Human’ (n3) are loci with homologs both in D. japonica and humans. (H) Ternary plot of
the density distribution of proportional expression values in the X1, X2, and Xins cell compartments.
The plot gives a visual condensation of ternary plot F. The density distribution is estimated by two-
dimensional kernel density estimation. (I) Schematic of the gene structure of ankyrin-3 and two example
isoforms that are alternatively spliced (SMEST010564001.1.p1 and MSTRG.3975.46.p1). The detailed
genomic track of all the isoforms is given in Figure 2.1, S2.1F. TSS, transcriptional start site; TES,

transcript end site.

previously described methods (Dattani et al., 2018). The number of genes with enriched expression was
highest in the Xins compartment and lowest in X1 cells (Figure 2.1E). As expected by overall lineage
relationships, the shared enrichment between X1 and Xins is less common than between X1 and X2 and
between X2 and Xins cells, congruent with the fact that X1 cells are all neoblasts, X2 is an amalgam of G1
neoblasts and differentiating postmitotic progeny, and Xins cells are their collective differentiation products
(Figure 2.1E). By inspecting the distribution of proportional expression values, we also see that the
distribution is shifted towards the Xins compartment (Figure 2.1F, H), thus overall expression of genes is
enriched in differentiated cell types.

The majority of the new coding loci were unique to S. wediterranea (70 %), but 30% had a homolog in the
Dugesia japonica genome (E-value cutoff 10-19, Figure 2.1G; An et al.,, 2018). Only 27 non-coding loci (0.6
%) had a potential homolog in the human genome, but 666 loci (16 %) had a homolog in the D. japonica
genome (Figure 2.1G). The Gene Ontology (GO) analysis of new coding loci revealed that the new genes
were enriched for a function in RNA biosynthesis, metabolic processes, dephosphorylation, deacetylation,
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transmembrane transport, and mitochondrial functions (Figure 2.1, S2.1C~E). These data suggest that many
of our newly annotated genes are conserved amongst the group of planarians used for regeneration and

stem cell research.

Some genes in the new annotation displayed high levels of alternative splicing, including homologs of lectin,
ankyrins, and dystonin (Figure 2.11, Figure 2.1, S2.1B, Table 2.1). In mammals, ankyrin-3 (ankyrin-G) is a
structural protein localized to the axon initial segment (AIS) and the nodes of Ranvier, and alternative
splicing is known to underlie its functional diversity (Figure 2.11, Figure 2.1, S2.1F; Hopitzan et al., 2005;
Lopez et al., 2017; Nelson and Jenkins, 2017). A planarian homolog of ankyrin-3 has 112 isoforms,
including isoforms with one long exon, supporting the finding that giant ankyrin-based cytoskeleton of the
AIS may have been present in the last common ancestor of bilaterians (Figure 2.11, Figure S2.1F; Jegla et
al., 2010).

Table 2.1 Genes with more than 100 transcript isoforms.

Number of isoforms Gene Description

571 TMEM25 Transmembrane protein 25

291 CLEC18B C-type lectin domain family 18 member B

206 ANK2 Ankyrin 2

143 GABPB2 GA binding protein transcription factor subunit
138 PACRG Parkin coregulated

112 ANK3 Ankyrin 3

106 DST Dystonin

104 ANK3 Ankyrin 3

Taken together, these initial example analyses of our new annotation, particularly the discovery of many
hundreds of new loci and thousands of putative alternative isoforms, suggest that it will have an important

utility for the research community studying all aspects of planarian biology.

2.2.2 Comprehensive annotation of planarian transcription factors highlights a diversity of
unknown zinc fingers

We screened for TFs in the new annotation using the same approach as Swapna et al., 2018 (Figure 2.2A).
We validated the TF potential through a systematic protein domain annotation, assessed for homology to
known TFs, and manually reviewed the list of TFs to assign them to planarian TFs present in the literature
and databases (Figure 2.2A). Altogether, we found predicted 551 TFs in 8. mediterranea, of which we found
248 to be described in the planarian literature as a named molecular sequence (L.e., the sequence was
assigned a proper TF name; for details, see ‘Materials and methods’). The naming of planarian TFs in the
literature was mostly consistent, but some inconsistencies were found (Supplementary file 1). We classified
the TFs into four structural categories: basic domains, zinc domains, helix-turn-helix domains, and other
domains (Stegmaier et al., 2004). Most basic domains had been described by Cowles et al., 2013, but we still
identified new homologs of Az, Batf, Creb, Htf, Mad, Matf; MyoD, Npas, and Pdp family members, each with
broad established roles in metazoan biology (Figure 2.2B, Supplementary file 1).

In contrast, we identified multiple uncharacterized zinc finger domain TFs (ZNFs), many of which have
not received much consideration yet in planarian regeneration research. While some of these unstudied
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Figure 2.2 Annotation of planarian transcription factors.

(A) Diagram of the transcription factor (TF) annotation process. The coding transcripts identified in
the new genome annotation were screened for conserved TF structures by using Interproscan and the
Pfam and SUPERFAMILY databases. Homologs were then searched for the TFs with BLAST, and the
planarian literature was reviewed to assign screened TT's to previously described. The manually reviewed
TF proteins were then used to predict motifs. (B—E) Identified TF families with basic domains (B),
(C-E). ‘Old’ refers to TFs present in the literature, while New’ are TFs without a reference in the
literature or new additional homologs. (F) Ternary plot of proportional expression values in the X1,
X2, and Xins cell compartments. Each dot represents one single TF. The information content mettic
represents the entichment of a locus to one of the three compartments (see 'Materials and methods' for
details). (G) Heatmap and hierarchical clustering of proportional fluorescence-activated cell sorting
(FACS) expression profiles for all TFs. (H) Histogram of the total information content of the identified
motifs. (I) Example sequence logos for some of the best characterized motifs. The motifs of pbx
(MA0782.1) and prep (MA0783.1) have almost identical PWMs, but they are listed as separate motif
entries in JASPAR.

ZNFs could be assigned to well-known ZNF families such as GATA, KLF, EGR, and PRDM, many could
not be assigned to well-described families. The nomenclature of ZNFs was based on the naming of human
proteins to which they have the highest identity, and hence many appear in the ZNF and ZNP categories
(Figure 2.2C). Interestingly, we also find ZNFs related to SCAN-domain containing zinc fingers (ZSCAN)
and pogo transposable elements with KRAB domain (POGK) previously only described in vertebrates
(Emerson and Thomas, 2011; Gao and Qian, 2020a). However, these planarian ZNFs do not contain the
SCAN or KRAB domains, and the similarity arises from the DNA-binding domains. While members of
the pogo transposable element superfamily are found throughout the metazoans, the KRAB subfamily is

specific to vertebrates (Gao et al., 2020b). For this reason, we have provisionally named these ZNF's Zscan-
like and POGK-like (Figure 2.2C).

For helix-turn-helix domains, new homologs were found for several described TF families, including Nx
and Six, and a few TTs belonging to families not previously described in planarians were also discovered,
such as Lwzx and Shox (Figure 2.2D). Some TFs were also newly annotated for other domain families (Figure
2.2E).

We proceeded to allocate proportional expression values to the TFs with respect to the X1, X2, and Xins
cell compartments (Dattani et al., 2018). The distribution of the proportional expression values was even,
although a slight skew towards the X1 compartment was evident (Figure 2.2F, G). Most TFs were assigned
to the X1 and Xins compartments and the least to the X2 compartment (Figure 2.2F, G). In other words,
few TF's were specific to the X2 compartment, while most TFs were specifically expressed in stem cells and
their nascent progeny (X1 and X2) or in progeny and differentiated cells (X2 and Xins). This would be
expected by overall lineage relationships. There was no compartment-specific enrichment for different TF
domains (y2 test, p=0.2).

We then moved to assigning predicted target binding motifs to the annotated set of planarian TFs. Most
studies in non-model organisms have tended to use motifs directly from only a single-model organism or
solely rely on de novo motif enrichment without reference to the TFs actually present in the studied
organism (Gaiti et al., 2017a, Gehrke et al., 2019; Murad et al., 2019). However, we used the same approach
as Siebert et al., 2019 and searched the JASPAR database for TFs with the highest similarity to predict
motifs for planarian TFs (Figure 2.2A). In total, we found 166 motifs that were assigned to 263 TFs with a
normal distribution of motif information value (Figure 2.2H, Supplementary file 1). The most informative
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motifs were found for gfp-7, pbx, prep, gli-3, and rfx7, while the least informative motifs were for besl-2,
pon2/ 3, irx;, teadl, and lmx1 (Figure 2.21).

2.2.3 Histone modifications and chromosome accessibility mark enhancer-like regions

To identify potential enhancer regions, we analyzed previously generated ChIP-seq data with respect to the
enhancer-associated histone modification H3K4me1l in X1 cells (Mihaylova et al., 2018). Furthermore, we
sequenced the epigenome of X1 cells with respect to the histone modification H3K27ac to identify genomic
regions indicative of an active enhancer state. H3K27ac was enriched at promoter regions, suggesting that
this epigenomic feature for this histone modification is conserved in planarians (Figure 2.3, S2.2A, B; Gaiti
et al., 2017b). We identified 37,345 H3K27ac peaks and 13,868 H3K4mel peaks that were generally less
than 200 bp wide (Figure 2.3A, B). At H3K4mel peaks, the H3K27ac signal was strongest at the peak
center at almost all peaks, while at H3K27ac peaks the H3K4mel displayed a bimodal peak at the peak
center of most peaks (Figure 2.3C, D). This pattern of H3K4mel flanking H3K27ac peaks at enhancers
has been previously described in mammals, and our data suggest that this may be evolutionarily conserved
within metazoans (Gorkin et al., 2012; Spicuglia and Vanhille, 2012; Pundhir et al., 2016).

As our ChIP-seq data followed well-established enhancer-like patterns, we used the ChIP peaks to select
putative enhancer-like regions. We calculated a mean peak value at all peaks with respect to the H3K27ac
and H3K4mel signal (Figure 2.3E) and selected all H3K27ac peaks that were at most 500 bp from
H3K4mel peaks and determined these 5529 peaks to be an initial set of putative active enhancer-like
regions in cycling adult stem cells. The H3K27ac and H3K4mel signals correlated at these enhancer-like
regions more than at the other peaks in the genome (Figure 2.3F).

Furthermore, we calculated the mean peak value with respect to the change in H3K4mel signal upon
RNAi-mediated Smed-lpt knockdown (corresponding to the N-terminus of mammalian mll3/4 or
kmt2c/d, see Mihaylova et al., 2018). In mammals, MI13 and MIl4 are two paralogous methyltransferases of
the COMPASS family (SET1/MLL) that regulate enhancer activity by mono-methylating H3K4 (Wang et
al., 2021). In addition, the mll3/4 methyltransferase complex associates with the histone acetyltransferase
p300/CBP that mediates H3K27 acetylation at enhancers and thus gives rise to the active enhancer
landscape (Wang et al., 2021). The enhancer-like regions were clearly more responsive to the knockdown
of Smed-Ipt as compared to random points within the genome, and the response was most evident at the
center of putative enhancer-like regions (Figure 2.3G, H and K). Thus, the H3K4me1 reduction after Smed-
Ipt knockdown provides further functional support for the identification of active enhancers in planarian

stem cells as these are targets for active histone methylase activity associated with enhancers.

We optimized and performed ATAC-seq on X1 cells to measure high-resolution chromatin accessibility in
conjunction with the histone modifications (Buenrostro et al., 2013) as a potential further source of
evidence. Enhancer-like regions identified by ChIP-seq analysis had a more accessible chromatin
configuration than random points in the genome, and the peaks of open regions were positioned at the
center of the predicted enhancer-like regions implicated by ChIP-seq data (Figure 2.31, ] and L). Thus,
ATAC-seq provides independent evidence for these regions being putative active enhancers in planarian

stem cells.

2.2.4 Gene regulatory networks involving fate-specific transcription factors in neoblasts

Having defined enhancer-like regions (Supplementary file 2), integration with both TF and potential target
gene expression data allowed us to begin constructing preliminary GRNs to demonstrate the utility of our
neoblast enhancer predictions. First, we assigned enhancer-like regions to their closest gene, assuming a

high probability that these will be the putative target genes of enhancer-like regions (Supplementary file 2).
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Figure. 2.3 Histone modifications and chromatin accessibility of enhancer-like regions.

(A) H3K27ac ChIP-seq signal around independently called H3K27ac peaks. (B) H3K4mel ChIP-seq
signal around independently called H3K4mel peaks. (C) H3K27ac signal around the same H3K4mel
peaks as in (B). The signal centers around the center region. (D) The H3K4mel signal around the
same H3K27ac peaks as in (A). The signal displays a bimodal shape around the center region. The
signal of the y-axis and the heatmap in (A—D) is given as the log2 fold-change relative to the input and
the peak width is 2000 bp. (E) A visual diagram of the calculation of the mean peak value. Mean peak
value is defined as the mean of signal values taken at an interval of 10 bp from 1000 bp upstream to
1000 bp downstream of the peak center. (F) Scatter plot of H3K27ac and H3K4mel log2 fold-change
mean peak values at the ChIP-seq peaks. H3K4mel peaks that are at most 500 bp from a H3K27ac
peak are defined as combined peaks and putative enhancer-like regions (model 2, orange), while the
non-overlapping H3K4mel and H3K27ac peaks are referred to as single peaks (model 1, navyblue).
(G) The change in the H3K4mel signal upon Ipt (mll3/4) RNAI at the combined peaks ot putative
enhancer-like regions. The change is strongest at the peak center. The log2 fold-change is calculated
as the RN Ai value relative to the wildtype value. (H) The H3K4me1 Ipt(RNAI) signal at 10,000 random
regions in the genome. (I) The ATAC-seq signal at the combined peaks or putative enhancer-like
regions. The signal is given as reads per kilo base per million mapped reads (RPKM) (J) The ATAC-
seq signal at 10,000 random regions in the genome. (K) Violin plot of H3K4mel Ipt(RNAi) signal at
putative enhancer-like regions (n = 5529) and random regions (n = 10,000) in the genome. The
H3K4mel signal is reduced at enhancers. Wilcoxon rank-sum test is used for pairwise comparisons.
(L) Violin plot of the ATAC-seq signal at putative enhancer-like regions (n = 5529) and random
regions (n = 10,000) in the genome. The ATAC-seq signal is higher at enhancers. Wilcoxon rank-sum

test is used for pairwise comparisons.

The distance from the enhancer-like regions to the target gene transcription start site (TSS) varied from
being proximal to the promoter region to being as far as 89 kb away (Figure 2.4A). We found that TFs
themselves were significantly enriched within the set of all predicted target genes (Figure 2.4B).
Furthermore, these TFs were in turn enriched for the 43 FSTFs previously shown to be expressed in
S/G2/M neoblasts (Figure 2.4B; Raz et al., 2021), again suggesting that our predicted set of enhancers are
real. In addition to TF activity, the predicted target genes linked to enhancer-like regions were enriched for
RNA metabolic and RNA biosynthetic processes and other biosynthetic processes, as well as transcription
and regulation of gene expression (Figure 2.4C). These data suggest that our enhancer predictions include
real enhancers involved in regulating key aspects of neoblast biology.

To establish more persuasive and direct regulatory links between TFs and enhancer-like regions, we used
ATAC-seq footprinting to detect potentially bound motifs in the planarian stem cell genome (Bentsen et
al., 2020; Figure 2.4D, Supplementary file 3). ATAC-seq footprints are short inaccessible or less accessible
regions within an otherwise accessible region, indicative of DNA binding by a TT or another DNA-binding
protein (Bentsen et al., 2020; Figure 2.4D). As for the raw ATAC-seq signal, footprint scores were higher
in enhancer-like regions than in random regions of the genome (Figure 2.3, S2.2C, D). Overall footprinting
analysis found 22,489 putatively bound TF motifs in the enhancer-like regions but no bound motifs in
random regions, providing further support that these regions are potential enhancers. The TFs with the
most binding sites predicted by footprint analysis in the genome overall were inx-1/irx6-1/2/ 3, egrd-1/2,
smadl/9, sp5, and nfyal /2, while the TFs with the least bound motifs were mef2-1, mef2-2, phox, pou6-2, and
lmx1-2 (Figure 2.4E Supplementary file 3 and Supplementary file 4). Overall, these data provide a resource
of studying GRNs and specific regulatory interactions in planarians neoblasts. We found no obvious
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Figure 2.4 Predicted gene regulatory networks involving fate-specific transcription factors in
neoblasts.

(A) Distance of enhancer-like regions to the transcription start site (I'SS) of nearest genes. The nearest
genes are assumed to be the putative target genes of the enhancer-like regions. (B) The proportion of
fate-specific transcription factors (FSTFs), transcription factors (TFs), and non-TF genes of all planatian
genes and of the target genes linked to enhancer-like regions. FSTFs and TFs are enriched in the set of
target genes (2 = 2660, p<0.001). (C) Gene Ontology (GO) analysis of biological processes of
enhancer-linked target genes compared to all genes in the planarian genome. (D) Schematic overview of
ATAC-seq footprinting (Bentsen et al., 2020). Both the tagmenting enzyme Tn5 and TF bind to
accessible regions of the genome. Footprints are short and sharp inaccessible segments in otherwise
accessible regions. The genomic track figure represents an example of ATAC-seq reads and footprint
score overlapping with an sp5 motif in the genome. (E) Histogram of the total number of bound motifs
in the genome for each TF. The TFs with most bound motifs in the genome are marked. (F) Putative
gene regulatory network (GRN) of FSTFs in neoblasts. The epidermal FSTFs are labeled in green, the
pole-associated FSTFs are labeled in gray, the muscle FSTFs are labeled in red, the intestinal FSTFs are
labeled in black, and the neural FSTFs are labeled in blue. The size of the nodes reflects the absolute
expression in X1 cells (transcripts per million reads [TPM]), and the color of the node reflects the
proportional expression in X1 cells (the more orange, the higher proportional expression). The arrows
represent a regulatory link but do not discriminate between positive and negative interactions.

difference in the distance of predicted TF footprints from TSSs for different TFs (Figure 2.4, S2.3).

To test the utility of these data for building and testing GRNs, we focused on the previously defined FSTFs,
established the regulatory links between them, and constructed a putative stem cell GRN based on our
datasets (Figure 2.4F, Supplementary file 5). In total, we could include 35/43 FSTFs into a GRN prediction
and found evidence for multiple cross-regulatory links that may serve to allow stem cells to decide between
fates. For example, neural FSTFs regulate enhancers of muscle FSTFs and vice versa (Figure 2.4F). The
interactions in this GRN allow specific hypotheses to be formed and tested in the future. As examples, we
present in detail the genomic region of the epidermal FSTF p53, the muscle FSTF myoD, and the neural
FSTFs nkx6-1 and soxB1-1 (Figure 2.5A—D). The epidermal FSTF p53 has multiple TFs predicted to bind
at the promoter region, including a muscle FSTF (myoD) (Scimone et al., 2014; Scimone et al., 2017), and
TFs relating to position (g7e-7) (Vasquez-Doorman and Petersen, 2014) and cell migration (zeb-7 and snail-
1/2) (Abnave et al., 2017; Figure 2.5A). An enhancer-like region within an intron of the upstream gene
ythde23 was predicted to be associated with the downstream muscle FSTF #yoD as the TSS of #yoD is closer
of the two and yhde23 is lowly expressed in X1 and X2 cells. The enhancer-like region includes bound TF
motifs such as the neoblast-enriched zinc finger fir-7, the muscle segment homeobox gene msx, the neural
pou-pl, sp6-9, lhx2-1, and position-related foxeA(P) (Figure 2.5B). A distal enhancer-like region was found
downstream of #&x6-1, including potentially bound TF motifs such as the neoblast-enriched ¢gr-7, the neural
ovo-1 and fli-1, the muscle-related #wist, the position-related smad4-1, and the pigmentation-related ezs-7
(Figure 2.5C). A distal enhancer-like region was found upstream of soxB7-7, including bound TF motifs
such as the position-related smadl and foxc4(P) (Molina et al., 2007; Reddien et al., 2007; Pascual-Carreras
et al.,, 2020), neural daz (Cowles et al., 2013), intestinal bnf# (Wagner et al., 2011, Scimone et al., 2014; van
Wolfswinkel et al., 2014), and zeb-1 and snail-1/ 2 relating to cell migration (Abnave et al., 2017; Figure 2.5D).
In the future, these putative regulatory links can be verified and studied by experiments using functional
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Figure 2.5. The genomic tracks of four fate-specific transcription factors (FSTFs) (A-D).

The first track is the H3K27ac signal (log2 scale compared to the input sample), the second track is
H3K4mel signal (log2 scale compared to the input sample), the third track is the ATAC-seq footprint
score (TOBIAS footprint score), the fourth track represents bound motifs in an enhancer-like region
(as predicted by TOBIAS), the fifth track represents the transcripts of the gene in the new annotation,
and the sixth track represents the gene expression level of the gene in X1 cells (RNA-seq fragments
per kilobase of transcript per million [FPKM]| mapped reads). (A) Genomic track of the epidermal
FSTF p53. The promoter region marked in red (width 1000 bp) has multiple bound motifs. (B)
Genomic track of the muscle FSTF zp0D. An enhancer-like region marked in red (width 1000 bp) is
located in the intron of the gene YTH domain containing 2 (y#hde23). The enhancer-like region is closer
to the zyoD promoter than the y#hde23 promoter and ythde23 is not expressed almost at all in neoblasts,
and hence the enhancer-like region is likely linked to mzyoD rather than yzhde2. (C) The neural
FSTFE nkx6-1 has a distal enhancer-like region marked in red (width 1000 bp) downstream of the gene
body. (D) The neural FSTF soxB7-7 has a distal enhancer-like region marked in red (width 1000 bp)
upstream of the gene body.

genomics involving the RNAi knockdown of individual genes and subsequent RNA-seq and ATAC-seq

analysis.

2.2.5 Multiple enhancers are linked to unstudied transcription factors

In addition to the relatively well-known planarian FSTFs (Raz et al., 2021), we investigated GRINs relating
to less-well-studied TFs with multiple bound motifs in associated enhancer-like regions as these may also
have a potentially central role in the neoblast regulation. We defined the number of enhancer-like regions,
number of putative bound motifs, and number of putative unbound motifs for each TF (Figure 2.6A,
Supplementary file 6). In addition, we selected TFs expressed in the X1 compartment (proportional
expression of X1 > 1/3) and constructed the putative GRN summarizing all the 502 regulatory links of
these 109 TFs (Figure 2.6B). In the X1 compartment (X1% > 1/3), the least-well-studied TFs with the
most bound motifs in enhancer-like regions were /596, thx-20, hesi-1, atoh8-1, and ikzf1 (Figure 2.6A, B,
Supplementary file 2 and Supplementary file 6). Outside the X1 compartment, #sx, /-6, vsx, and pdp-1 had
the most bound motifs (Figure 2.6A). The TF with most regulatory interactions, g#/596, has been
characterized to be expressed in neoblasts and more specifically in the neoblasts committed to the neural
fate, but otherwise its function is unknown (Figure 2.6A—C, Supplementary file 6; Fincher et al., 2018). We
found that numerous FSTTs were predicted to bind to putative intronic enhancers within z7/596, including
neutral FSTFs 5p6-9, neuroD-1, and ovo-1, the intestinal FSTF gata456-1 and/or the muscle FSTF gata456-2,
and the position control genes (PCGs) smadl/9 (BMP signaling), #s/-1, and prep (Figure 2.6C). In single-cell
transcriptomics data, the gene is clearly expressed in a subset of neoblasts, calling for further mechanistic
studies of its regulatory function. The binding motif of /596 could not be predicted, so its target genes
cannot be implicated within the current datasets and approaches.

We identified the same five planarian tbx genes that have been previously reported, namely, #bx-1/10, thx-
2/ 3a, thx-2/ 3b, thx-2/ 3¢, and thx-20 (Tewati et al., 2019). In mammals, the #bx genes have multiple roles in
development, and #/x3 is involved in regulating pluripotency of embryonic stem cells (Baldini et al., 2017;
Khan et al., 2020). Nonetheless, the function of planarian #x genes has not been clarified. Here, we found
several predicted bound motifs of 7x genes in the genome (#hx-1/10 91 motifs, #hx-2/3a/ ¢ 81 motifs, thx-
20 62 motifs) and multiple bound motifs at enhancer-like regions linked to #x genes (#hx-20 142 motifs,
thx-2/ 3¢ 34 motifs, thx-2/3a 11 motifs) (Figure 2.0A, B and D, Supplementary file 2 and). #x-20 had a clear
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Figure 2.6 Enhancer-like regulatory regions in relation to unstudied planarian transcription
factors.

(A) Ternary plot of the proportional expression of all transcription factors (TFs) in the cell
compartments (X1, X2, and Xins), and the number of bound motifs linked to the TFs. The size of the
dot represents the number of bound motifs. The TFs with most bound motifs in enhancer-like regions
are named and marked. (B) The putative gene regulatory network (GRN) of all TFs in the X1
compartment. The GRN includes all TFs with an X1 proportional expression higher than 1/3. The size
of the nodes reflects the absolute expression in X1 cells (transcripts per million reads [TPM]), and the
color of the node reflects the proportional expression in X1 cells (the more orange, the higher
proportional expression). The genomic tracks of 7596 (C) and #hx-20 (D). The first track is the
H3K27ac signal (log2 scale compared to the input sample), the second track is H3K4me1 signal (log2
scale compared to the input sample), the third track is the log2 fold-change upon /#(RIN.Aj), the fourth
track is AT AC-seq footprint score (TOBIAS footprint score), the fifth track represents bound motifs in
an enhancer-like region (as predicted by TOBIAS), the sixth track represents the transcripts of the gene
in the new annotation, and the seventh track represents the gene expression level of the gene in X1 cells
(RNA-seq fragments per kilobase of transcript per million [FPKM] mapped reads). (C) Genomic track
of znf596. Two intronic enhancer-like regions are marked in red (width 500 bp). (D) Genomic track
of thx-20. Two intronic (width 500 bp) and one distal enhancer-like region (width 1200 bp) are marked
in red.

intronic enhancer-like region and a distal enhancer-like region, both containing motifs for TFs implicated
as positional control genes (PCGs) (boxT, hox4a, prep, smadl, smad9, zie-1, sp5) (Molina et al., 2007, Reddien
et al., 2007; Felix and Aboobaker, 2010; Vasquez-Doorman and Petersen, 2014; Tewart et al., 2019), TFs
involved in neoblast migration (s#ai-1 and snail-2) (Abnave et al., 2017), and various other TFs (Figure
2.6D).

2.2.6 Elements of the planarian positional gene regulatory network are active in neoblasts

Next, we studied enhancer-like regions and potential regulatory links associated with the well-known
planarian PCGs. Planarians are a primary model system to understand how positional information guides
and directs stem cell function during regeneration (Reddien, 2018), and therefore some functional genomics
data exists with regard to PCGs, enabling the comparison with our findings (Tewari et al.,, 2019). A
constitutive positional information system is established by the regional expression pattern of PCGs that
pattern the anterior-posterior (AP), dorsal-ventral (DV), and medial-lateral (ML) axes (Reddien, 2018).

The AP axis is patterned by the Wnt signaling pathway: high Wnt activity specifies posterior identity, while
low activity specifies anterior identity (Reddien, 2018). Upon B-catenin knockdown, posteriorly expressed
sp5 and the Hox genes post-2¢, post-2d, lox5a, and hox4b are rapidly downregulated (Tewari et al., 2019). In
multiple vertebrate species, sp5 is known to be a direct target of Wnt signaling (Weidinger et al., 2005;
Fujimura et al., 2007), and this regulatory link seems to be conserved in planarians (Tewari et al., 2019).
Here, we found a putative bound sp5 footprint in the vicinity of the posz-2¢ and lox5a promoters, suggesting
and further supporting that sp5 regulates the expression of these posterior PCGs (Figure 2.7A). sp5 had 431
putative bound motifs and was the fourth most bound motif in X1 cells overall, further suggesting that sp5
mediates the broad positional information provided by Wnt signaling in planarians (Supplementary file 2).

Through ATAC-seq and ChIPmentation techniques, Pascual-Carreras et al.,, 2020 screened for cis-

regulatory elements in planarian tissues in notum and wntl (RNAi) animals. Upon wntl knockdown,
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Figure 2.7 The genomic tracks of post-2c (A), wntl (B), prep (C), and ptchl (D).

The first track is the H3K27ac signal (log2 scale compared to the input sample), the second track is
H3K4mel signal (log2 scale compared to the input sample), the third track is ATAC-seq footprint score
(TOBIAS footprint score), the fourth track represents bound motifs in an enhancer-like region (as
predicted by TOBIAS), the fifth track represents the transcripts of the gene in the new annotation, and
the sixth track represents the gene expression level of the gene in X1 cells (RNA-seq fragments pet
kilobase of transcript per million [FPKM] mapped reads). (A) Genomic track of post-2¢c. One upstream
cis-regulatory regions is marked in red (width 50 bp). The foxQ/D* footprint represents motif MA0851.1
corresponding to TFs foxQ/D, fox]1-1, fox]1-2, fox]1-3, fox]1-4, fox]1-5, foxN2/3-1, foxN2/3-2, and
foxN2/3-3. (B) Genomic track of wntl. One intronic enhancer-like region with one potential Fox family
TF binding motif with evidence of binding from footprinting analysis, other Fox TF motifs lie outside
the enhancer predicted by ChIP-seq data (Pascual-Carreras et al., 2020). (C) Genomic track of prep. Two
intronic enhancer-like regions are marked in red (width 500 bp). (D) Genomic track of ptchl. One
intronic enhancer-like region (width 2000 bp) is marked in red. (E) Schematic of position control gene
(PCG) regulatory links discussed.

posterior Hox genes hbox4b, post-2¢, post-2b, lox5a, lox5b and wntl11-1, wnt11-2, fzd4, and sp5 were
downregulated, replicating the results of 3-catenin knockdown (Pascual-Carreras et al., 2020). In addition,
two foxG binding sites were found in the first intron of wnt1, and foxG knockdown was found to phenocopy
wntl knockdown, supporting the hypothesis that foxG is an upstream regulator of wnt1 (Pascual-Carreras
et al., 2020). Here, we found one enhancer-like region in the first intron of wntl with a high level of
H3K27ac, H3K4mel, and ATAC-seq footprinting scores for Fox family TFs (Figure 2.7B). This motif
implicated by footprinting analysis is the same as one of the motifs described by previous work (Pascual-
Carreras et al., 2020). We did not see evidence of binding at the second motif, and neither was this motif
within one of our predicted enhancers (Figure 2.7B).

Although the planarian Hox genes are expressed in a regionalized manner along the AP axis, the knockdown
of the genes apart from post-2d does not result in homeostatic or regeneration-associated phenotypic
changes (Currie et al., 2016; Arnold et al., 2021). Instead, the five Hox genes hox7, hox3a, hox3b, lox5b, and
post2b have been shown to be involved in asexual reproduction by regulating fission at potential cryptic
segment boundaries (Arnold et al., 2021). Here, we did not find any predicted bound motifs implicated by
footprinting associated with hox7, hox3a, and hox3b (Supplementary file 2), and only a few at the promoters
of lox5b and one at post2b (Supplementary file 2, Figure 2.7, S2.4A and B). The proportional expression
values of these Hox genes in X1 cells are 4% (hox1), 3% (hox3a), 63% (hox3b), 8% (lox5b), and 31%
(post2b). Altogether, this suggests that these Hox genes are not driving fission through their regulatory
activity in adult stem cells.

Prep, zic-1, isl-1, and foxxD1 are PCGs that are expressed in the anterior pole of both intact and regenerating
planarians (Felix and Aboobaker, 2010; Vasquez-Doorman and Petersen, 2014; Vogg et al., 2014).
Interestingly, we found that these TTs are bound to several motifs in enhancer-like regions of X1 cells
(Supplementary file 1 enhancers, prep 132 motifs, zic-1/2 330 motifs, isl-1 42 motifs, foxD1/2/3 42 motifs)
and a few motifs were found to bind to the enhancer-like regions linked to prep, zie-1, isi-1, and foxD7 (Figure
2.7C, Supplementary file 2, Supplementary file 5, and Supplementary file 6). Prep has enhancer-like regions
that have bound motifs of smad factors (Bmp signaling components) and #kx2-2/3/4 (Figure 2.7C).

Knockdown of #kx2-2 (also known as DTH-1 or nkx2.2) causes blastemal defects both at the anterior and
posterior ends, while knockdown of prep leads to defects in the anterior, suggesting that #&x2-2 might work
upstream of prep at the anterior end (Felix and Aboobaker, 2010; Forsthoefel et al., 2020).
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Lastly, we studied the Hedgehog signaling receptor patched-1 (pteh-1) and found an intronic enhancer-like
region containing multiple bound motifs, including the Hedgehog pathway TFs g/-7/2 as would be
expected, for the Wnt effector 55, the Hox genes lox5a/ b, BMP signaling components (swad4-1, smadl/9),
the antetior pole TFs prep and zie-1, the cell migration factors snail-1/2, and the muscle TFs #yoD and #wist
(Figure 2.7D). Hedgehog signaling in planarians is known to have pleiotropic functions, including
interaction with the Wnt signaling pathway and glial cell function (Rink et al., 2009, Yazawa et al., 2009,
Wang et al., 2016). Taken together, we found that elements of positional control gene regulatory network
are active in planarian S/G2/M neoblasts and an integral part of the overall GRN determining neoblast
behavior (Figure 2.7E).

2.2.7 Available transcriptomic data supports putative gene regulatory networks

As an independent test of the regulatory links between TFs predicted by our GRNs, we used transcriptomic
data from published RNAi knockdown experiments for TFs that had predicted footprints. We analyzed
transcriptomic data for we(RNA7) (Cowles et al., 2014), foxD1(RN.Ai) (Vogg et al., 2014), pax2/5/8-1
(Stower’s Institute, 2016), myoD(RINAZ) (Scimone et al., 2017), nkx7-1 (Scimone et al., 2017), hox1, hox3a,
and /ox5b (Arnold et al., 2021). These available datasets had been generated from experiments using whole
worms or blastemal tissues rather than the stem cell population. Nonetheless, in all cases both stem cells
(X1 and X2), recent stem cell progeny (X2), and differentiated tissues (Xins) will have been present in these
samples. We performed differential gene expression (DGE) analysis (Supplementary file 7) and obtained
differentially expressed transcription factors (DETFs) as an independently derived set of functionally
validated potential target TFs (Supplementary file 8).

To investigate whether the predicted regulatory links of our putative GRNs were supported by this
collection of RNAi knockdown transcriptomic data, we compared the frequency of observed DETFs with
predicted regulation by the RNAi-targeted TF in our GRNs to the expected frequency with random
assignment (Figure 2.8A—C). The null hypothesis assumes that differential expression and enhancers are
randomly assigned to genes and that footprints are randomly assigned to the enhancers (for details, see
‘Materials and methods’). On average across these eight TFs with RNAi transcriptome data, we discovered
10.38 times more regulatory links between TTs than expected supported by transcriptome data with
unbound footprints in a predicted enhancer. For TFs with predicted bound footprints, we found on average
21.09 times more regulatory links than expected (unbound p-value<0.0001, bound p-value<0.0001; Figure
2.8A—C). Results varied between knockdown experiments, indicating that the whole worm transcriptomic
data reflects stem cell transcriptomics better for some TFs than others (Figure 2.8A—D). The predictive
power of the GRNs developed in our study correlates with the proportional expression of the knockdown
TF in the X1 compartment, which only contains stem cells, and inversely correlates with the level of
expression in the Xins compartment, which only contains differentiated cells (Figure 2.8D, S2.5A, B),
suggesting that our GRNs are indeed reflective of activity in stem cells but not necessarily in postmitotic
differentiating or differentiated cells.

For instance, we examined the potential regulatory links of coe in our GRN model and found eight putative
target TFs associated with an enhancer containing a potentially bound footprint for coe. Upon coe(RINAI)
of whole worms, we observed eight DETTs, and by collating these two datasets, we obtained pou4-1 as the
only DETF containing a putative bound coe footprint (Figure 2.8E). This putative footprint is located
within an enhancer downstream of the gene body (Figure 2.8E). Indeed, Cowles et al., 2014 tested DETFs
in their transcriptomic analysis and observed that both coe(RNAi) and pou4-1(RNAI) lead to neural defects,
demonstrating that the regulatory link corroborated by our GRN could be functionally validated within the
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Figure 2.8 Transcriptomic data from knockdown experiments supports predicted regulatory
links.

(A) The number of observed regulatory links between the knocked down transcription factor (TF) (y-
axis) and differentially expressed TFs in our gene regulatory network (GRN) model. The regulatory links
with unbound and bound footprints are displayed separately. (B) The number of expected regulatory
links between the knocked down TF (y-axis) and differentially expressed TFs. (C) The ratio of observed
and expected regulatory links as obtained from transcriptomic data for knocked down TFs. The
regulatory links with unbound and bound footprints are displayed separately. (D) A ternary plot
displaying the observed/expected ratio alongside the proportional expression values of the X1, X2, and
Xins compartments. The size of the dot corresponds to the observed/expected ratio. The ratio is higher
closer to the X1 and X2 compartment maxima, indicating that the GRN model predicts links better for
TFs with higher expression in stem cells. (E) Genomic track of pou4-1. One coe bound footprint within
a downstream enhancer-like region (width 100 bp) is marked in red. (F) Genomic track of zfhx3. One
lox5a/b bound footprint within an upstream enhancer-like region (width 100 bp) is marked in red.

limits of the experimental toolkit of planarians. As for unstudied zinc fingers, we found that zthx3 is
differentially expressed in lox5b(RINAi) whole worms and has a putative bound footprint of lox5b within
an enhancer upstream of the gene body (Figure 2.8F). These analyses overall independently validate some
of our predictions and provides a set of high-confidence predictions for further studies of TFs that were
found to be differentially expressed after RNAi of TFs predicted to bind nearby enhancers.

2.3 Discussion

In this study, we improved the current genome annotation of S. mediterranea by integrating available RNA-
seq data and identified new coding and non-coding transcripts. We reviewed the literature on both
computationally and experimentally derived planarian TFs and defined a high-confidence set of TFs. If
possible, we also predicted binding motifs for the planarian TFs. We developed and performed ATAC-seq
on the proliferating stem cell compartment and determined genomic regions of open chromatin. We
analyzed genome-wide profiles of the histone modifications H3K27ac and H3K4mel, along with
chromatin accessibility data, and used these epigenetic datasets to delineate putative active enhancers in
planarian stem cells. Lastly, we identified TFs binding to the enhancers of potential target genes and
constructed hypothetical GRNs active in the stem cells.

We found more than 50,000 new isoforms to known transcripts in our annotation. This information has
already helped to improve the clustering of single-cell RNA-seq data (Garcia-Castro et al., 2021). Our
approach demonstrated that the principle of integrating available RNA-seq data into a comprehensive
expression-driven annotation can significantly improve genome annotation. We were also able to annotate
more than 7000 new loci, with over 3000 predicted to be coding, increasing the number of protein coding
genes by more than 10%. These new proteins tend to be shorter, are more likely to be proteins specific to
planarians, but are expressed at similar levels to the rest of the coding transcriptome. This, together with
the extensive annotation of alternate splice forms, gives a more complete picture of the genome of the

model planarian.

Altogether, we annotated 551 TF's that were distributed evenly with respect to enrichment across all three
FACS cell compartments in planarians (X1, X2, and Xins). In planarians, most studied functionally have
been involved in regulating differentiation. Here, we define many neoblast-enriched TFs that have not been
formally studied, with potential roles in maintaining neoblast pluripotency and potentially early lineage
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commitment. A future systematic functional screen of these may help to uncover the GRN network that
maintains pluripotency analogous to that in mammals and vertebrates (Takahashi and Yamanaka, 2000;
Takahashi et al., 2007). In particular, we found a large number of uncharacterized planarian zinc finger TFs,
and this large and diverse family of TFs is still relatively poortly studied, perhaps because they evolve
relatively rapidly in metazoans in general and often homology cannot be confidently assigned across phyla
(Alba, 2017; Cassandri et al., 2017; Najafabadi et al., 2017). Currently little is known about transcriptional
control of pluripotency in adult stem cells across animals, outside of vertebrates. In planarians, both the
NuRD (Jabet-Hijazi et al., 2013) and BRG/Brahma complexes (Onal et al., 2012) have been implicated in
regulating pluripotency through their RNAi phenotypes that block differentiation without affecting stem
cell maintenance/self-renewal. By analogy with vertebrates, these chromatin remodeling complexes may
directly regulate the activity of pluripotency TFs, which may include some unstudied TFs in our predicted
GRN .

Overall, for the main goals of this study, our analysis and identification of TTFs allowed us to confidently
assign likely binding motifs to just under half of the annotated planarian TFs (Figure 2.2E, Supplementary
file 1). In the future as the number of planarians studies using ATAC data increases, and by looking at the
actual sequence motifs implicated by footprinting analyses, it should be possible to refine motifs for
planarian TFs and even define motifs for some TT's to which motifs could not be assigned, for example, in
the diverse zinc finger TF group.

Based on combining epigenomic experiments and data types, we could identify putative intergenic and
intronic enhancers in the planarian genome of proliferating stem cells. The combined use of ChIP-seq data,
RNAI of a histone methyltransferase combined with other ChIP-seq, ATAC-seq data, and footprinting
analyses together provided strong evidence for the identification of bona fide planarians stem cell
enhancers. In the future, genome-wide ChIP-seq against the transcriptional cofactor p300 could serve as a
complementary high-throughput approach to further substantiate these enhancers (Visel et al., 2009;
Schwaiger et al., 2014), if available antibodies recognize the planarian ortholog of this protein (Fraguas et
al., 2021; Stelman et al., 2021).

Verification of the function and targets of planarian enhancers is currently not possible using traditional
approaches as no transgenic reporter technologies enabling enhancer-reporter constructs to be assayed are
available. Therefore, we are bound to rely on less direct evidence from genome-wide sequencing
technologies. Here, we assigned enhancers to target genes based on distance and the expression of the
target gene, similar to established protocols used by others (Duren et al., 2017). We find cases where
regulatory interactions suggested by previous expression-based studies of neoblast fate control and RNAi-
based studies of gene function are supported by the GRNs interactions uncovered by our analyses. We find
evidence that regulators of one differentiation lineage bind the enhancers of genes that regulate another,
presumably acting as repressors. Our predicted GRINs were statistically supported by differential expression
analyses of RNA-seq sets collected after RNAi of specific TFs (Figure 2.8), suggesting that many of the
predicted regulatory interactions may be real. Experiments based on the predictions from our data
combining RNAi against TFs with RNA-seq and ATAC-seq approaches will allow these GRNS to be
studied further to help us understand how stem cells drive regeneration and homeostasis in planarians. In
the future, both promoter-capture HiC and the co-accessibility of putative enhancers and promoters in
scATAC-seq data would offer further computational possibilities to study these promoter—enhancer
interactions (Schoenfelder et al., 2015; Pliner et al., 2018).

Taken together, our definition of enhancers in stem cells genome wide creates a foundation for constructing

detailed GRNs to help understand regenerative mechanisms driven by stem cells in planarians.

69



2.4 Methods

2.4.1 Reference assembly and annotations

The sexual genome SMESG.1 genome, the SMESG high-confidence annotation (SMESG-high release 1),
and the SMESG annotation filtered for repeats (SMESG-repeat release 2) were downloaded from PlanMine
(Brandl et al., 2016; Grohme et al., 2018). Available RNA-seq datasets were aligned to the genome with
HISAT2 (version 2.1.0) using default parameter settings and providing known splice sites from the
SMESG-high annotation (Kim et al., 2015). Transcripts were assembled and merged from the alignments
with StringTie using the SMESG-high annotation as a reference (Pertea et al., 2015; Pertea et al., 2016).

The new expression-driven annotation (Garcia-Castro et al, 2021, https://github.com/jakke-
neiro/Oxplatys/raw/gh-pages/Schmidtea_mediterranea_Oxford_vl.gtf.zip) was compared to the
SMESG-high annotation with gffcompare (Pertea et al., 2015; Pertea et al., 2016). Transcripts labeled with

C—2>

the class code were classified as full matches corresponding to the transcripts in the SMESG.1 genome,

9% CC_9% € CC )

while transcripts labeled with the class codes “c”, “k”, “m”, “n”, 97, “e”, and “0” were classified as

[T 3]

isoforms. Lastly, transcripts labeled with class codes “u” (unknown or intergenic),
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1

(fully contained within
a reference intron), and “x” (exonic overlap on the opposite strand) were selected as potential candidates
for new coding and non-coding transcripts (Pertea et al., 2016; Wu et al.,, 2016, Azlan et al., 2019).
Transdecoder was used to identify ORFs in these new transcripts, and transcripts longer than 100 amino
acids were classified as putative coding transcripts (Haas et al., 2013; Wu et al., 2016, Azlan et al., 2019).
Subsequently, InteProScan and BlastX against UniProt were used to look for protein-like structures in the
translated ORF's of the remaining transcripts, and transcripts without any hits were retained as putative

non-coding transcripts (Jones et al., 2014; Wu et al., 2016).

2.4.2 Expression values, homology, and GO

To obtain FACS-specific expression values, the same FACS RNA-seq datasets used by Dattani et al., 2018
were used. The RNA-seq datasets were pseudo-aligned with Salmon using selective alignment, k-mer size
31 and 50 bootstrap iterations (Patro et al., 2017). The abundance estimates were converted to the Kallisto
compatible format with wasabi, and the transcript counts were normalized with Sleuth (Pimentel et al.,
2017). The TPM values of individual transcripts were summed to calculate TPM values for each gene. The
mean TPM value across all samples in a FACS cell compartment was calculated for each gene to get the
final absolute TPM value. The proportional expression values (Xk%) were calculated by dividing the
compartment-specific TPM value by the sum of TPM values of all compartments:

Xk(TPM)

Xk% = Xk € {X1,X2,Xi
= X1(TPM) + X2(TPM) + Xins(TPM) t ins}

Transcripts were categorized into FACS enrichment categories as follows: X1 when X1% > 0.5, X2 when
X2% > 0.5, Xins when Xins% > 0.5, X1 and X2 when X1% + X2% > 0.75 and neither enriched in X1
nor X2, X1, and Xins when X1% + Xins% > 0.75 and neither enriched in X1 nor Xins, X2, and Xins when
X2% + Xins% > 0.75 and neither enriched in X2 nor Xins, and ubiquitous when not enriched in any of
the above categories (Dattani et al., 2018). Transcript lengths and expression values were compared with
Kruskal-Wallis test. Ternary plots and kernel density estimation of the proportional expression values were
generated with the package ggtern (Hamilton and ggtern, 2018). Information content (IC) was defined to
represent as a singular scalar the divergence of a combination of proportional expression values from the
even distribution point (X1% = X2% = Xins%):

IC =0.01-p; -log(py) + 0.01 - p; -log(pz) + 0.01 - p5 - log (p3)

where p1 = X1%, p, = X2%, p3 = Xins%, and min({py, p2,p3}) = 0.01, meaning that proportional
expression values below 0.01 were assigned the value 0.01.
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The homology of the transcripts was investigated by using Blastx (Altschul et al., 1990). The non-coding
and coding transcripts were aligned to the transcriptomes of humans (GRCh38.p13) and D. japonica
(assembled in Garcfa-Castro et al., 2021). The threshold for non-coding transcripts was e-value = 10-> and
for coding transcripts e-value = 1019, GO enrichment analysis of new coding transcripts with respect to
known coding transcripts was performed using topGO with Fisher’s exact test (Alexa and Rahnenfuhrer,
2020). The data for proportional expression and homology assigned by BLAST of all transcripts is available
at https:/ /jakke-neiro.github.io/Oxplatys/; Neiro, 2020.

2.4.3 Identification and characterization of transcription factors

We conducted a systematic domain annotation of all transcripts by using the InterProScan resource (Jones
et al,, 2014). Transcripts with an InterProScan description ‘transcription factor’, a Pfam hit to the Pfam
families listed in the TF database DNA-binding domain (DBD) v2.0, or a SUPERFAMILY hit listed in the
SUPERFAMILY families in DBD were classified as TFs (Wilson et al., 2008). We used Blast to align the
potential planarian TFs to TFs in humans and fruit flies, and potential TFs without hits were filtered out.
The planarian literature was systematically reviewed (Supplementary file 1), and if a TF was mentioned, the
GenBank accession number or primer information was retrieved to establish the exact sequence in the
literature. This sequence from the literature was aligned to the potential TFs (default parameters for
GenBank accession entries and word size 10 for primers) to correctly assign the TFs in the literature to our
transcripts (Supplementary file 1). If a planarian TF had previously been described in the literature under a
certain name, one name was chosen as the primary name, while all other alternative synonyms used for the
same TT were listed as secondary names (Supplementary file 1). If a potential TF had not been described
in the planarian literature, the name of the best human or fruit fly Blast hit was used (Supplementary file 1).
The TFs were categorized into four main groups (Basic domain, Zinc fingers, Helix-turn-helix, Alpha-
helical, Immunoglobulin-fold, Beta-hairpin, Beta-sheet, Beta-barrel, Others) according to the TRANSFAC
database (Stegmaier et al., 2004; Supplementary file 1).

Ternary plots, kernel density estimation, and the information content of the proportional expression values
of TFs were calculated as for other transcripts (see ‘Expression values, homology, and GO’). Hierarchical
clustering of FACS proportions was performed using Euclidean distance and Ward’s method with the
package hclust (van den Boogaart and Tolosana-Delgado, 2008). The frequencies of different TF domains
among the cellular enrichment classes X1, X2, and Xins (for which FACS proportional expression is higher
or equal to 50%) were compared with the chi-square test using Yates correction.

2.4.4. Motifs of transcription factors

The motifs of the TTs (Supplementary file 1) were predicted by using the JASPAR profile inference tool
(Fornes et al., 2020). The protein sequences were retrieved with Transdecoder (see ‘Reference assembly
and annotations’). The information content for each motif was determined by calculating the mean of
Shannon’s entropy at each position in the position weight matrix (PWM). The motifs were visualized with
seqLogo (Bembom, 2019).

2.4.5 ATAC-seq library preparation

A standard protocol was used for preparing the ATAC-seq library (Buenrostro et al., 2013). The X1 cell
compartments were isolated by FACS (Romero et al., 2012), and two replicates with 120,000-250,000 cells
were collected from each compartment. The cells were washed and centrifuged (1 XPBS, 1200 RPM). Lysis
buffer (10 mM Tri—Cl [pH 7.5], 10 mM NaCl, 3 mM MgCI2, 0.1% NP-40) was added, the cells were
centrifuged (500 RPM, 10 min, 4°C), and the nuclei pellet was collected. Then, the transposase mix (25 pl
2X TD Buffer, 2.5 ul Tn5 Transposase, 22.5 pl of nuclease-free water) was added, and the cells were
resuspended and incubated (37°C, 60 min). Finally, DNA was isolated using the Zymogen Clean &
Concentrator Kit, and eluted in EB buffer.
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Subsequently, the eluted DNA was used for PCR amplification and library purification. DNA was amplified
using a standard reaction (10 ul of purified transposed DNA, 10 pl of nuclease-free water, 15 pl Nextera
PCR Master Mix, 5 ul of PCR ptimer cocktail, 5 ul Index Primer 1, 5 pl Index Primer 2, 72°C, 3 min, 98°C,
30's, 14 cycles 0f 98°C, 10 s, 63°C, 30 s, 72°C for 1 min). Finally, the libraries were cleaned with the AMPure
bead purification kit. Samples were paired-end sequenced on the Illumina NextSeq. The sample replicates
can be found on Sequence Read Archive (SRR18923214 and SRR18923213).

2.4.6 ChIP-seq library preparation and sequencing

The H3K27ac ChiP-seq library was prepared and sequenced using established protocols (Mihaylova et al.,
2018; Dattani et al., 2018). A total of 600,000-700,000 planarian X1 cells were isolated for each experimental
replicate (actual sample and input control). Two sample replicates (Sequence Read Archive SRR18925505
and SRR18925504) and two input replicates (Sequence Read Archive SRR18925503 and SRR18925502)
were prepared. The H3K27ac Abcam ab4729 antibody was used for immunoprecipitation.

2.4.7 ChIP-seq data analysis

The ChIP-seq data with respect to H3K4mel and H3K4mel after Ipt(RNAI) was reanalyzed (Mihaylova et
al., 2018, PRJNA338116) alongside the H3K27ac data prepared here. The reads were quality-checked with
FastQC and trimmed with Trimmomatic (Andrews et al., 2010; Bolger et al., 2014). The reads were aligned
to the SMESG.1 genome with Bowtie2 (Langmead et al., 2009). Only uniquely mapped reads and reads
with a quality score greater than 10 were retained with Samtools (Li et al., 2009). Peaks were called with
MACS?2 with default parameters for H3K4mel and the broad peak parameter for H3K27ac (Zhang et al.,
2008). Coverage tracks were generated with deepTools bamCoverage, and the mean coverage track was
determined with wiggletools (Zerbino et al., 2014; Ramirez et al., 2016). Heatmaps of ChIP-seq profiles
were generated with deepTools computeMatrix and plotHeatmap 1000 bp upstream and downstream of
the peak center (Ramirez et al., 2016). The mean peak value was calculated as the mean of the ChIP-seq
signal 1000 bp upstream and downstream of the peak center. The H3K27ac peaks that were at most 500
bp from the nearest H3K4mel peak were selected as putative enhancers. Random genomic regions were
generated with bedtools random (Quinlan, 2014). The difference of mean peak value at enhancers and
random regions was tested with Wilcoxon’s test. Detailed analysis and code are available at https://jakke-
neiro.github.io/Oxplatys/; Neiro, 2020.

2.4.8 ATAC-seq data analysis and motif footprinting

The quality of paired-end reads was assessed with FastQC and adapter sequences were removed with
Trimmomatic (Andrews et al., 2010; Bolger et al., 2014). The reads were aligned to the SMESG.1 genome
with Bowtie2 (Langmead et al., 2009). Only uniquely mapped reads and reads with a quality score greater
than 10 were retained with Samtools (Li et al., 2009). Duplicates were removed with Samtools (Li et al.,
2009). Insert sizes were calculated with Picard CollectInsertSizeMetrics
(http:/ /broadinstitute.github.io/picard/; Magner, 2022).

For coverage track generation and peak calling, samples were downsampled to a standard of ~20M reads
using Picard DownsampleSam (http://broadinstitute.github.io/picard/; Magner, 2022). Deeptools2
bamCoverage was used to generate coverage tracks for each sample in bigwig and bedgraph formats by
normalizing with respect to reads million mapped reads (RPKM) (Ramirez et al., 2016). TOBIAS was used
to look for footprints in the ATAC-seq by using the motifs predicted by JASPAR (see ‘Motifs of
transcription factors’; Bentsen et al., 2020). BAM files of mapped reads are available at https://jakke-
neiro.github.io/Oxplatys/; Neiro, 2020.

2.4.9 Enhancer targets and gene regulatory networks
The putative enhancers were assigned to the nearest TSS with ChIPSeeker (Yu et al., 2015). The footprints

in enhancers were used to create links between TFs and target genes for network construction using a
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Python script (available at https:/ /jakke-neiro.github.io/Oxplatys/; Neiro, 2020). Networks were visualized
with the R package Igraph (https://github.com/igraph/rigraph; Nepusz, 2022) while the genomic regions
were visualized with Gviz (Hahne and Ivanek, 2010).

2.4.10 Functional transcriptomics and validation of gene regulatory network predictions

To calculate the odds ratio of our approach, we defined the expected value of the number regulatory links
for a given TF. A regulatory link for a given TF assumes that the target gene is linked to an enhancer and
that the enhancer contains a footprint for the given TF. In addition, if we assume that all differentially
expressed genes ate real direct target genes for the given TF, then the target gene of the regulatory link is
also differentially expressed upon perturbation of TF activity. First, we define A as the event that a TTF is
differentially expressed. The probability of this event is

n
P(4) = 2%
Nge

where g, is the total number of TFs in the genome, and ngg, is the number of differentially expressed

TFs. Second, we define B as the event that a given TF is linked to an enhancer. The probability of this
event is

n .
P(B) — ClS
Nge

where ng;s is the total number of TFs linked to an enhancer. Third, we define C as the event that an
enhancer contains a footprint (bound motif) of the given TF. The probability of this event is

n .
P(C) - CiSTF

cis
whete Ngjsrr 18 the number of enhancer-linked genes containing the footprint of the given TF in their

enhancers.

We assume that the events A, B, and C are independent. The expected number of differentially expressed
genes linked to enhancers with the footprint of a given TF is equal to

P(AN B N C)nge = P(ABC)nge = P(A)P(B)P(C)nge

2.4.11 Code availability

All codes are available in a notebook provided as a zip file (Source code 1).

2.4.12 Data availability

Data and analyses are available at https://jakke-neiro.github.io/Oxplatys, (copy atchived at
swh:1:rev:51a4d412daf02503691c903cd64a6£f6e78dc1b25). All analysis code is provided in supplementary
file New sequence data are available at the NCBI under Bioproject ID PRJNA832235,
https:/ /www.ncbi.nlm.nih.gov/bioproject/832235.
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2.5 Supplementary figures
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Figure S2.1 Information on the genome annotation of Schmidtea mediterranea. (A) Maximal
transcripts per kilobase million (TPM) of known transcripts (SMESG, n = 28624), Isoforms (n = 50213),
new coding transcripts (n = 4752), and new non-coding transcripts (n = 5884). Maximal TPM is defined as
the highest TPM value in the 183 RNA-seq samples used for reannotation. Kruskal-Wallis test is used to
compare all groups and Wilcoxon rank-sum test is used for pairwise comparisons. (B) The number of
transcripts per gene (distribution up to 50 transcripts/gene). (C) The Gene Ontology (GO) terms for
biological processes enriched in the new coding transcripts. (D) The GO terms for molecular functions

enriched in the new coding transcripts. (E) The GO terms for cellular components enriched in the new
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Figure S2.2 Histone modifications at transcription start sites and footprinting scores in relation to
enhancer-like regions. (A) H3K27ac ChIP-seq signal around transcription start sites (IT'SS) (B) H3K4mel
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observed regulatory links as compared to the expected number of regulatory links. The shaded area
represents the confidence interval (0.95) for the linear regression lines. (B) Negative correlation of Xins
proportional expression and the enrichment of observed regulatory links as compared to the expected
number of regulatory links. The shaded area represents the confidence interval (0.95) for the linear

regression lines.
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2.6 Supplementary material

Supplementary file 1

Full list of transcription factors (TFs) annotated in the S. mediterranea genome.

TFs are named according to existing names in the literature or according to the currently agreed
convention. The absolute (transcripts per million) or proportional expression in the fluorescence-

activated cell sorting (FACS)-associated cell compartments X1, X2, and Xins is also recorded.

Supplementary file 2

Full list of putative enhancers in adult stem cells defined by ChIP-seq and ATAC-seq analyses.
Includes the position in the genome and the identify of the predicted target gene based on proximity to
the predicted transcriptional start site.

Supplementary file 3

Full list of predicted ATAC-seq footprints in the genome, including predicted transcription
factor (TF)/TF family, position of binding site in the genome, and position of the
peak/enhancer in the genome.

Supplementary file 4
Full list of motifs with and without footprints organized by transcription factor (TF)/TF family
in predicted enhancer regions.

Supplementary file 5
Overview of number of enhancers, predicted bound motifs (footprints), and unbound motifs for
fate-specific transcription factors (FSTF) expressed in adult stem cells.

Supplementary file 6

Full list of transcription factors (TFs), involved in a putative stem cell gene regulatory network
(GRN).

Includes TF with expression >1/3 in the X1 compartment and includes other TFs implicated in
regulating or being regulated by these TFs.

Supplementary file 7
Differential expression analysis of transcription factor (TF) RINAi with RNA-seq datasets.

Supplementary file 8
Differentially expressed transcription factor (TFs) after TF RNAI.
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Chapter 3. Phylogenetic analysis of TALE homeobox genes in
Schmidtea mediterranea reveals conservation and lineage-specific

evolution

TALE homeobox genes are ancestral to eukaryotes and belong to the conserved molecular
toolkit that underlies metazoan development and cell fate specification. However, TALE genes
have diversified in spiralians, giving rise to a spiralian-specific clade (SPILE) alongside other
divergent TALE genes. In early mollusc embryos, SPILE genes are expressed in blastomere-
specific patterns and regulate cell specification. Planarians (Tricladida) are highly regenerative
flatworms that belong to the spiralian superphylum, yet the presence or function of divergent
TALE genes has not been studied in this group. To establish the TALE gene repertoire in the
planarian Schmidtea mediterranea, we revisit the metazoan TALE phylogeny and discover both
conserved and lineage-specific SPILE genes among 15 TALE genes in this species.
Additionally, our phylogenetic analysis reconstructs a previously undescribed spiralian-specific
clade, which we name LOPHILE (LOPHotrochozon talLE), and a platyhelminth-specific
TALE clade, which we name PALE (PLatyhelmiht-specific talLE). Although spiralian-specific
TALE genes have been primarily implicated in early development, we uncover a role for
spiralian-specific SPILLE-Z7 in adult planarian biology and a role for the platyhelminth-specific
PALE in regenerative patterning. Altogether, our findings reveal the importance of lineage-

specific gene evolution in the biology of regenerative planatians.

3.1 Introduction

Morphological evolution has been proposed to be partly driven by alterations in cis-regulatory sequences
that modify the expression patterns of a conserved set of developmental genes, referred to as a conserved
“molecular toolkit” (Davidson and Erwin, 2006; Carroll, 2008). As a part of this toolkit, the conserved class
of TALE homeobox genes predates metazoans and are involved in several conserved developmental
trajectories in both vertebrates and invertebrates (Selleri et al., 2019; Schulte et al., 2019; Bobola and
Sagerstrom, 2024). However, modern genomics has also uncovered many lineage-specific transcription
factors in development, and the diversification of TALE genes in spiralians constitutes one of the largest
known expansions of homeobox genes (Paps et al., 2015; Holland et al.,, 2017; Morino et al., 2017,
Phuangphong et al., 2021; Morino et al., 2022; Morino and Yoshikawa, 2023). Spiralians comprise nearly
half of metazoan phyla, and many spiralians share the conserved spiralian cleavage program of early
development (Martin-Duran and Marlétaz, 2020). Interestingly, several genes in a spiralian-specific clade of
TALE factors, the SPILE genes, are expressed in a blastomere-specific manner in both molluscs and
annelids, regulating the activity of other transcription factors (Morino et al., 2017; Phuangphong et al., 2021;
Morino and Yoshikawa, 2023). Therefore, diversification of TALE genes in spiralians has contributed to
the evolution of fate specification in blastomeres during early spiralian development and has directed the
evolution of the spiralian body plan (Morino et al., 2017; Morino and Yoshikawa, 2023).

Among spiralians are flatworms that include both parasitic and non-parasitic species. Previous phylogenetic
studies have identified spiralian-specific genes in the parasitic flatworms Echinococcus multilocnlaris, Echinococcus
grannlosus, and Schistosoma mansoni (Paps et al., 2015; Morino et al., 2017). However, the presence of divergent
TALE genes in the clade of highly regenerative planarians (Tricladida) has remained unexamined. Among
planarians, the species Schmidtea mediterranea is capable of regenerating any missing body part, thanks to a

population of adult somatic pluripotent stem cells and instructions from a body-wide positional information
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system (Reddien et al., 2022). In planarian regeneration, the TALE factors prep and pbx are necessary for
axial regeneration, while /-1 is involved in the regeneration of eyes (Felix and Aboobaker, 2010; Lapan
and Reddien, 2012; Blassberg et al., 2013; Chen et al., 2013). Additionally, the expression patterns and
phenotypes of some other TALE factors have been sporadically reported, along with recent studies on the
involvement of 7nx genes in neuronal regeneration (van Wolfswinkel et al., 2014; Rodriguez-Esteban et al.,
2015; King et al., 2024). In our previous work, we performed a comprehensive annotation of planarian
transcription factors and identified several additional uncharacterised TALE factors in the genome of §.
mediterranea. Consequently, this raises the possibility of lineage-specific TALE factors in planarians and
necessitates a clarification of the phylogeny of planarian TALE factors. Given their potential for regulating

regenerative events this may pinpoint to new lineage specific gene evolution contributing to regeneration.

Here, we revise the metazoan phylogeny of TALE factors by incorporating publicly available sequences
from additional spiralian phyla. As eatlier studies, we find support for a spiralian-specific SPILE clade;
however, denser taxon sampling is still required to corroborate its status as a monophyletic clade.
Additionally, we reconstruct another spiralian-specific clade of TALE factors as a sister branch to the
MEINOX clade (LOPHILE, LOPHotrochozon taLE), and a platyhelminth-specific TALE clade (PALE,
PLatyhelmiht-specific talL.E). In S. mediterranea, we tind two pbx genes, four irx genes, a single prep gene, and
three meis genes along with divergent TALE genes in the SPILE clade and a platyhelminth-specific PALE
gene. Gene expression analysis throughout development reveals that TALE genes are expressed in both
early development and during organogenesis. Intriguingly, we expand the functional repertoire of spiralian-
specific TALE genes and find evidence for roles in both adult planarian physiology and regenerative
patterning.

3.2 Results

3.2.1 S. mediterranea possesses 15 TALE genes from both conserved and divergent families

To find the orthologues of TALE genes in S. mediterranea, we reconstructed a phylogeny of TALE genes
based on sequences from 30 metazoan species representative of different phyla (Figure 3.1A, Table S3.1).
Eatlier phylogenetic studies on spiralian-specific genes have been based on sequences from molluscs,
annelids, platyhelminths, and brachiopods (Paps et al., 2015; Morino et al., 2017; Barton-Owen et al., 2018).
We included these species in our analysis to guide comparisons. Moreover, we integrated sequences from
additional spiralian phyla with representative genomes that had not been included in earlier phylogenies,
namely Acanthocephala (Pomphorbynchus laevis) (Mauer et al., 2020), Phoronida (Phoronis antralis) (Luo et al.,
2018), Orthonectida (Intoshia lined) (Mikhailov et al., 2016), and Nemertea (Lineus longissimus) (Kwiatkowski
et al., 2021) (Figure 3.1A, Table S3.1). We used reciprocal BLAST to recover an initial set of homologues,
verified the presence of a homeodomain with InterProScan, and utilised orthogroups in Orthofinder to
enhance our set of orthologues into the final collection (Figure 3.1B, Methods). The recovery of TALE
genes was further validated by the presence of the conserved atypical homeodomain, which contains the
insertion of three amino acids (Figure 3.1C). We used maximum likelihood inference implemented in

Figure 3.1 Discovery of metazoan TALE genes. (A) Species used in the construction of the
phylogenetic tree. Phylogenetic relationships are based on ctenophores as sister to other animals and
spiralian phylogenies (Laumer et al., 2015; Marlétaz et al., 2019; Schultz et al., 2023). (B) The
computational pipeline for phylogenetic inference. TALE sequences were discovered through a
reciprocal best-blast hit approach; the presence of a homeodomain was validated using Interproscan,
and the presence of orthologues was further assessed with Orthofinder. The protein sequences were
aligned with MAFFT, and the trees were constructed using IQTREE. (C) Multiple sequence alighment
of TALE genes reveals the conservation of the homeodomain (HD) and its atypical insertion of three
amino acids (the Three Amino acids Loop Extension) (subregion 1, PYP).
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Figure 3.2 Phylogeny of metazoan TALE genes. A maximum likelihood tree constructed based on
the entire amino acid sequences (A) ot solely the homeodomain (B). The Pbx clade is coloured in blue,
the Irx clade in red, the Mkx clade in violet, the Tgif clade in yellow, the Prep clade in olive green, and
the Meis clade in light red. Additionally, the spiralian-specific clade SPILE is coloured in light blue, the
spiralian-specific LOPHILE clade is coloured in orange, and the platyhelminth-specific clade PALE is
coloured in purple. Sequences of S. wediterranea are marked with red. Human Hox genes have been used

as an outgroup for rooting the trees.

IQTREE to construct two complementary trees (Minh et al., 2020): one based on the entire amino acid
sequence (Figure 3.2A) and the other solely on the homeodomain (Figure 3.2B).

As expected, our phylogenetic analysis recovered the monophyly of conserved subfamilies with high
support: Pbx (bootstrap value 100 in Figure 3.2A, 75 in Figure 3.2B), Irx and Méx (bootstrap value 91 in
Figure 3.2A, 68 in Figure 3.2B), Tgf (bootstrap value 99 in Figure 3.2A, 90 in Figure 3.2B), Prep (bootstrap
value 75 in Figure 3.2A, 92 in Figure 3.2B), and Meis (bootstrap value 94 in Figure 3.2A, 94 in Figure 3.2B)
(Mukherjee and Brglin, 2007; Birglin and Affolter, 2016; Morino et al., 2017). Furthermore, our phylogeny
based on entire sequences reproduces Pbx as the most basal clade (Figure 3.2A), and the relationship
between Irx and M#ex, and the common ancestry of Meis, Prep, and Tgif is replicated in both trees (Figure
3.2A, B) (Mukherjee and Biirglin, 2007; Biirglin and Affolter, 2016). In our phylogeny, the Pbx class is
present in Newmatostella vectensis and Mnemiopsis leidyi as previously reported (Figure 3.3) (Mukherjee and
Biirglin, 2007; Ryan et al., 2010). This is also in agreement with earlier studies indicating that the Pbx class
predates the origin of metazoans (Joo et al., 2018). An Irx gene is present in the genome of IN. vectensis, but
our analysis did not recover an Méx gene in basal metazoans, supporting that the M#x family emerged in
bilaterians (Figure 3.2) (Mukherjee and Biirglin, 2007; Kerner et al., 2009). Lastly, both Prep and Meis are
present in the genome of M. /eidyi (Figure 3.3), suggesting that an ancestral MEINOX gene duplicated in
the metazoan ancestor, as Prep has not been found in opisthokonts (Joo et al., 2018).

Altogether, we found 15 TALE genes in . mediterranea (Figure 3.3). We identified two copies of the pbx
gene family in the genome of S. mwediterranea, which appears to be the result of a recent duplication (Figure
3.3, S3.1). Both flatworms, E. multilocularis and S. mediterranea, have four irx genes but have lost the mkx
family (Figure 3.3, §3.2, §3.3). Similarly, the /g family seems to have been lost in flatworms, while being
present in basal metazoans and other spiralians, in accordance with eatlier phylogenies (Figure 3.3, S3.3)
(Mukherjee and Biurglin, 2007). In S. mediterranea, we found a single canonical prep and two canonical meis
genes, but an additional gene was classified as either a divergent prep (Figure 3.2A), a divergent mezs (Figure
3.2B), or a divergent prep in a separate phylogeny based on sequences solely from the MEINOX family
(Figure S3.4).

Figure 3.3 TALE gene repertoires of 30 metazoans. Coloured boxes indicate the presence of an
orthologue in TALE subclasses. Membership is defined based on the homeodomain-based
phylogenetic analysis (Figure 3.2A). The phylogeny is identical to that in Figure 3.1A. A number inside
a box indicates copies per family and species. Abbreviations for species names correspond to full names
in Figure 3.1A. C. elegans has a divergent homeodomain-less prep gene, psa-3, which was excluded from

our analysis; this is indicated with brackets in the column.
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3.2.2 Analysis of the SPILE clade reveals the presence of SPILE-E and SPILE-Z orthologues in
S. mediterranea

As earlier phylogenies, we found several spiralian TALE genes that do not belong to any of the conserved
classes (Figure 3.2A, B). In their phylogenetic analysis, Morino et al. (2017) were able to reconstruct a
monophyletic spiralian-specific clade named SPILE, with a sufficiently high bootstrap value; however, not
all divergent TALE genes belonged to this clade. Other phylogenetic analyses have also identified spiralian-
specific clades (Paps et al., 2015; Barton-Owen et al., 2018). In our analysis, we found spiralian-specific
genes diverging from the canonical Pbx clade in both our phylogeny based on the entire sequence (Figure
3.2A) and one based solely the homeodomain (Figure 3.2B). However, these spiralian-specific TALE genes
constituted a paraphyletic clade in the phylogeny restricted to the homeodomain (Figure 3.2B), whereas our
phylogenetic tree based on entire protein sequences reproduced a spiralian-specific clade with high support
(Figure 3.2B, bootstrap value 95). To resolve the phylogeny further, we extracted Pbx and associated
spiralian-specific sequences and were able to reproduce a monophyletic clade that includes genes from the
previously reported SPILE clade (Figure 3.3) (Morino et al., 2017; Phuangphong et al., 2021; Morino, 2022).
Furthermore, our phylogenetic analysis was able to reproduce the clades SPILE-A/C (bootstrap value 87),
SPILE-B (bootstrap value 84), SPILE-D (bootstrap value 100), and SPILE-E (bootstrap value 90), which
have been constructed based on mollusc SPILE genes and named after the defining sequences of
Nipponacmea fuscoviridis (Morino et al, 2017; Phuangphong et al., 2021; Morino, 2022).

In the SPILE phylogeny, we observe that the SPILE-A/C clade includes previously reported members
from the mollusc species N. fuscoviridis, Crassostrea gigas, Lottia gigantea, and Pinctada fucata (Figure 3.4) (Morino
et al,, 2022). Moreover, the SPILE-A/C clade contains genes from the annelids Platynereis dumerilii and
Helobdella robusta, but no SPILE genes from other spiralian phyla (Figure 3.4). Given the high copy number
in H. rbusta, some of these SPILE-A/C genes could also be pseudogenes (Figure 3.4). As previously
reported, the SPILE-B clade is characterised by the presence of two homeodomains (Figure §3.10). In §.
medjterranea, we identified two orthologues of the SPILE-E gene found in IN. fuscoviridis, which we designate
as SPILE-ET (SMESG000005966.1) and SPILE-E2 (SMESG000008497.1) (Figure 3.4). Furthermore, we
found two planarian TALE genes in a clade with the previously characterised SPILE-Z gene in the annelid
Spirobranchus kranssii (bootstrap value 71). Following the nomenclature devised by Morino et al. (2022), we
named this clade SPILE-Z and the genes in 5. wediterranea as SPILLE-Z1 (SMESG000049852.1) and SPILE-
Z2 (SMESG000014778.1).

Interestingly, we also found non-SPILE spiralian-specific clades in the metazoan phylogeny of TALE genes
(Figure 3.2A, B). Basal to the branch containing Tgif, Meis, and Prep is a platyhelminth-specific clade
(bootstrap value 100 in both Figure 3.2A and 3.2B) that includes a single sequence from . mediterranea
(SMESG000071247.1) and a single sequence from E. multilocularis (Emu] 000903300.1). Following the
nomenclature for SPILE, we designated this clade PALE (PLatyhelminth-specific tALE). Furthermore,
were able to construct another well-supported spiralian-specific clade that is a basal branch to the canonical
Meis and Prep clades (bootstrap value 100 in Figure 3.2A, 96 in Figure 3.2B). This clade comprises 10
sequences from spiralian species, including the previously described T/ ALEZ2 in L. gigantea and TALE?2 in
C. gigas that were placed as basal to the Tgif clade in the phylogeny of Morino et al. (2017) (Figure S3.3).
Thus, we conclude that there is a reproducible spiralian-specific clade of non-SPILE divergent TALE
factors associated with the MEINOX clade, which we designate as LOPHILE (LOPhotrochozoa-specific
talLE factors).
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Figure 3.4 Phylogenetic tree of the spiralian-specific SPILE clade. The phylogeny was constructed
using entire protein sequences and inferred by maximum likelihood IQTREE). The numbers at nodes
indicate bootstrap values (ultrafast bootstrap approximations) (Minh et al., 2020; Hoang et al., 2018).
The clades SPILE-A/C, SPILE-B, SPILE-D, and SPILE-E are labelled (Motino, 2022). Established
gene names are shown for C. gigas, M. virgata, P. fucata, IN. fuscoviridis, and L. gigantea (Motino et al., 2017
Phuangphong et al., 2021; Motino, 2022), while names are proposed for other taxa. Human Hox genes
were used as an outgroup for rooting the tree, and the Pbx clade is represented as a collapsed branch.
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3.2.3 Lineage-specific TALE factors are widely present in platyhelminth species

To further understand the evolution of TALE genes in S. mediterranea, we conducted an additional
phylogenetic analysis based on platyhelminth sequences. In our analysis, we took advantage of the recently
published collection of 50 high-quality de novo assembled transcriptomes along with sequences from E.
multilocularis and S. mansoni (Vila-Farré et al, 2023) (Figure 3.5A, B). As expected, the phylogeny
reconstructed the canonical classes Pbx (bootstrap value 100), Irx (bootstrap value 100), Prep (bootstrap
value 99.7), and Meis (bootstrap value 100) along with the divergent SPILE-Z (bootstrap value 99.2),
SPILE-E (bootstrap value 62.6), and PALE (bootstrap value 100) (Figure 3.5A, B). In the SPILE-Z clade,
we observe that orthologues of SPILLE-Z7 are present in the genomes of E. multilocularis and Schistoma
mansoni, while the SPILE-Z2 gene appears to have duplicated before the emergence of the Triclads (Figure
S3.12). In the SPILE-E clade, we note that S. mediterranea shares orthologues of SPILLE-ET and SPILE-E2
with other planarian species, but the timing of the duplication is difficult to interpret in this sample of taxa
(Figure §3.13). Furthermore, we observe that the PALE gene is present in the parasitic flatworms and in
most analysed planarian species (Figure 3.5A,B). The planarian phylogeny allowed us to properly classify
the divergent MEINOX as a Meis, but given its high divergence, we designate it as mezs-/ike (Figure 3.5A,B,
$3.16).

As a number of TALE genes have been sporadically characterised in §. mediterranea, we revised and
expanded our previous review of transcription factors to rigorously assign members of the TALE gene
repertoire to those reported in the literature (Neiro et al., 2022). Recently, three 77x genes named IRX7,
IRX2, and IRX6, have been characterised in a transcription factor atlas of neoblast differentiation (King et
al., 2024). In our phylogeny, sequence alignment of reported transcripts with BLAST indicate that IRX7
corresponds to inx-1, IRX2 corresponds to irx-4, and IRX6 corresponds to zrx-2 (Table 3.1). Thus, 7rx-3 has
not yet been characterised (Table 3.1). As the planarian /7x genes are not orthologues of mammalian Irx

genes, we name the planarian z7x genes by arbitrarily numbering them (Figure S3.2, 3.4, S3.14).

Previously, a single pbx gene has been implicated in both anterior and posterior regeneration (Blassberg et
al., 2013; Chen et al., 2013). We assigned both original clones (KC353351 by Blassberg et al. (2013) and
H.110.1c by Chen et al. (2013)) to the sequence of pbx-7. Additionally, van Wolfswinkel et al. (2014) had
reported the expression pattern of an additional pbx gene, “pbx4”. However, we were able to definitely
assign the original sequence to the SPILE-Z1 gene (BLAST alignment 1610/1610 identities, 0 gaps) (Table
3.1).

In the MEINOX family, the single prep gene can be straightforwardly assigned to the previously
characterised prep gene (Felix and Aboobaker, 2010). In contrast, different meis genes have been reported
in the literature. Lapan and Reddien (2012) identified a meis gene (initially named “ess”) involved in eye
differentiation and morphogenesis; the reported sequence unambiguously aligns with #zeis-7. Scimone et al.
(2014) also report this gene. van Wolfswinkel et al. (2014) reported the expression pattern of another meis
gene, named meis-2, and the reported sequence corresponds to the meis-2 gene in our phylogeny. Lastly,
Rodriguez-Esteban et al. (2015) characterised a gene termed eis-like that is expressed in e.g. the nervous
system and neoblasts, and is required for anterior regeneration. However, the reported GenBank sequence
KM981934.1 cleatly aligns to the lineage-specific PALE gene rather than a Meis family member (Table
3.1).

Figure 3.5 Figure 4. Phylogenetic analysis of planarian TALE factors. (A). A maximum likelihood
phylogeny pf planarian TALE factors. Human Hox genes were used as an outgroup for rooting the tree.
(B) TALE gene repertoire in planarian species. The number in the column indicates the number of
gene copies in the gene family. The species phylogeny is inferred using Orthofinder. Taxon names are
referenced from Vila-Farré et al. (2023).
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Table 3.1 The TALE gene repertoire in S. mediterranea.

Name Old names PlanMine ID Neiro ID References

irx-1 IRX1, irx-1 SMESG000022899.1 MSTRG.7450  Neiro et al. (2022), King et al. (2024)

irx-2 IRX6, irx6-2 SMESG000026100.1  MSTRG.572 Neiro et al. (2022), King et al. (2024)

irx-3 irx6-1 SMESG000015279.1 MSTRG.5557  Neiro et al. (2022)

irx-4 IRX2, irx6-3 SMESG000061184.1 MSTRG.18286 Neiro et al. (2022), King et al. (2024)

PALE meis-4, meis-like SMESGO000071247.1 MSTRG.20883  Rodriguez-Esteban et al. (2015), Neiro
et al. (2022)

prep prep SMESG000013307.1 MSTRG.4755  Felix and Aboobaker (2010), Neiro et
al. (2022)

meis-like pbx-4 SMESG000062973.1 MSTRG.18649  Neiro et al. (2022)

meis-1 meis-1, meis SMESG000006530.1 MSTRG.1897  Lapan and Reddien (2012), Scimone et
al. (2014), Neiro et al. (2022)

meis-2 meis-2 SMESG000078684.1 MSTRG.23026 van Wolfswinkel et al. (2014), Neiro et
al. (2022)

pbx-1 Ppbx-1, pbx SMESG000001913.1  MSTRG.1510  Blassberg et al. (2013), Chen et al.
(2013), Neiro et al. (2022)

pbx-2 pbx-2 SMESG000022232.1 MSTRG.7854  Neiro et al. (2022)

SPILE-Z1 meis-3, pbxd SMESG000049852.1 MSTRG.15193  van Wolfswinkel et al. (2014), Neiro et
al. (2022)

SPILE-Z2 Pbx-5 SMESG000014778.1 MSTRG.4467  Neiro et al. (2022)

SPILE-ET1 Pbx-3 SMESG000005966.1 MSTRG.1741  Neiro et al. (2022)

SPILE-E2 - SMESG000008497.1 MSTRG.3285 -

3.2.4 TALE factors of S. mediterranea contain both conserved and novel protein domains

To begin to understand the putative functional role of TALE factors in S. mediterranea, we investigated the
genic structures, the domain architectures, and the three-dimensional protein structures as predicted by
ColabFold (Jumper et al., 2021; Mirdita et al., 2022). In S. wediterranea, the exon number varies from 3 (irx-
1, SPILE-E2) to 13 (meis-2), while the length of the proteins varies from 217 residues (pbx-2) to 773 residues

(PALE) (Figure 3.6).

Pbx-1 contains a full homeodomain, the conserved PBC-A and PBC-B domains that mediate dimerisation
(Longobardi et al., 2014), and nuclear localisation signals NLS1 and NLS2 (Figure 3.6, S3.5). In contrast,
pbx-2 is truncated and contains a homeodomain with NLS1 flanking it, but it lacks the PBC-A and PBC-B
domains (Figure 3.6, S3.5). The genomic sequence of pbx-2 appears to have a splice site mutation that
results in a shorter variant of the Pbx protein (Figure $3.19). Similarly, in the MEINOX clade the canonical
meis-1, meis-2, and prep contain the MH-A and MH-B domains involved in dimerisation, while the
divergent meis-like is truncated and includes only the homeodomain (Figure 3.6, S3.7). Nonetheless, all
Meis genes contain the conserved NLS sequence flanking the homeodomain.

Strikingly, we find that both the PALE and SPILE-Z1 proteins contain zinc finger motifs in the protein
sequences (Figure 3.6). PALE contains three putative zinc fingers (ZNF1 residues 15 to 38, ZNF2 residues
48 to 71, ZNF3 residues 160 to 182). Although Interproscan detects the zinc fingers with low confidence
(ZNF1 evalue 13, ZNF2 evalue 13, ZNF3 evalue 110), the putative zing finger regions produce three-
dimensional predictions with relatively high confidence, as indicated by pIDDT in ColabFold (Figure 3.6).
Moreovert, the second zinc finger is independently predicted by ZFPrinceton (Persikov et al., 2009; Persikov
and Singh, 2014) (Figure S3.20). Similarly, SPILE-Z1 includes two putative zinc finger motifs (ZNF1
residues 57 to 79, ZNF2 residues 93 to 116), as detected by Interproscan, ColabFold, and ZFPrinceton
(Figure 3.6, S3.20). Although the binding sites predicted for the zinc fingers are uncertain, the physical
association between the zinc fingers and the homeodomain may influence DNA binding properties.
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Figure 3.6 The structure and functional domains of TALE genes in S. mediterranea. (A) Gene
structures including exon-intron boundaries. Grey boxes indicate coding regions and the interspersed
intronic regions are shown as grey lines. (B) Schematic representation of the protein domain
architecture in TALE genes. The homeodomain in shown in black, MEINOX domains (MH-A and
MH-B) in orange, PBC domains (PBC-A and PBC-B) in blue, and zinc fingers in green. (C) The pLLDT
metric (predicted local distance difference test, a pre-residue confidence metric) along the length of
protein sequence as predicted by ColabFold (Mirdita et al., 2022). The metric ranges from 0 to 100, and
values above 85 are considered predictions of high certainty. The homeodomain is coloured in black,
the MEINOX domain (MH-A and MH-B) is coloured in yellow, the PBC domain (PBC-A and PBC-
B) is coloured in blue, and zinc fingers are coloured in green. (D) Three-dimensional protein foldings
as predicted by ColabFold. Secondary structures including coils and helices are coloured in purple. (E)
Homeodomains (black), MEINOX domains (yellow), PBC domains (blue), and zinc fingers (green)

labelled in the three-dimensional structure.

3.2.5 TALE factors are expressed during both eatly development and organogenesis

As earlier studies of spiralian-specific gene expression indicated that several of these genes are expressed
during early development, we sought to understand the expression patterns of TALE factors in §.
mediterranea. For this purpose, we analysed publicly available data from embryonic development (Davies et
al., 2017), adult worms, expression values along the AP axis (Stiickemann et al., 2017), and scRNA-seq
atlases (Fincher et al., 2018; Plass et al., 2018).

The study of embryonic development in §. wediterranea has been relatively overlooked compared to research
on regeneration in adult asexual worms. This oversight is largely due to several factors complicating
embryonic manipulation: internal fertilisation, ectolecithal eggs, i.e. the yolk is separated from egg cells into
distinct yolk cells, a dark and compact eggshell, and variability in the timing of embryonic development
(Davies et al., 2017). Furthermore, planarians do not undergo stereotypic spiralian cleavage but display an
evolutionarily divergent cleavage pattern termed dispersed cleavage or blastomere anarchy (Cardona et al.,
2005; Martin-Duran et al., 2012). In dispersed cleavage, the blastomeres detach from one another and
migrate freely within the yolk during early development before forming the transient yolk-feeding embryo
composed of the primary epidermis, the embryonic pharynx, and an embryonic intestine (Martin-Duran et
al., 2012). After feeding yolk, organogenesis begins and the embryo gradually flattens, adopts the shape and
body plan of a flatworm, and hatches from the egg shell (Martin-Duran et al., 2012). Nonetheless, we took
advantage of a stage-specific transcriptomic dataset in S. wediterranea, which includes samples from yolk
cells in unfertilised embryos, dispersely cleaving and yolk-feeding embryos (Stages 2 to 5), and embryos
undergoing organogenesis and maturation (Stages 6 to 8).

In our analysis of expression patterns in developing S. wediterranea, we observe that the expression of TALE
genes clusters into two main categories: TALE genes with enriched expression during early development
(zrx-1, PALE, SPILLE-Z2, SPILLE-E1, and SPILLE-E2), and TALE genes that are expressed from stage 5
and 6 onwards, reflecting the onset of organogenesis (irx-2, irx-3, irx-4, prep, meis-like, meis-1, meis-2, pbx-1,
pbx-2, and SPILE-ZT) (Figure 3.7A). Within the early embryonic expression cluster, the strongest
expression was observed in yolk cells, while the expression of genes in the organogenetic cluster peaked at
stages 5, 6, and 7 (Figure 3.7A).

Interestingly, although 7rx-7 is expressed in and required for the formation of ZANG+ parenchymal cells
in the adult worm (King et al. 2024), the developmental expression prolife suggests that z7x-7 could also
play a pleiotropic role in early development (Figure 3.7A). In contrast, ix-2, irx-3, and irx-4 are part of the
organogenetic cluster and expressed from stage 5 onwards (Figure 3.7A). As irx-2 is expressed in and
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required for the formation of #pp-718+ neurons during adult regeneration (King et al., 2024), this may reflect
a recapitulation of a neuronal specification program also observed during embryonic organogenesis.
Similarly, scRNA-seq atlases (Fincher et al., 2018; Plass et al., 2018) reveal that /7x-3 is expressed mainly in
neural progenitors and ChAT neurons, while /x4 is expressed in a neoblast subpopulation and spp-77+
neurons. Furthermore, RNAI of /x4 abolishes dopaminergic neurons (King et al., 2024). The neuronal
involvement of Irx genes is further reflected in head-specific expression along the AP axis of the worm
(Figure 3.7B).

The expression of the platyhelminth-specific PALE gene is enriched in yolk cells and early development
(Figure 3.7A). Furthermore, PALE is expressed morte or less equally in all FACS cell compartments (X1,
X2, and Xins), with a slight bias towards the head in the adult worm (Figure 3.7B, C, D). scRNA-seq atlases
reveal that PALE is expressed broadly in different cell types, including neoblast subpopulations, neuronal
progenitors and neuronal subtypes, as well as in the muscle lineage and cathepsint cells (Fincher et al., 2018;
Plass et al., 2018).

The planarian prep gene has been well characterised and is known to be involved in the anterior regeneration
of adult planarians (Felix and Aboobaker, 2010; Scimone et al., 2014a). Our expression analysis further
suggest that prep is also involved in organogenesis during embryonic development (Figure 3.7A).
Interestingly, the expression of prep begins at stage 6 rather than at stage 5, as is the case for the majority
of genes in the organogenetic expression cluster, suggesting that prep is not involved in the initial
organogenetic events during embryogenesis. Furthermore, the eye-associated mzeis-1 and its paralogue meis-
2 are expressed from stage 6 onwards, while the uncharacterised meis-like is expressed from stage 6 (Figure
3.7A). Along the AP axis, meis-2 displays a slight posterior bias in expression, whereas meis-/ike exhibits a
shifting expression pattern, possibly due to its low absolute expression levels (Figure 3.7B,D). In addition,
scRNA-seq atlases suggest that mezs-2 is ubiquitously expressed and present in neoblast subpopulations,
muscles, epidermal cells, neuronal subpopulations, and the pharynx (Fincher et al., 2018; Plass et al., 2018).
Lastly, the lowly expressed meis-like transcript is primarily present in epidermal cell types (Fincher et al.,
2018; Plass et al., 2018).

Planarian pbx-1 plays a role in axial regeneration in adults (Blassberg et al., 2013; Chen et al., 2013), and the
developmental expression pattern indicates that pbx-7 expression begins at stage 5, suggesting it may also
be involved in embryonic patterning (Figure 3.7A). The uncharacterised SPILE-Z7 is similarly expressed
from stage 5 onwards, and is expressed ubiquitously along the AP axis in the asexual adults (Figure 3.7A,D).
In the scRNA-seq atlas, SPILE-Z7 is expressed mainly in aquaporint cells, ldlrr-1+ parenchymal cells,
different parenchymal subpopulations, muscles, and protonephridia (Fincher et al., 2018; Plass et al., 2018).
In contrast, its paralogue SPILLE-Z2 is expressed in yolk cells and during early development, and its
expression is biased towards the anterior in adult worms (Figure 3.7A, D). In scRNA-seq datasets, SPILE-
Z2 is lowly expressed in secretory cells, the pharynx cell progenitors, and GABA neurons. Lastly, members
of the SPILE-E clade, SPILE-E7 and SPILLE-E2, are expressed in yolk cells and throughout eatly
development, and expressed ubiquitously along the AP axis (Figure 3.7 A,D).

Figure 3.7 Expression profiling of TALE genes in S. mediterranea. (A). Expression of TALE
genes in planarian embryos (Davies et al. 2017). The heatmap shows standardised gene expression values
(z-scores) across developmental stages for each gene. The values of different genes are not at the same
scale. 8 dpcp = 8 days post capsule deposition. (B). Percentile rank for absolute expression value
(normalised counts) of TALE factors in relation to the distribution of all expressed genes in an asexual
adult worm. (C). Proportional expression values of TALE genes in the X1, X2, and Xins cell
compartments. (D). The expression of TALE genes along the anterior-postetior axis (Stiickemann et

al., 2017). Expression values have been scaled so that the maximal expression value equals one.
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3.2.6 Functional characterisation of the platyhelminth-specific PALE and spiralian-specific
SPILE-Z1uncovers roles in regenerative patterning and adult biology

To understand the functional role of TALE genes in planarians, we performed a preliminary RNA
interference (RNAI) screen. Recently, the neuronal involvement of Irx factors has been studied by King et
al. (2024) in a scRNA-seq atlas of planarian transcription factors. Therefore, we focussed our efforts on
knocking down genes of the canoncial Pbx, Meis, and Prep families, along with the lineage-specific factors
in the PALE and SPILE clades.

As anticipated, knockdown of mzeis-1 replicated eatlier findings and revealed a defect in eye regeneration
(Lapan and Reddien, 2012). Previous knockdowns had reduced the area of rhabdomeric photoreceptor
neuron aggregates, while we observed a visible reduction in eye size even under brightfield conditions
(Figure 3.8B, C). Knockdown of eis-2 resulted in a posterior regeneration defect and eyeless worms, and
we continued to pursue this finding in greater detail (see Chapter 4). Interestingly, the knockdown of the
MH-A- and MH-B-less seis-like gave rise to a cyclopic worm, similar to what has been observed after
prep(RNA7) (Figure 3.8D). However, as the number of replicates is low (1 worm out of 5), further

knockdown experiments are required to corroborate this finding.

Intriguingly, the knockdown of the platyhelminth-specific factor PALE produced worms with a “snouty”
appearance in the stronger phenotype, or a blunted head tip and a widened overall morphology of the head
in the milder phenotype (Figure 3.8E). Therefore, our knockdown experiments reveal that PALE plays a
role in patterning the anterior region, despite our analysis indicating that PAILE expression is enriched
during early development (Figure 3.7A).

Furthermore, knockdown of SPILE-Z7 caused a surprisingly severe phenotype (Figure 3.8F). In the
standard ten-day injection regime, amputated fragments began to degrade as early as 4 days post-amputation
(dpa), with continud degradation over time (Figure 3.8F). Additionally, some worms developed lesions, lost
epidermal integrity, lysed or disintegrated (Figure 3.8E). Given this extreme phenotype, we asked whether
is was the result of a disruption in neoblast funtion, as the strongest planarian phenotypes are generally
observed following knockdown of chromatin remodelers and other cell cycle markers (Solana et al., 2012).
However, although the results are difficult to interpret due to overall tissue disintegration, it appears that
neoblasts are still present in the decaying fragment (Figure 3.8H). Since our expression analysis shows that
SPILE-Z1 is expressed in aquaporint parenchymal cells, we hypothesise that the phenotype following
knockdown of SPILE-Z1 may stem from dysfunctional osmoregulation, leading to compromised epidermal
integrity. In contrast, knockdown of the paralogue SPILE-Z2 did not lead to a noticeable phenotype upon
visual inspection (Figure 3.8I).

Lastly, we did not observe a phenotype following knockdown of SPILE-E7 (Figure 3.81), which is
consistent with a developmental expression profile biased towards early embryonic stages (Figure 3.7A).
Therefore, further experiments in planarian embryos may reveal functions for the SPILE-E gene family in

planarians.
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Figure 3.8 Functional characterisation of TALE genes in S. mediterranea. (A). Experimental
setup for a standard ten-day RINAi schedule. Worms were injected at days 1, 2, 3, rested for four days,
and injected again at days 8,9, and 10. At day 11, worms were amputated into head, trunk, and tail
fragments. (B). Trunk fragments of regenerating zeis-1(RINAz) worms at 12 days post amputation (12
dpa). The head region is magnified (1.84x) in the lower panel. (C). Eye size in proportion to interocular
distance in control worms and after knockdown of weis-1. (D). Head, trunk, and tail fragments at 11
dpa after knockdown of weis-like. (E). Head, trunk, and tail fragments at 12 dpa after knockdown of
PALE. (F). Knockdown phenotype of SPILE-Z7(RIN.A:). The upper panel represents trunk fragments
at 4dpa, the middle panel represents trunk fragments at 12 dpa, and the lower panel the most severe
phenotype of lysing worms six days after the start of injections. (G1). The number of the milder
phenotype (widened head) and the stronger phenotype (“snouty” head) after two independent rounds
of knocking down PALE. (G2). The number of degrading and dead worms at 4 dpa after knockdown
of SPILLE-Z1. (H). Fluorescence in situ hybridisation of showing neoblast distribution (pzwi-7) after
knockdown of SPILLE-Z7. The images are maximum intensity projections. (I). Head, trunk, and tail
fragments after knockdown of SPILLE-Z7 and SPILE-ET.

3.3 Discussion

In this study, we revised the metazoan phylogeny of TALE factors, identified spiralian-specific TALE
factors in additional spiralian phyla, and uncovered both conserved and lineage-specific TALE factors in
the genome of S. wediterranea. TALE homeobox genes represent an ancestral class of transcription factors
predating metazoans, yet they have diversified extensively within the spiralian clade. We find support for a
monophyletic spiralian-specific SPILE clade, which includes four genes in S. mediterranea: SPILE-Z1,
SPILE-Z2, SPILLE-E1, and SPILE-E2. Moreover, our phylogenetic analysis groups previously orphan
spiralian TALE factors and establishes an additional spiralian-specific clade, LOPHILE, along with a
platyhelminth-specific clade, PALE.

In earlier phylogenies, representatives of the SPILE-E clade have been found in multiple spiralian phyla
(Paps et al., 2015; Morino et al., 2017; Barton-Owen et al., 2018), and our phylogenetic analysis similarly
suggests that SPILE-E genes are present in molluscs, platyhelminths, brachiopods, and nemerteans. In
molluscs, members of the SPILE-E clade have been found to be maternally deposited, expressed broadly
in the early embryo until the 32-cell stage, and required for quartet specification (Morino et al., 2017;
Phuangphong et al., 2021; Morino and Yoshikawa, 2023). In our expression analysis, we found that SPILLE-
ET7 and SPILE-E?2 are expressed during early development, and preliminary knockdown of SPILE-E7 did
not yield a visible phenotype in planarian regeneration. Therefore, the expression pattern suggests that the
involvement of SPILE-E genes in early development is conserved in planarians. However, as early
development in planarians does not follow the spiralian cleavage program but rather undergoes dispersed
cleavage (Martin-Duran et al., 2012), this may indicate that planarian SPILE-E genes are not involved in
blastomere fate segregation. On the other hand, as SPILE-E appears to be the only SPILE clade present in
the planarian genome alongside the SPILE-Z clade, this suggests that the function of SPILE-E has been
transformed from the spiralian cleavage program to meet the constraints of dispersed cleavage. Further
studies on planarian early development would shed more light on this matter; however, early planarian

development has been notoriously inaccessible for experimental manipulation (Martin-Duran et al., 2012).

Intriguingly, the planarian SPILE-Z clade appears to have diverged from roles of early development and
attained a physiological role in adults. The closest studied orthologue, SPILE-Z in the annelid S. &raussiz, is
expressed in macromeres at the 8-cell stage, and is later restricted to a specific subset of blastomeres at the
16- and 32-cell stages (Morino et al., 2017). Our expression analysis indicates that the planarian SPIILE-Z2
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is expressed during early development and may play a role in blastomere specification, while SPILE-Z7 is
expressed later during organogenesis; adult worms rapidly lysed following knockdown of this gene. The
diversified function could be a result of the acquisition of zinc finger motifs; further research on the role
of SPILE-Z genes in other flatworms would reveal the evolution of the putative physiological function of
SPILE-Z1. Furthermore, the platyhelminth-specific PALE clade displays a patterning phenotype during
regeneration, although expression is biased towards early development, raising the possibility of additional
pleiotropic developmental programs in the early planarian embryo regulated by this gene. Likewise, zinc
tingers in the PALE sequence could modulate DNA binding activity, constituting a novel class of animal
zinc finger containing-homeobox genes alongside e.g. Zhx genes (Nail et al., 2020).

All in all, this study has uncovered both conserved and dynamic molecular evolution of TALE genes in
planarians. The diversification of TALE genes constitutes one of the largest cases of rapidly-evolving
homeobox genes in metazoans (Holland et al., 2017; Morino et al., 2017). Spiralians make up almost half
of metazoan phyla, yet our understanding of their development is based on a handful of species. Further
investigation into the diversification of TALE genes in planarians and other spiralians will shed light on the

evolution of animal body plans.

3.4 Methods

3.4.1 Phylogenetic tree construction

We gathered protein sequences from both available proteomes and transcriptome (Table S3.1). TALE
sequences for well-characterised model species, including H. sapiens, M. musculus, D. rerio, D. melanogaster, C.
elegans were obtained directly from Uniprot. Proteomes were directly obtained for M. lidyi, T. castanenm, B.
Sfloridae, L. anatina, H. robusta, S. purpuratus, S. kowalevskii, A. queenslandica, N. vectensis, H. miamia, L. longissimus,
P. laevis, and P. australis, while the transcriptomes of P.dumerilii and M. virgata were translated by using
Transdecoder v5.5.0 (https://github.com/TransDecoder/TransDecoder). The proteome of S. mediterranca
was generated in Chapter 2 (Neiro et al., 2022). Reciprocal BLAST using human TALE sequences as query
sequences was employed to discover protein sequences for TALE factors in these species (Moreno-
Hagelsieb and Latimer, 2008). TALE sequences for P. fucata, C. gigas, L gigantea, E. multilocularis, A. vaga, N.
Suscoviridis, and M. virgata were obtained using information from previous phylogenies (Morino et al., 2017;
Phuangphong et al., 2021). The presence of a homeodomain was validated by using InterProScan, and
homeodomain-less sequences were filtered out (Jones et al., 2014). Lastly, Orthofinder (Emms and Kelly,
2019) was used to find orthogroups in the proteomes, and any genes belonging to orthogroups that included
TALE sequences identified in the first reciprocal BLAST search but were missing from the set of TALE
genes were extracted for a second reciprocal BLAST search. Sequences identified as TALE genes in the
reciprocal BLAST search were added to the final set TALE sequences.

Protein sequences were aligned using MAFFT with the L-INS-I option (Katoh et al., 2019).
Homeodomains were extracted using Bedtools (Quinlan et al., 2014) and a custom Python script. The full
sequences or homeodomains were used as input for phylogenetic analysis using IQ-TREE (Minh et al.,
2020). The phylogenetic tree was inferred by using ModelFinder, SH-aLLRT test, and ultrafast bootstrap
with 1,000 replicates (Kalyaanamoorthy et al., 2017; Hoang et al., 2018). R packages seqinr, ape, msa, treeio,
and ggtree were used to extract sequences for clade-specific phylogenies (Charif and Lobry, 2007,
Bodenhofer et al., 2015; Yu et al., 2017; Paradis and Schliep, 2019; Wang et al., 2020). The trees were
visualised using the Interactive Tree of Life software (Letunic and Bork, 2024). The NCBI Multiple
Sequence Alignment Viewer (MSA) (https://www.ncbinlm.nih.gov/tools/msaviewer/) was used to

visualise protein alignments.
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3.4.2 Functional domain analysis

Functional domains were queried using InterProScan (Jones et al., 2014) and domain structures were
visualised using IBS 1.0.3 (Liu et al.,, 2015). The 3D structures of TALE genes were predicted using
ColabFold (v1.5.2) (Jumper et al, 2021; Mirdita et al., 2022) and visualised with ChimeraX
v1.8rc202405230136 (Pettersen et al., 2021).

3.4.3 Expression analysis

Bulk RNA-seq samples from different stages of planarian development (Davies et al., 2017) and different
positions along the AP axis (Stickemann et al, 2017) were downloaded using Sra-tools
(https:/ /github.com/ncbi/sra-tools) and mapped to the S. mediterranea annotation (Neiro et al., 2022) using
Kallisto (Bray et al., 2016). Expression analysis was performed using DESeq2 (Love et al., 2014).

3.4.4 Planarian culture

The asexual strain of Schmidtea mediterranea was used for experiments with weis-1 and SPILE-Z1, while the
sexual strain was used for knocking down meis-like, PALE, SPILLE-Z2, and SPILLE-E7. Worms were
cultured in 0.5g/L Instant Ocean freshwater (0.5g Instant Ocean Aquarium sea salt mixture added to 1L
of ultrapure water). The worms were kept in plastic boxes (20 cm x 20 cm x 15 c¢m) in the dark at 20 °C.
The worms were fed calf liver twice a week, with the water being changed after each feeding. The worms
were starved 7 days prior to RNAI experiments.

3.4.5 Cloning

3.4.5.1 Total RNA isolation

Total RNA was isolated by using the Trizol protocol. Two starved worms were collected into Eppendorf
tubes on ice. Trizol (500 pl) was added, the sample was incubated at room temperature for 5 min, vortexed,
and then frozen (-20°C) for 30 min. The sample was homogenised by pipetting up and down. Chloroform
(100 pl) was added, the mixture was shaken for 15 seconds, and incubated at room temperature for 5 min.
The tube was centrifuged (15 min, 12,000g, 4°C) and the aqueous phase was collected into another tube.
Isopropanol (250 ul) was added, the tube vortexed, and incubated for 10 min at room temperature. The
tube was centrifuged (10 min, 12,000g, 4°C), the supernatant was discarded, and the pellet was purified
using 75% ethanol (500 ul). The pellet was centrifuged (5 min, 7500g at 4°C), the supernatant was discarded,
and the pellet was air-dried before being resuspended in nuclease-free water. Nanodrop was used to
measure the quality and quantity of RNA. Samples were stored at -80°C.

3.4.5.2 cDNA synthesis

The cDNA synthesis solution (total volume 12 ul) was prepared on ice: 1 pg total RNA, 1 ul Oligo(dT)s
primers (Invitrogen), 1 ul 10mM dNTPs, and 9 ul nuclease-free water. The solution was incubated (65°C,
5 min) to denature RNA secondary structures, before being placed back on ice. Then, 4 ul First-strand
buffer mix (5x Invitrogen), 2 ul DTT 0.1M, 1 pl RNAseOUT (1 U), and 1 pl SuperScript Reverse
Transcriptase 111 (200 U) were added to the reaction mix. The reaction mix was incubated (37°C 50 min,
70°C 15 min) and then quenched on ice. The samples were stored at -20°C.

3.4.5.3 Cloning

The primers were designed by using PRIMER-BLAST (Ye et al., 2012) with default parameters, aiming for
a target PCR product of 650-750 bp in length. The primers used to amplify genes from cDNA are listed in
Table S3.2. The PCR sample (1 ul cDNA, 25 pl OneTaq 2X Master Mix (NEB), 1 ul forward primer, 1 pl
reverse primer, 22 pl nuclease-free water) was cycled using the following parameter: denaturation 95°C 3
min; 35 cycles including denaturation 95°C 45 sec, annealing 60°C 30 sec, extension 72°C 1 min; final
extension 72°C 10 min. Agarose gel electrophoresis and the Qiagen MinElute PCR purification kit were
used to extract PCR products.
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PPR-T4P (1 pg) vector was linearised with the restriction enzyme Smal (NEB) according to the instructions
given in the kit. The digested plasmid was extracted from gels using the Qiagen MinElute PCR purification
kit. The vector and the PCR product were T4P-treated separately. Both reactions included 300 ng DNA
diluted in nuclease-free water up to a total volume of 8 ul, 1 ul 10x NEBuffer 2.1 (NEB), and 0.5 ul T4
DNA polymerase (NEB). 0.5 ul 50 mM dGTP was added to the vector reaction, while 0.5 ul 50 mM dCTP
was added to the insert reaction. The reactions were incubated (22°C, 30 min) and heat inactivated (75°C,
20 min). The T4P-treated inserts and vectors were incubated (1h) at a ratio 5:1 at room temperature for
ligation. The ligation mixture was added to 50 pl of competent DH5a cells (ThermoFisher). The
transformation reaction was incubated (2 min) on ice, heat-shocked (42°C, 30 sec), and incubated (2 min)
on ice. Lutia-Bertani (LB, 250 pl) medium was added to the solution, and the reaction was cultivated (37°C,
1h, shaking incubator). The culture was spread on LB agar plates (kanamycin 50 pg/ml) and the plates were
incubated (37°C overnight). The colonies were screened via colony PCR. Positive colonies were selected
and incubated in LB broth (50 pg/ml kanamycin) overnight, and the plasmids were extracted with the
QIAprep Spin Miniprep Kit.

3.4.5.4 Synthesis of dsRNA and riboprobes

M13 forward and M13 reverse primers were used for dsSRNA synthesis, while AA18 and PPR224 primers
were used for riboprobe synthesis. The PCR reaction (1 ul plasmid solution containing about 100 ng, 1 pl
forward primer, 1 pl reverse primer, 25 ul OneTaq 2x Master Mix (NEB), 22 nuclease-free water) was
cycled using the following parameters: denaturation 95°C 3 min; 40 cycles including denaturation 95°C 45
sec, annealing 55°C 30 sec, extension 72°C 1 min; final extension 72°C 10 min. The PCR product was
purified from agarose gels with the Qiagen MinElute PCR purification kit and eluted in 30 pl of nuclease-

free watet.

For dsRNA synthesis, the transcription reaction (300-500 ng of purified PCR product template, 4 pl 10x
RNAPol buffer NEB, 5 pl of each rNTP 10 mM, 4 pl T7 RNA polymerase (NEB), and nuclease-free water
up to a final volume of 40 ul) was incubated at 37°C for 6 hours. TURBO DNAse (2 pl, Invitrogen) and
DNase buffer (4 pl) were added to the solution, incubated for an additional 30 min at 37°C. Nuclease-free
water (54 pl) of was added, and the tube was placed on ice. The RNA was precipitated by adding sodium
acetate (10 ul 3M, pH 5.2) and ethanol (600 pl, -20°C), and the tube was vortexed mixed well before being
incubated at -20°C overnight. This solution was centrifuged (13,000g, 20 min, 4°C), the supernatant was
discarded, the pellet was purified with pre-chilled 70% ethanol (-20°C), and the sample was centrifuged
again (13,000gm, 20 min, 4 °C). The pellet was air-dried and resuspended in nuclease-free water (30 ul). To
anneal the RNA strands, the solution was incubated at 68°C for 15 min and then at 37°C for 45 min. The
quality of dsRNA was assessed on an agarose gel and stored at -80°C.

For riboprobe synthesis, the transcription reaction (500 ng of purified PCR product template, 2 ul T7 RNA
polymerase (NEB), 2 ul 10X RNAPol buffer (NEB), 2 ul 10XDIG RNA labelling mix (Roche) or 10X
FITC RNA labelling mix (Roche), nuclease free water up to a total volume of 20 ul) was incubated at 37°C
for 3 hours. Then TURBO DNAse (1 pl) and DNase buffer (2 ul) was added to the solution, which was
incubated for an additional 30 min at 37°C. Nuclease-free water (27 pl), lithium chloride (0.5 M), glycogen
(1 ul), and ethanol (300 pl) were added to the solution that was incubated at -20°C overnight. This solution
was centrifuged (13,000g, 20 min, 4°C), the supernatant was discarded, the pellet was purified with pre-
chilled 70% ethanol (-20°C), and the sample was centrifuged again (13,000g, 20 min, 4 °C). The solution
was incubated at 68°C for 15 min, the quality of RNA was assessed on agarose gels, and the riboprobes
wete stored at -80°C.

3.4.6 RNA interference
dsRNA was microinjected into planarians to perform RNA interference. A PB-7 Microscope Micropipette
Puller (Narishige) was used to pull injection needles from 3.5” Drummon Scientific glass capillaries.
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Nanoject II microinjector (Drummond Scientific) was used to inject 3x69nl of dsRNA (1 pg/ul) each
injection day. For a single RNAi experiment, each planarian was injected for 3 consecutive days, followed
by a waiting period of 4 consecutive days, before being injected again for 3 consecutive days. The worms

were amputated at day 11.

The phenotypes were monitored by using a Zeiss Stereo Discovery V8 microscope and a manually installed
Canon EOS1200D digital camera. The worms were imaged using 1.6-2x magnification. A ruler was used
to calibrate the scale bar. The size of eyes (area) and interocular distance were measured by using Image]
(Schindelin et al., 2012).

3.4.7 In situ hybridisation
Fluorescence in situ hybridisation was performed according to the protocol devised by King et al. (2013).
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3.5 Supplementary material
Table S3.1. Protein sequences used in the metazoan phylogeny. “Portal” refers to the resource
provider, “ID” indicates the identifier of the proteome or transcriptome, and “Reference” is the original

sequencing project, if the information is available in the database.

Species Portal ID Reference
Muemiopsis leidyi Mnemiopsis ML.2.2.aa.gz (Moreland et al., 2020)
Genome Project
Portal
Amphimedon Genbank GCF_000090795.2 (Srivastava et al,, 2010)
queenslandica
Nematostella vectensis Genbank GCF_932526225.1 Wellcome Sanger Institute
Hydra vulgaris Genbank GCF_022113875.1 University of Vienna
Hofstenia miamia Genbank GCA_900660155.1 (Gehrke et al.,, 2019)
Strongylocentrotus Genbank GCF_000002235.5 (Sodergren et al., 20006)
purpuratus
Saccoglossus Genbank GCF_000003605.2 (refer to Genbank)
kowalevskii
Branchiostoma floridae | Genbank GCF_000003815.2 (Simakov et al., 2020)
Danio rerio Uniprot UP000000437 (refer to Uniprot)
Mus musculus Uniprot UP000000589 (refer to Uniprot)
Homo sapiens Uniprot UP000005640 (refer to Uniprot)
Cacenorbabditis elegans | Uniport UP000001940 (refert o Uniprot)
Drosophila Uniprot UP000000803 (refer to Uniprot)
melanogaster
Tribolinm castanenm Genbank GCF_031307605.1 United States Department of
Agriculture
Intoshia linei Genbank GCA_001642005.1 (Mikhailov et al., 2016)
Pomphorbynchus laevis | Genbank GCA_012934845.2 (Mauer et al., 2020)
Adineta vaga Genoscope Adineta_vaga.v2.pep.fa (refer to Genoscope)
Nipponacnea - (Sequences in publication) (Morino et al., 2017)
fuscoviridis
Lottia gigantea JGI Genome | Lotgil_GeneModels_AllModels_20070424_aa.fasta (Simakov et al., 2013)
Portal
Mytilisepta virgata - 8Sequences from publication) (Phuangphong et al., 2021)
Pinctada fucata Marine pfu_aug2.0.AA fasta (Takeuchi et al., 2016)
Genomics OISR
Japan
Crassostrea gigas GigaDB oyster.v9.fa (Fang et al., 2012)
Lingnla anatina Genbank GCF_001039355.2 (Luo et al,, 2015)
Phoronis anstralis Marine pau_genome_v2.0_prot.fa.gz (Luo et al., 2018)
Genomics OISR
Japan
Platynereis dumerilii PdumBase Trinity_95_orf_v2.fasta (Chou et al., 2018)
Spirobranchus kraussii | - (Sequences in publication) (Morino et al., 2017)
Helobdella robusta JGI Genone | Helobdella_robusta.Helrol.pep.all.fa (Simakov et al., 2013)
Portal
Lineus longissimus Genbank GCF_910592395.1 (Kwiatkowski et al., 2021)
Schmidtea mediterranea | (Chapter 2) (Chapter 2) (Neiro et al., 2022)
Echinococcns WormBase echinococcus_multilocularis PRJEB122.WBPS18.protein.fa | (Tsai et al., 2013)
mltilocularis
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Table S3.2 Forward and reverse primer sequences to clone SPILE-E7, meis-like, SPILLE-Z2, meis-1, and

PALE.

Primer

Sequence

SPILE-E1 Forward
SPILE-E1 Reverse
meis-like Forward
meis-like Reverse
SPILE-Z2 Forward
SPILE-Z2 Reverse
meis-1 Forward
meis-1 Reverse
SPILE-Z1 Forward
SPILE-Z1 Reverse
PALE Forward
PALE Reverse

TGGAAATGCATTCAGAGAGTACGTT
GTTGTCACTTCGGTTGCGCC
ATGGTTTCTCGGCATTTCGC
CGGAAGATTTAAATTCGAGTGAAGG
TGGCCCACGACCCAAGTCAA
AGTGAGAAGAGACGGTGGCGT
TTTCAGCGCAGATCCTGACA
ACATTCTGGTGGTCAACGCT
GGCGGACTGACATCTGACAA
TTGCATGCTGAAGGAGGAGG
GCCGTCTTTGCACCAACACA
TTGACATAACGACGCCGAGCA
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Figure S$3.1. Maximum likelihood phylogeny of metazoan Pbx proteins. The tree was constructed by
extracting Pbx genes in the general homeodomain-based phylogeny of metazoan TALE genes (Figure 3.2B)
and constructing a separate phylogeny based solely on Pbx homeodomains. Bootstrap values are shown at
branches (Hoang et al. 2018). Full species names are given in Figure 3.1A. Human Hox genes wete used as
an outgroup.
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100 <
gigas TALES (CGI 10014640)
. floridae TALE 1)
A TALE (XP 011403814.2)
H. (HelroP171177)
[— T castaneum mkx (XP 001811513.2)
100 L—D. melanogaster mkx (trlQ9VPL4|QOVPL4)
. robusta ko2 (

C. gigas mkx (CG1 10011802)

M. virgata mkx (c96225 g1 2.p1)

P fucata mkx (pfu aug2.0 2751.1 05647.t1)

P australis mkx (g18125.t1)

P. dumerili mkx (comp211674 1 seq2.p1)

S. kowalevskii mkx (XP 002739258.1)
[ ¢ 1)
i S. purpuratus mkx-1 (XP 011678927 .2)

floridae mikx (XP 1)

D. rerio mkxb (tr/ASUGK2|ASUGK2)
D. rerio mkxa (tr/ASYCA4/ASYC44)
H. sapiens MKX (pQBIYAT|MKX)
H. sapiens MKkx (sp|QBBIA3IMKX)

Figure S3.2. Maximum likelihood phylogeny of metazoan Irx and Mkx proteins. The tree was
constructed by extracting Irx and Mkx genes in the general homeodomain-based phylogeny of metazoan
TALE genes (Figure 3.1D2) and constructing a separate phylogeny based on full-length sequences.
Bootstrap values are shown at branches (Hoang et al. 2018). Full species names are given in Figure 3.1A.
Human Hox genes were used as an outgroup.
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E. multilocularis PALE (EmuJ 000903300.1)
100 S. mediterranea PALE (SMEST071247001.1)
P. dumerilii LOPHILE-1 (comp214895 c1 seq2.p1)
1. linei LOPHILE-1 (OAF70596.1)
P. dumerilii LOPHILE-2 (comp224761 c0 seq2.p1)
L. longissimus LOPHILE (XP 064644786.1)
L. anatina LOPHILE (XP 013388252.1)
H. robusta LOPHILE (HelroP148509)
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A. queenslandica tgif (XP 011409566.1)
A. vaga tgif-1 (GSADVT00043055001)
A. vaga tgf-2 (GSADVT00034487001)
100 A. vaga tgif-3 (GSADVT00050013001)
004
H.

75

. vaga tgif-4 (GSADVT00001273001)
_|: . sapiens TGIF2LY (sp|Q8IUEQ|TF2LY)
100 H. sapiens TGIF2LX (sp|Q8IUE1|TF2LX)
95 _|: M. musculus TGIF2LX (tr| Q2NKH6|Q2NKH®6)
I 100 M. musculus TGIF2LY (tr|Q8K5B9|Q8K5B9)
92 95 H. sapiens TGIF2 (sp|Q9GZN2|TGIF2)
100 M. musculus Tgif2 (sp|Q8COY1|TGIF2)
97 D. rerio tgif2 (trf AOA2R8QPY7|A0OA2R8QPY7)
85 D. rerio tgif1 (tr|Q803FO0|Q803F0)
100 H. sapiens TGIF1 (sp|Q15583|TGIF1)
58] 97 M. musculus Tgif1 (sp|P70284|TGIF1)
B. floridae tgif (XP 035674169.1)
32 N. vectensis tgif (XP 032238286.1)
\TE S. kowalevskii tgif (NP 001158452.1)
S. purpuratus tgif (XP 011679600.1)
H. miamia tgif (919375.t1.p1)

62 35 85 T. castaneum LOC103312892 (XP 064212651.1)
62 T. castaneum vis (XP 008195376.1)
98 D. melanogaster vis (tr|Q7K380|Q7K380)
wEn 100 D. melanogaster achi (tr|Q7JR08|Q7JR08)

L. longissimus tgif (XP 064624331.1)

P. australis tgif (96689.t1)

L. anatina tgif (XP 013410624.1)

P. dumerilii tgif (comp213198 c0 seq1.p1)

L. gigantea tgif (jgi|Lotgi1|165662|fgenesh2 pg.C)
M. virgata tgif (128592 g1 i1.p1)

C. gigas tgif (CGI 10023491)

P. fucata tgif (pfu aug2.0 938.1 27923.t1)

100

Figure S3.3 Maximum likelihood phylogeny of metazoan Tgif, LOPHILE and PALE proteins. The
tree was constructed by extracting Tgif, LOPHILE, and PALE sequences in the general homeodomain-
based phylogeny of metazoan TALE genes (Figure 3.1D2) and constructing a separate phylogeny based on
full-length sequences. Bootstrap values are shown at branches (Hoang et al. 2018). Full species names are

given in Figure 3.1A. Human Hox genes were used as an outgroup.
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% C. elegans unc-62 (sp|QIN5DE|UNCE2)
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99 H. miamia meis-2 (g11237t1.p1)
100 H. miamia meis-3 (g11052.t1.p1)
P. jaevis meis (KAI0986228.1)

S. mediterranea meis-2 (SMEST078684002.1)
= e 100 S. mediterranea meis-1 (SMEST006530001.1)
98 E. multilocularis meisA (EmuJ 001095100.1)
97 E.multilocularis meisB (EmuJ 000910200.1)
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L

75

A. vaga meis-3 (GSADVT00047911001)

A. vaga meis-4 (GSADVT00031530001)
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C. gigas meis (CGI 10019589)

M. virgata meis-1 (119851 g1 i5.p1)
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% B. floridae meis (XP 035682366.1)
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T hth (XP 015837042.1)
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M. musculus Meis2 (sp|P97367|MEIS2)
D. rerio meis3 (tr|Q90ZE3|Q90ZE3)
H. sapiens MEIS3 (sp|Q99687|MEIS3)
M. musculus Meis3 (sp|P97368|MEIS3)
D. rerio meis1a (tr|Q7SZP3|Q7SZP3)
D. rerio meis1b (tr]Q90XH2|QI0XH2)
H. sapiens MEIS1 (sp|O00470|MEIS1)
M. musculus Meis1 (sp|Q60954|MEIS1)

100

97

—
i

99

—
.

Figure S3.4. Maximum likelihood phylogeny of metazoan Meis and Prep proteins. The tree was
constructed by extracting Meis and Prep sequences in the general homeodomain-based phylogeny of
metazoan TALE genes (Figure 3.1D2) and constructing a separate phylogeny based on full-length
sequences. Bootstrap values are shown at branches (Hoang et al. 2018). Full species names are given in

Figure 3.1A. Human Hox genes were used as an outgroup.

118



=
=
wn
N

HD
A PBCA PBCB s B nust

NLS2

"
3

=W

. mediterranea pbx-1 |
5. mediterranea pbx-2 1

cm
C
]

S. mediterranea pbx-1 v immach
S. mediterranea pox-2 W o

o
omEe B T
e |

. M
13 B v
cmEe B ] 1
CABE  ENE ONEORIRSEE G3 L
s ST RSy 043 v
cumR o TR ISR 13 T
o L

DO RGOSR 041
7 M CORORTIGEE) 03
FAETE OIS INBDTITEISEE: 53

I O DIEODMGSEE) 03
GSW.  CEOGO S IUROIMATIRSEEL 052
©8d  CHEE  TGRTIEISEE) 00
comm IS, a1
oomN UM OBURKTNSISHISEE: 10
oM@ OENE  EEROMTIRSEE: 023
CEEME  SEANDURRMETATNES: D
DSEE  (ESEGIDO®E AW
AR TSRS
EEE  OEGE  TRODNSETEGSEEN
DU WG TGS BARCssnT
SN GOSN ATEEOALA T PR
DA GG UVRRITISEEL AeempgTEITAIL eE
o T eEmPaT B 008
WECH DT IR 0 GEEMPUTCIAINL(A: 3553155
[ Y ‘PP AT - BRI o5
WIS O TMESESSTRS 03 SIS 3 TR ASMPOIRREINTI L. 3 TS 0 5
AR aEGoY E-] ST T
IS UMD ATIWRTRCATA, U ‘ISR W 3 MSBOSSTOMT
A O STHTRTN. (W. B SBSS T
ATEN NG GEMWSTLSTERAGAW: 00T R RS T
MR EORE  oRGRHSETSEE: [3 e e
SIS [0 6 ReEMSQRTRISAT: B 1L P
SIS 050 e e
] D A O . B
S UM OTMORTEISEEL i3 oS EeePalTIN Al B
L T G MG (W B:
f ] TR EOSE. G28 BN S on T N -
R FCBgTATS. 8 B
CUBC UMM OTAGRMSEEL G0 G OGNS AW. -
RS ST TGS, 53 BN oA QARG AT 5
SACRN  CUGWN > TVASGRMEMGSAEL 52 G FSGMBGTHTE A B
SAC GO ENGREITESEES 550 i EeEe IR A '
fe ] S RSaI EOSEE 013 SA B G Seeoulh (AN A 5
“oma S INROGD TITHGSEED 070 G GeePIT DG B
Dy el TERATSDAGEEL. 5 S oUW -
S EREN DRGSR, §1 VI ASEMEGTRTATIL /AL B
L e ) R UMW -

L5187 5193 s202 S209 5218

S. mediterranea pbx-1 S o R RO

. mediterranea pbx-2

i
{4

i

gEEsssspEnasErEEn

Figure $3.5 Multiple sequence alignment of metazoan Pbx proteins. (A) Alignment of the entire
sequence. Conserved regions are displayed in grey, variable regions in red. The conserved domains PBC-A,
PBC-B, NLS1, and NLS2 are labelled in the alignment. (B) Magnified view of the NLS1 and NLS2 domains
in the alignment. (C) Magnified view of the PBC-A domain in the alignment. (D) Magnified view of the
PBC-B domain in the alignment.

119



IRO Box

I
L LI N (]

a0

0

IRO Box

IRX

HD IRO A

o

T

. mediterranea inc-1
5. mediterranea -3
S mediterranea inx-2
. mediterranea inx-4 | B1

IRO A

70

w8

B

SERIS - NGNS T

____ _ _ .__
2 B

AIA-IAA e |
__m mm___m__,_m_hmm_,,m
REERREGREECRIcGH

ik m—
—— i
8| =

5 REE
ST

____ _=.__ __ _m___ __
_ _ .
E 8

s ome

e O

. mediterranea ir-1
S mediterranea irx-3
S. mediterranea irx-2
S mediterranca in-4

_———::——a?ﬁ—“. a.————“—“
AL L WL

FEEEH- FEEEE | EEEFEEEE

ﬁ:&:ﬁ: R H R TR B

EEEEEE e P P ..2

1
3
5
1

. mediterranea inx-
S mediterronea i-
S. mediterranea rx-
. mediterranea ix-

variable regions in red. The homeodomain, the IRO A,

f metazoan Irx proteins. (A) Alignment of the entire
120

and IRO box are labelled in the alignment. (B) Magnified view of the IRO A domain in the alignment. (C)

sequence. Conserved regions are displayed in grey,
Magnified view of the IRO Box domain in the alignment.

Figure S3.6 Multiple sequence alignment o



MEIS

NLS

NLS HD

MH-A MH-B

195

I

e

_r EEEES - o : —____m <
el B wlauan —

I

A

. mediterranea meis-1 |
. mediterranea meis-2
. mediterranea meis-like

s

an

250

20

20

an

. mediterranea meis-1  ERERED

5. mediterranea meis-> B

. mediterranea meis-like

7%

s

o

H-B

50

a0

w0

w0

csoocounosoD

.

e

HHTEEE

=

-__-

EE ER HHH\AH | | <] HEHE

=
A_
o

£E4
BRE
5§58
558
358
33
vuE

lignment of the entire

A) A
The homeodomain, the NLS

ew of the NLS dom

teins.

Figure S3.7 Multiple sequence alignment of metazoan Meis pro

in red.

21ons

le re

variab

domain, and the MH-A and MH-B domains are labelled.

alignment. (C) Magnified view of the MH-A dom

sequence. Conserved regions are displayed in grey,
domain in the alignment.

he

ew of the MH-B

amn mn t

ified vi

(B) Magn
ain in the alignment. (D) Magnified

Vi

121



AT P A O A TR~ T 0P AP Ay A C @ 2 T
A I CEOAT

TS 0 SERTIN:
el LD B TR D v R VE

e TIDRNY EDE KKK VIS
IR NNTERIP SN0 SHRFI0 Y

SEALLE EREREY
e A IREERACEO AT
1P Ep A 2 I

TR P AEp Ay » WA

SwTLL

s EEENETE
S

i
EVFIDR

"

o IEHE V)
c il SR
e ARG SE
YD

D1
D1
) LD
D1

EDVDIHE
GRS sTe §a RN SITERT T

204 20 320 30 30 3%
k } + |
GTQOPOEY
cHs A QENSQHEATH : DN
GAUPTHGPHAAG vo00
QTESH: cls losHo
PESPSMS
L}

elo v Uy PN ]
DDEE:

IOVIEIHLLELERY
VL
L

ERTOVIRIHLLELEK
Ral

[ETRIAC [Adc STRE

[lELMkD E Ry T
DEHC [AEc R
JIETRD PRy TIES
el L]

D D!
[ErEnoin] MAspsp
(vt EE JilELide D £ i
AWSaNSccc  MREERE oRGHRCEET R EOE A TRNOTSC Ml HSTSTISSc ; PSN: SHR SaPFS

Figure S3.8 Multiple sequence

sequence. Conserved regions are displayed in grey, variable regions in red. The homeodomain and the MH-
A and MH-B domains are labelled. (B) Magnified view of the MH-A domain in the alignment. (D)

alignment of metazoan Prep proteins. (A) Alignment of the entire

Magnified view of the MH-B domain in the alignment.

122



A IOPHII F
I_\ =\ 1 10 kb
Domain 2 Domain 1
1 200 400 6?0 B?O IIK I,ZIOO I,aItGO 1,6]00 1,800 ZIK 2,2]00 2,100 2,600 2,B|00 3,09
R m i il s | RO 7] il (IR R I !I III 1 II
|

2475 2490 2500 2510 2520 2530 2540 2,550 2860 2,570 2579
| T t t }
G ATSIS c @sNsc T A-M
555 S[EANT NP E » R
KKRF L A TTHMM
[KSIERIK K EVE L Tk ERAVINT IV

D AMG-C
HKDNBIVIIND D E AMGmm Qc!
HK D)N8:1v)IND D E K AMG HHL [ATA00CcEA

E D - DDEKENLI 1 3
GIASH L g FFFIL }\

IIAAHAMM LDWLE
AR ERAVINTIME DT

0/ T8 2 M FYT

K ERNVINVINL D W K BN IINE T F K ERILITEN

e AT P c NRASA s s s e
A A—A-AG-G-AA_AEAIMEIMGMG TR TN WF AR R R &

C Domain 1

1 779 1, 790 1 BDO 1 810 1 820 1 830 1 840 1 550 1 360 LSI7D 1.BIBO 1 590 1 903
QE (RNATASS A GES TP P IATIA A 0 NENP TR oS L DRCL L e S AT IIRIATAIATEIAA] SEPATANESECNEHOSIERT
O AU Mo s ok MASDTARA: P& 16 BT B TS NG oG+ 13 T WL o SOM®H. T UBMCEort SR .l s

il AR E ccmsmp, TEESEEN ¢
GICIICMA 3 G TGS, e G0 ST WA SHE (01T 43551 NETTONA
o1 WISTSNAGRS - Al AR RN Sp S HoTSNAp . THTFAIONTASNE o 1 “Tiio. N, HASTR 0 AT g s A R

o7 m F o A AT RS S PN HOMAS NP A TG \}LL FL F |G-smmmmcMc (FD
L LadDRESINF REEIL F AL LROL T 1D VINF NS el v BIL TN IJAD F DKL LIVF LRI el Ny Rl ESIV TRDRL RVEEHINE TERTRIER

il 1D RSN RS FEILLRDL T TADVINE Vinbyr |JF FAL T7Y SMPRSNQ A TRTITRMA2 WA T
L vasD KSNF RSEEL F I LRD LV TDINF EEISFF Sl TSNLIER DF KL LN YL RISy s N ERY E Sy TavD FAL kv IMEEST 1k 161R K

[v v E KIS VED FMD K F DOIDVRR

D Domain 2

9 110 120 130 140 150 160 170 180 190 200 213
= t t t 1 } + } t } T
WAHASPSTSSHTTH FNIAT PTTP ASTOMP THQ QS POPA GTOEMQTIR (IR RIS FFERNERTHNEL L D E T[S0 el PPELDFRID TERIDF I
R DELCIR Shale i) [DDEDINMMHEF LHDEE [LEFENEDERIMNDL LINE 1[8) (DL DF v DISPNS DV I[IF DD

RoM@Es PAEES @ JSDESFNIL TDDIE
@32 PASP cASSTISING ¢ MEN@AC SPTTPSSPT PEPPA [EZFADERLIIVELLDETMED T E
R y ic Bl D 3333v] [)YDDDRLIFVELLDET! SYELDFVEF LIYEN]
AgaPTSPcASSHTISON D VD NHD 1 LEASD YD DDRLIDVELLEE IMED IBYKEBIELDF VEF LIEDS

cSMAAPASPPPCH [elp v [o]p D D3 el LI F DY SSDRIIND L LIE 1{ebD 1fel1 R DFSYDLDF Y VF
[P A SPSEASHATH [l DRLRNDLLDFE IS0 TR DEYD LD F v DFRYY DIYY

Figure S3.9 Multiple sequence alignment of spiralian-specific LOPHILE proteins. (A) Alignment
of the entire sequence. Conserved regions are displayed in grey, variable regions in red. The homeodomain
and two conserved regions are labelled in the alignment. (B) A magnified view of the homeodomain
demonstrates the presence of a homeodomain with the TALE-specific three amino acids insertion (PYP).
(C) Magnified view of the fist conserved domain. (D) Magnified view of the second conserved domain.
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Figure S3.10 Multiple sequence alignment of SPILE-B proteins in the phylogeny of SPILE genes.

(A) Alignment of the entire sequence. Conserved regions are displayed in grey, variable regions in red. The

two homeodomains are labelled in the alignment. (B) A magnified view of the first homeodomain
demonstrates the presence of the TALE-specific three amino acids insertion (PYP). (C) Magnified view of

the second homeodomain also demonstrates the presence of the TALE-specific three amino acids insertion

(PYP).
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Figure S3.11 A detailed view of the Pbx clade in the planarian phylogeny. Bootstrap values are shown
next to branches. Abbreviations: dd_Dtah_v3 = Dugesia tabitiensis, dd_Bbru_v1 = Bdellocephala ct. brunnea,
dd_Bcan_v1 = Bdelloura candida, dd_Bipa_v1 = Bipalium kewense, dd_Calp_v1 = Crenobia alpina, dd_Came_v1
= Camerata robusta, dd_Ctor_v1 = Cura foremanii, dd_Chas_v1 = Cereyra hastata, dd_Cura_v2 = Cura pinguis,
dd_Dcaa_v1 = Dendrocoelid sp. 1, dd_Djap_v4 = Dugesia japonica, dd_Dmac_v1 = Dendrocoelum: ct. maculatum,
dd_Dsic_v1 = Dugesia sicula, dd_Gdor_v4 = Girardia dorotocephala, dd_Hret v1 = Hymanella retennova,
dd_Pcav_v1 = Dendrocoelid sp. 2, dd_Ptel_v3 = Polycelis felina, dd_Pgra_v4 = Phagocata gracilis, dd_Phpy_v1
= Phagocata pyrenaica, dd_Phsa_v1 = cf. Atrioplanaria, dd_Plit_v3 = Procerodes littoralis, dd_Pnig_v3 = Polycelis
nigra, dd_Pple_v3 = Procerodes plebeins, dd_Psap_v1 = Polycelis Sapporo, dd_Pseu_v1 = Cylindrostoma sp.,
dd_Pten_v3 = Polycelis tenuis, dd_Ptri_v1 = Paucumara sp., dd_Roma_v1 = cf. Romankenkins, dd_Sdio_v1 =
Sabussowia dioica, dd_Slag_v1 = Schmidtea lugnubris, dd_Spab_v1 = ct. Spathula sp. 3, dd_Spas_v1 = ct. Spathula
sp. 2, dd_Spat_v1 = cf. Spathula sp. 1, dd_Spol_v4 = Schmidtea polychroa, dd-Ptoc_v1 = Planaria torva -
Croatian strain, go_Bang v1 = Bdellocephala angarensis, go_Gsex_v3 = Girardia tigrina sexual strain,
go_Psib_v1 = Phagocata sibirica, go_Rhod_v1 = Rhodax sp., go_Seid_v1 = ct. Seidlia, go_Terr_v1 =
Caenoplana decolorate.
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Figure $3.12 A detailed view of the SPILE-Z clade in the planarian phylogeny. Bootstrap values are
shown next to branches. Abbreviation the same as in S.11.
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Figure S3.13 A detailed view of the SPILE-E clade in the planarian phylogeny. Bootstrap values
are shown next to branches. Abbreviation the same as in S.11.
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Figure S3.14 A detailed view of the Irx clade in the planarian phylogeny. Bootstrap values are
shown next to branches. Abbreviation the same as in S.11.
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Figure S3.16 A detailed view of the MEINOX clade including Prep and Meis in the planarian
phylogeny. Bootstrap values are shown next to branches. Abbreviation the same as in S.11.
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Figure $3.17 Multiple sequence alignment of PALE proteins in the planarian phylogeny. (A)
Alignment of the entire sequence. Conserved regions are displayed in grey, variable regions in red. The
homeodomain and two zinc finger motifs are labelled. (B) A magnified view of the first zinc finger. (C) A
magnified view of the second zinc finger.
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Figure S3.18 Multiple sequence alignment of SPILE-Z1 proteins in the planarian phylogeny. (A)
Alignment of the entire sequence. Conserved regions are displayed in grey, variable regions in red. The
homeodomain and two zinc finger motifs are labelled. (B) A magnified view of the first and second zinc
fingers.

132



El1 11

| I | RRCRU | T

2000 3000 4000 5000

consensus +) 1
SMESG000001918:]
SMESG00002223p+1 1

I R nass nanss nanns nakss nansd nansa) t
SMEST001913004+) 1 . |

SMEST022232003+) 1
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Chapter 4. A functional genomic approach infers TALE-
dependent and TALE-independent regulatory mechanisms in

planarian axial regeneration

Regeneration requires regulatory mechanisms that provide positional information to the
regrowing structure. In planarians, regeneration is enabled by the coordinated interplay
between wound-induced signalling, the resetting of the positional information system, and the
proliferation and differentiation of neoblasts. After amputation, rescaled Wnt signalling levels
provide positional identity to the anterior and posterior blastemas. Within the blastemas, a
number of transcription factors are required for the formation of organising centres that direct
morphogenesis. Among these transcription factors, the TALE homeobox genes prep and pbx-
7 are both required for the formation of the anterior pole, whereas pbx-1 is also necessary for
the specification of the posterior pole. Given the conserved role for another TALE subclass
Meis in developmental programs, we asked whether members of the Meis gene family are
required for axial regeneration, and discovered that eis-2 is essential for restoring posterior
poles. To understand the genes regulated by these TALE factors, we analysed the
transcriptome and chromatin accessibility in response to TALE knockdowns to infer direct
target genes. Our analysis suggests that pbx-1 and meis-2 are upstream regulators of wnt1 at the
posterior pole, while pbx-7 and prep directly regulate anterior pole markers and FGFRL family
members in anterior blastema. Furthermore, we explored our chromatin accessibility data in
combination with established epistatic genetic interactions to infer high-confidence regulatory
interactions between planarian patterning genes. Altogether, our findings expand our

knowledge of the regulatory mechanisms that specify position during planarian regeneration.

4.1 Introduction

Successful regeneration relies on the specification of missing tissue in accordance with the polarity and
dimensions of the remaining tissue fragment. Highly regenerative planarians have emerged as a leading
model system to understand the cellular and molecular mechanisms that govern the identity and patterning
of regenerating tissues. Planarians are able to regenerate any missing body part following injuries, thanks to
a population of adult pluripotent stem cells and a dynamic positional information system that directs
regenerative outgrowth. This system encompasses a molecular coordinate system of signalling molecules
that direct the differentiation of neoblasts and their progeny along the anterior-posterior (AP), medial-
lateral (ML), and dorsal-ventral (DV) axes. After injury, early planarian regeneration proceeds through three
main phases: the generic phase involving a generic wound response (0 to 18 hpa or hours post amputation),
a second phase of axis reestablishment (18 to 48 hpa), and the third phase of fate-specific cell differentiation
and morphogenesis in the regenerating blastema (48 hpa onwards). Asymmetric expression of the Wnt
inhibitor notum at anterior-facing wounds reduces Wnt signalling levels, and the level of Wnt signalling
specifies the identity of a signalling centre known as blastemal poles that form at the tip of the regenerating
blastema (Blassberg et al., 2013; Chen et al., 2013; Scimone et al., 2014a; Vasquez-Doorman and Petersen,
2014; Vogg et al., 2014; Li et al,, 2019). In the anterior, the transcription factors foxD, zic-1, prep, and pbx-1
are required for pole formation, while the transcription factors pbx-1, pitx and islket1 are required for the

formation of the posterior pole.

Among these transcription factors, prep and pbx-7 belong to the subclass of TALE homeobox genes that

are known for their roles in development and cell differentiation across the animal kingdom. In intact
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planarians, the expression of prep is restricted to anterior areas, while pbx-7 is expressed ubiquitously,
including neoblasts, neoblast progeny, and the cephalic ganglia (Felix and Aboobaker, 2010; Blassberg et
al.,, 2013). After injury, prep is expressed in both anterior and posterior blastemas, but it exerts its function
in the anterior, as knockdown of prep results in cyclopic or eyeless worms but does not perturb tail
regeneration (Felix and Aboobaker, 2010). Meanwhile, pbx-7 is required for the specification of both
anterior and posterior fates and for pharynx regeneration (Blassberg et al., 2013; Chen et al.,, 2013). In
addition, pbx-1 likely regulates some patterning genes along the DV axis, as knockdown of pbx-7 results in
the reduction of the dorsal marker bmp4 and the ventral marker admp, but not 7/g-8, a noggin-like gene
involved in BMP signalling pathway (Chen et al., 2013). Given the critical role of pbx-7 and prep in axial
regeneration in planarians, this raises the question of whether other TALE factors also function as
patterning factors, particularly the family of Meis genes, which are conserved in several developmental

contexts across metazoans (Schulte and Geerts, 2019).

Although the identity of many genes required for axial regeneration has been uncovered, we know little
about the underlying regulatory interactions between these genes, let alone the system-wide gene regulatory
network. As in other model systems, the transcriptomic response following knockdowns has been used to
identify downstream effectors of transcription factors and Wnt signalling components (Currie and Pearson,
2013; Cowles et al., 2014; Vogg et al., 2014; Reuter et al., 2015; Scimone et al., 2017; Tewari et al., 2019;
Arnold et al., 2021; Pascual-Carreras et al., 2023). As for TALE factors, an exploratory transcriptomic
analysis of anterior blastemas at 24 hpa in prep(RIN.A:) worms also identified Prep-dependent transcripts.
However, as transcriptomics does not discriminate between direct and indirect regulatory interactions,
studies have begun to incorporate epigenomic data to infer direct regulatory targets (Li et al., 2021; Neiro
et al., 2022; Pascual-Carreras et al., 2023; Ivankovic¢ et al., 2024).

In this study, we uncovered a role for an additional TALE factor, meis-2, in posterior specification during
regeneration. We employed bulk RNA-seq and ATAC-seq in wildtype and knockdown worms to extract
the most likely direct targets. We find support for pbx-7 and meis-2 being direct regulators of the posterior
pole marker wnt1, while pbx-1 and prep are putative direct regulators of pole markers and the FGFRL family
member #dk in the anterior blastema. Additionally, we leverage our blastemal accessibility data to infer
regulatory interactions between planarian patterning genes to establish a model for a gene regulatory

network providing positional information in planarian regeneration.

4.2 Results

4.2.1 meis-2is required for posterior regeneration

Given that both prep and pbx-1 are necessary for planarian axial regeneration (Figure 4.1A) and that our
bioinformatic screening and phylogenetic analysis had identified additional TALE homeobox genes in the
genome of S. mediterranea (Chapter 2, Chapter 3), we first sought to understand whether other TALE factors
are required for either anterior or posterior regeneration. In particular, we were interested in the subfamily
of Meis factors, known to dimerise with Pbx factors and to be involved in pattern formation across
metazoans. Previously, the meis-1 factor had been shown to be essential for eye regeneration in S.

mediterranea, prompting us to investigate its paralogues.

Knockdown of meis-2 resulted in the characteristic tailless phenotype, similar to the posterior defect
observed after knockdown of pbx-7 (Figure 4.1A). In planarians, the tailless phenotype is distinguished by
the lack of the posterior pole, and the fusion of posterior nerve cords and digestive branches behind the
pharynx (Sureda-Goémez et al., 2015). In the posterior end of meis-2(RINA:) regenerates, the ventral nerve
cords did not extend to the posterior tip as seen in controls but were fused and rounded (Figure 4.1B),
resembling phenotypes observed after knockdown of pbx-7 (Blassberg et al., 2013) and other factors
required for posterior pole specification (Adell et al., 2009; Gurley et al., 2010; Sureda-Gémez et al., 2015;
Pascual-Carreras et al., 2021; Pascual-Carreras et al., 2023). Similarly, the branches of the gastrointestinal

136



A control(RNAI) prep(RNAI) pbx-1/2(RNAI) meis-2(RNAI)

Head

10 dpa
Trunk

Tail

B control(RNAi) meis-2(RNAI) C control(RNAI) meis-2(RNAI)

250 um

D control(RNAI) meis-2(RNAI)

200pm  5/5

137



Figure 4.1 meis-2 is required for posterior regeneration. (A) Live images of contro/(RIN.A:),
prep(RNAG), pbx-1(RINAZ), and meis-2(RINA7) worms ten days after amputation (10 dpa). Pre- and
postpharyngeal transverse amputations divide the worm into regenerating head fragments (upper row),
trunk or middle fragments (middle row), or tail fragments (lower row). After knockdown of prep, the
worms regenerate as cyclops or without eyes altogether. After knockdown of pbx-7, regeneration is
perturbed both at anterior and posterior wounds. After knockdown of zeis-2, regeneration is perturbed
in the posterior, while eyes do not regenerate in the anterior. (B) Immunohistochemistry of regenerating
trunk fragments (15 dpa) after knockdown of #eis-2 indicate that ventral nerve cords fuse and do not
extend to the posterior end (tailless phenotype). Whole-mount in situ hybridisation of the gut-specific
marker porcupine revealed that the posterior gut branches also extended towards the midline after
knockdown of meis-2. WISH of wnt1 in meis-2(RINAZ) worms indicate that the posterior pole does not
form propertly in the regenerating adult worms (trunk fragments 14 dpa). (C) The expression domain
of the anterior marker sFRP-7 varies, and the observed difference in mzeis-2(RINAzZ) worms as compared
to control worms was interpreted to not be significant. WISH of the brain marker PC2 demonstrate
that cephalic ganglia regenerate after knockdown of weis-2. (D) The pharynx-specific marker laminin is
expressed in control regenerated tail fragments but mostly absent in weis-2(RINAz) regenerates (12 dpa,
WISH).

system extended towards the midline after meis-2(RINAJ), consistent with earlier reports of the tailless
phenotype (Figure 4.1B) (Gutley et al., 2010). Lastly, the wnt7-expressing posterior pole was absent in the
adult regenerates following knockdown of meis-2 (Figure 4.1B).

In the anterior, silencing of meis-2 resulted in eyeless worms, but the shape of the head was not affected to
the same extent as after knockdown of either prep or pbx-1 (Figure 4.1A). The expression of the anterior
marker sFRP-7 was unaffected in adult regenerates (Figure 4.1C), and no significant abnormalities were
observed in the overall morphology of the cephalic ganglia (Figure 4.1C), suggesting that knockdown of
meis-2 does not impact general anterior patterning in the same way as prep and pbx-1 (Felix and Aboobaker,
2010; Blassberg et al., 2013; Chen et al., 2013). Furthermore, tail fragments of meis-2(RINAz) worms failed
to regenerate the pharynx, indicating an additional role in pharynx specification (Figure 4.1D).

Although the replicate numbers for individual stainings are low, we interpret the totality of the data to
suggest that meis-2 is required for posterior specification during regeneration and the specification of eyes.
Since meis-2(RINAz) worms were able to regenerate anterior cell types, the observed phenotype is not a result
of a general defect in neoblast maintenance, proliferation, or differentiation. Altogether, our
characterisation of meis-2 expands the repertoire of TALE factors required for axial regeneration in
planarians, revealing two pairs of co-acting TALE factors: prep and pbx-7 in the anterior, and meis-2 and pbx-
7 in the posterior.

4.2.2 Anterior pole markers and FGFRL genes are downregulated after knockdown of pbx-1and
prep

Since knockdown phenotypes indicate that prep and pbx-7 are necessary for anterior patterning and meis-2
appears to be involved specifically in eye regeneration, we sequenced the transcriptomes of anterior
blastemas and compared gene expression in control and knockdown worms to begin to understand the
genes directly regulated by these TALE factors (Figure 4.2A). Although the knockdown phenotypes of prep
and pbx-1 suggest that these factors are involved in the specification of the anterior pole in late-stage
blastemas, we performed bulk RNA-seq at both early (18 hpa, hours post amputation) and late phases (60
hpa) to identify acutely misregulated genes. We followed a standard two-week microinjection schedule for
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RNA interference, amputated the worms into head, trunk, and tail fragments, dissected the antetior
blastema from tail fragments at either 18 or 60 hpa, and extracted RNA from tissues following standard
protocols (Figure 4.2A). If the silenced trunk fragment replicated the patterning phenotype, we deduced
that knockdown had been successful also in the tail fragment and sequenced RNA samples (Figure 4.2A).
Altogether, our experimental setup generated a set of six conditions for differential gene expression analysis
in the anterior blastema (control(RINAj) vs. pbx-1(RINAZ) at 18 hpa and 60 hpa, contro/(RINAj) vs. prep(RINA7)
at 18 and 60 hpa, contro/(RINAi) vs. meis-2(RINAz) at 18 and 60 hpa) (Figure 4.2D1, D2, E1, E2, F1, F2).

In the early blastema, we observed that most genes were downregulated after knockdown of prep (Figure
4.2E1: 163 DEGs, 84 down and 79 up), followed by pbx-7 (Figure 4.2 D1: 55 DEGs, 34 down and 21 up)
and meis-2 (Figure 4.2F1: 48 DEGs, 41 down and 7 up). Surprisingly, significantly more genes were
misregulated in the late blastema after silencing meis-2 (Figure 4.2F2: 1964 DEGs, 1328 down and 636 up)
as compared to pbx-1 (Figure 4.2D2: 54 DEGs, 33 down and 21 up) and prep (Figure 4.2E2: 18 DEGs, 14
down and 4 up). Although Pbx proteins are known to dimerise with Prep and Meis and coregulate target
genes, we did not detect many shared DEGs between pbx-7(RINA7) and prep(RINAZ), or between pbx-
1(RNAz) and meis-2(RINAZ) (Figure 4.2B). Therefore, the quantity of differentially expressed genes does not
correlate with the severity of the observed knockdown phenotype, and we focussed on well-known
patterning genes and transcription factors to infer genes explanatory for the anterior defect present in
prep(RINA7) and pbx-1(RIN.Az) worms. For this purpose, we used the list of transcription factors generated
in our previous bioinformatic screening (Chapter 2), and compiled a similar list of planarian patterning
genes. We reviewed the literature and assigned the patterning genes to genes in our genome annotation
(Chapter 2 Neiro et al. 2022) by using BLAST.

As in situ hybridization experiments had produced contrasting results regarding whether early wound-
induced notum expression is affected following knockdown of pbx-7 (Blassberg et al., 2013; Chen et al.,
2013), we examined the response of wmotum separately (Figure 4.2C). In the early anterior blastema,
knockdown of pbx-T1 slightly reduced the expression of notum (log2fc = 1) but not in a statistically significant
manner due to high variance, while #oum was downregulated in the early anterior blastema of meis-2(RIN.Aj)
worms (Figure 4.2C). As RNA-seq has indicated that #ozum is upregulated by at least log2fc = 3 in anterior
blastemas compared to the posterior, our findings suggest that although knockdown of pbx-7 and meis-2

downregulate notum in the anterior to some degree, this reduction is not sufficient to reverse polarity.

As suggested by earlier experiments, anterior pole markers (notum and sFRP-T) were misregulated in the late
blastemas after silencing prep and pbx-1, while knockdown of pbx-7 additionally downregulated the pole-
specific transcription factors foxD and zie-1 (Figure 4.2D1, D2, E1, E2). Interestingly, notum was also
downregulated in the late-stage blastema after knockdown of zeis-2, but other anterior pole markers were
not dysregulated (Figure 4.2F1, F2). Furthermore, knockdown of prep and pbx-1 downregulate the anterior
patterning genes #dk and nd/-4 of the FGFR-like family in both the early- and late-stage blastemas (Figure
4.2D1, D2, E1, E2). Notably, these FGFR-like genes were not downregulated by inhibition of meis-2 in
neither early- nor late-stage blastemas (Figure 4.2F1, F2). Previous ISH experiments had revealed that
expression of the prepharyngeal marker wnz2 is ectopically present in the anterior blastema of pbx-7(RIN.Az)
regenerates at 6 dpa (Chen et al., 2013). In contrast, we found that w#z2 is downregulated after knockdown
of both pbx-1 and meis-2 (Figure 4.2D2, F2), putatively suggesting wnt2 is first downregulated in the
blastema/postblastema boundary at 3 dpa before being ectopically expressed in the anterior of pbx-1(RN.A:)

worms.

Concurrently, some genes of the postetior specification program (including axinB, sp5, post2e, hox4b,
dd13065, dd4427) (Tewari et al., 2019; Pascual-Carreras et al., 2023) were upregulated after inhibiting pbx-7
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Figure 4.2 Differential gene expression analyses of pbx-1(RNAi), prep(RNAi), and meis-
Z2(RNAI) in the anterior blastema. (A) Experimental setup. RNA sequencing was performed on
dissected anterior blastemas after a standard ten-day RNAi schedule. Worms were injected at days 1,2,
3, rested for four days, and injected again at days 8, 9, 10. The trunk fragment was used to confirm that
knockdown had been successful before sequencing samples. (B) Linearised Venn diagrams displaying
the proportional overlap of DEGs between conditions (orange) and DEGs specific to each condition.
(C). The expression level of the gene notum in different knockdown conditions (D, E, F). Volcano plots
showing differentially expressed genes in the anterior blastema after knockdown of pbx-7 at the early
stage (18 hpa) (D1), after knockdown of pbx-7 at the late stage (60 hpa) (D2), after knockdown of prep
at the early stage (18 hpa) (E1), after knockdown of prep at the late stage (60 hpa) (E2), after knockdown
of meis-2 at the eatly stage (18 hpa) (F1), and after knockdown of meis-2 at the late stage (60 hpa) (F2).
In the volcano plots, the x-axis shows log2 fold change (log2FC) of expression levels between the
knockdown and control worms. Positive log2FC values indicate that transcripts were expressed at
higher levels in the knockdown worms than in the controls (upregulated), while negative log2FC values
indicate that the transcripts were expressed at lower levels in knockdown worms (downregulated). The
plots display names of planarian patterning genes, transcription factors, the ten most significantly
misregulated genes, and genes shared between early and late timepoints for each knocked down TALE
gene. Planarian patterning genes and transcription factors are written in lowercase, while the name of
the best BLAST match to the human genome is shown in uppercase for other genes. If BLAST was not
able to align the planarian transcript to a human gene, this is indicated with a dash “-“. Only differentially
regulated genes are displayed in the plots (cutoffs log2FC > 0.5, padj < 0.05). To concisely display all
DEGs, the axes have been truncated in meis-2(RINAZ) 18 hpa (F1) and 60 hpa (F2), leaving some
unnamed DEGs outside the scope of the plot.

and mzeis-2. This could indicate that knockdown of pbx-1 and meis-2 either posteriorise the regenerating
blastema to a certain degree, or homeostatically modifies the pre-existing postblastemal region during the
RNAI protocol (Figure 4.2E1, E2). With respect to signalling molecules of the DV axis, we did not detect
dysregulation of bmp4 and admp (Chen et al., 2013), but we observed that #/g7 and #/g7 were downregulated
in both pbx-1(RINAz) and meis-2(RINA7) worms. In the anterior blastema, 7/g7 is expressed in two clusters
around the pole at 72 hpa (Molina et al., 2009), while 7/’ is expressed in the lateral regions of the
regenerating blastema (Molina et al., 2009). Nonetheless, knockdown of neither #/g7 nor 1g/7 generates a
phenotype (Molina et al., 2011). As for Activin signalling, activin-2 is downregulated in early blastemas after
knockdown of pbx-1, while activin-1 is downregulated in the late blastema following knockdown of meis-2.
Knockdown of activin-2 generates two-headed worms as a result of pole splitting (Cloutier et al., 2021),
while knockdown of activin-1 increases the number of owo+ progenitors in the anterior blastema. As
knockdown data indicate that pbx-7 is required for anterior pole formation and meis-2 is required for eye

formation (ozo+ cells), this suggests that activin-2 and activin-1 are acting downstream of these events.

Interestingly, we did not find any previously undocumented transcription factors in the late-stage blastemas
after knockdown of pbx-1 and prep (Figure 4.2D2, E2). In the late blastema, knockdown of pbx-7
downregulated #wist, which is expressed in the pharynx and in a subset of neoblasts, and is presumed to be
required for pharynx regeneration (Scimone et al., 2014b) (Figure 4.2D2). Thus, the loss of a pharynx in
pbx-1(RNAZ) worms could be mediated through the dysregulation of #wist (Scimone et al., 2014b). In the
early blastema, knockdown of pbx-1 downregulates neoblast-expressed smad6/7-1 (van Wolfswinkel et al.,
2014), the anteriorly expressed engrailed (en) (Curtie et al., 2016), and a previously undescribed transcription
factor thx-1/10 (Figure 4.2D1). In the early blastema, silencing of meis-2 downregulates the muscle-specific
gene nkx6-2 that is expressed in longitudinal muscle fibres (Scimone et al., 2017; Scimone et al., 2018),
raising the possibility that meis-2 might regulate some aspect of longitudinal fibre biology.
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In contrast, multiple transcription factors were differentially expressed in late-stage blastemas after
knockdown of mzeis-2. This set included neuronally associated factors, including pax6-2 (Wenemoser et al.,
2012; Scimone et al., 2014b), musculin (Cowles et al., 2013), hih-1 (Cowles et al., 2013; Roberts-Galbraith et
al., 2016), and neuroD-2 (Cowles et al., 2013). Among the uncharacterised homeobox genes is a putative
homolog of 7x or rax (retinal homeobox protein or retina and anterior neural fold homeobox gene), which
is required for photoreceptor differentiation in vertebrates (Nelson et al., 2009). This raises the possibility
that the loss of eyes following knockdown of meis-2 could be mediated by this downstream factor. Lastly,
knockdown of mezs-2 downregulated a suite of uncharacterised zinc fingers (3/p236-1, 5p236-2, 2fp-6, zbed-
4, and z7/97), which could be additional regulators of eye progenitors or other neuronal subpopulations.

Altogether, although various patterning genes and transcription factors were downregulated following
knockdown of prep, pbx-1 and meis-2, we infer that the DGE pattern indicates the difference in the
phenotypes of prep and pbx-1, as compared to meis-2, lies in the differential regulation of anterior pole
markers and genes of the FGFRL circuit in the antetior.

4.2.3 The posterior specification program is downregulated after knockdown of pbx-1 and meis-2
Similarly, to gain further insight into the targets of TALE factors in tail regeneration, we performed bulk
RNA-seq on posterior blastemas. The knockdown phenotypes indicate that pbx-7 and meis-2 are involved
in posterior regeneration, but we also sequenced the transcriptome of prep(RINA7) worms to provide a point
of comparison for analysis. As silencing of pbx-1 and meis-2 does not reverse polarity, they likely exert the
main part of their function at the late blastemal stage. Nonetheless, we again sequenced both early-stage
blastemas (18 hpa) and late-stage blastemas (60 hpa) to more effectively identify direct targets, as in the
anterior. Again, we followed the standard RNA interference protocol, extracted posterior blastemas from
head fragments, and isolated RNA (Figure 4.3A). If the left-aside trunk fragments exhibited the desired
phenotype implying successful knockdown, we processed the samples for bulk RNA sequencing (Figure
4.3A). Again, the experimental setup included six conditions for differential gene expression analysis (Figure
4.3D1, D2, E1, E2, F1, F2).

In the early-stage blastema, we observed that most genes were downregulated after knockdown of prep
(Figure 4.3E1: 103 DEGs, 61 up and 42 down), followed by eis-2 (Figure 4.3F1: 34 DEGs, 20 down and
5 up) and pbx-1 (Figure 4.3D1: 27 DEGs, 18 down and 9 up). In the late blastema, a much greater number
of transcripts were downregulated after inhibition of #zeis-2 (Figure 4.3F2: 883 DEGs, 448 down and 385
up) than after pbx-7 (Figure 4.3D2: 22 DEGs, 16 down and 6 up) or prep (Figure 4.3E2: 19 DEGs 7 down
and 12 up). Since knocking down meis-2 in the posterior misregulates many more genes than pbx-7 despite
a similar severity in the posterior phenotype, we again focussed our analysis on patterning genes and
transcription factors as in the anterior. As suggested by the knockdown phenotype, silencing of prep did not
result in the misregulation of patterning genes or transcription factors (Figure 4.3 E1 and E2).

First, we looked at wound-induced wn#7 expression in the posterior blastema, as earlier ISH stainings have
indicated that early wnt1 expression is not affected by knockdown of pbx-7 (Blassberg et al., 2013; Chen et
al., 2013). Our RNA-seq data reproduces this finding, as the expression level (normalised counts) of w1
is not affected by knockdown of pbx-7 (Figure 4.3C). On the contrary, wnt expression is significantly
reduced after knockdown of weis-2 already in the early-stage blastema, but as reversal of polarity was never
observed in meis-2 worms after knockdown (Fig 1 A), this reduction in expression levels appears to not be

sufficient to reverse polarity.

In the late blastema, knockdown of both pbx-1 and #zeis-2 downregulate wnt1 (expressed specifically in the
posterior pole), and other genes of the postetior specification program (including wnt11-1, wnt11-2, fzd4-1,
ad13065, fzd4-1, wntP-2, fzd4-2, dd4407, sp5, lox5a) (Figure 4.3D2, F2) that are also downregulated by beza-
catenin-1(RNA7) and wnt1(RNA:) (Tewari et al., 2019; Pascual-Carreras et al.,, 2023). Previous ISH
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Figure 4.3 Differential gene expression analyses of pbx-1(RNAi), prep(RNAi), and meris-
Z2(RNAI) in the posterior blastema. (A) Experimental setup. RNA sequencing was performed on
dissected posterior blastemas from head fragments after the standard ten-day RNAi schedule. (B)
Linearised Venn diagrams displaying the proportional overlap of DEGs between conditions (orange)
and DEGs specific to each condition. (C). The expression level of the gene w7 in different knockdown
conditions (D, E, F). Volcano plots showing differentially expressed genes in the posterior blastema
after knockdown of pbx-7 at the early stage (18 hpa) (D1), after knockdown of pbx-7 at the late stage
(60 hpa) (D2), after knockdown of prep at the eatly stage (18 hpa) (E1), after knockdown of prep at the
late stage (60 hpa) (E2), after knockdown of zeis-2 at the eatly stage (18 hpa) (F1), and after knockdown
of meis-2 at the late stage (60 hpa) (F2). In the volcano plots, the x-axis shows log2 fold change (log2FC)
of expression levels between the knockdown and control worms. Positive 1og2FC values indicate that
transcripts were expressed at higher levels in the knockdown worms than in the controls (upregulated),
while negative log2FC values indicate that the transcripts were expressed at lower levels in knockdown
worms (downregulated). The plots display names of planarian patterning genes, transcription factors,
the ten most significantly misregulated genes, and genes shared between early and late timepoints for
each knocked down TALE gene. Planarian patterning genes and transcription factors are written in
lowercase, while the name of the best BLAST match to the human genome is shown in uppercase for
other genes. If BLAST was not able to align the planarian transcript to a human gene, this is indicated
with a dash “-“. Only differentially regulated genes are displayed in the plots (cutoffs log2FFC > 0.5, padj
< 0.05). To concisely display all DEGs, the axes have been truncated in meis-2(RINAz) 18 hpa (F1),
leaving some unnamed DEGs outside the scope of the plot.

experiments had revealed that pbx-7(RINAz) abolishes wntl expression in 2 dpa and 4 dpa postetior
blastemas (Blassberg et al., 2013; Chen et al., 2013). Interestingly, notun was also downregulated in the late
blastema following knockdown of meis-2(RNAZ), but to a lower degree than wnt1 (Figure 4.3F2).
Furthermore, knockdown of pbx-1 and meis-2 appears to anteriorise the blastema or pre-existing
postblastemal tissues during the RNAi protocol, as some anterior PCGs are upregulated (pbx-7(RIN.AZ): gie-
2, ndl-2; meis-2(RNAi): ndl-2, zie-1, ndl-5, sFRP-T). Additionally, meis-2(RINAZ) upregulates the transcription
factor ofx-1 that has been implicated in photoreceptor specification (Figure 4.3F2) (Lapan and Reddien,
2011; Lapan and Reddien, 2012; Wenemoser et al., 2012; Zhu et al., 2015; Roberts-Galbraith et al., 2010).
Silencing of meis-2 also downregulates the prepharyngeal marker #d/-2.

Regarding transcription factors, the pharynx-associated transcription factor #wist is downregulated in late-
stage blastemas after knockdown of both pbx-7(RIN.Az) and meis-2(RINAz) as in anterior blastemas (Figure
4.3D2, F2). As in the early-stage antetior blastema, pbx-1(RINAz) upregulated #bx-1/10 both in eatly- and
late-stage posterior blastemas (Figure 4.3D2). Moreover, knockdown of eis-2 also misregulated a suite of
additional transcription factors, including the muscle-associated #&x6-2 as in the anterior, neuronally
associated transcription factors musculin (Cowles et al., 2013), neuroD-2 (Cowles et al., 2013), pax6-1
(Wenemoser et al., 2012; Scimone et al., 2014b; Fincher et al., 2018), two Fox genes (foxC7 and foxC2)
shown to display mild regeneration defects (Pascual-Carreras et al, 2021), and the previously
uncharacterised #kx3-2.

Overall, we interpret the transcriptomes of pbx-71(RIN.A7) and meis-2(RINAZ) worms to indicate that the
tailless phenotype is explained by dysfunctional regulation of the posterior pole marker wn/1 and other

genes of the downstream posterior specification program.
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4.2.4 Chromatin accessibility and footprinting analysis predicts direct targets of planarian TALE
genes

To explore and reduce our list of candidate downstream targets, we optimised and performed bulk ATAC-
seq to infer direct regulatory interactions. Accessible regions in chromatin can be used to identify cis-
regulatory genomic regions, these regions can be linked to target genes, and the presence of transcription
factor binding sites within these regions can be used to infer a regulatory interaction between the
transcription factor and the target gene. In the past few years, ATAC-seq has been performed on planarian
early-stage blastemas (0, 6, and 12 hpa) (Pascual-Carreras et al., 2023), stem cells (Li et al., 2021; Neiro et
al., 2022; Poulet et al., 2023), tissue samples from the brain, epidermis, and intestine (Li et al., 2021; Poulet
et al., 2023), and whole adult worms (Ivankovi¢ et al., 2024). We optimised and modified the Omni ATAC-
seq protocol and performed ATAC-seq in anterior and posterior blastemas of controls and pbx-7(RIN.Aj),
prep(RNAG), and meis-2(RNAZ) worms (Figure 4.4A). We performed ATAC-seq in late stage blastemas (60
hpa), as the knockdown phenotypes and DGE analysis indicate that the TALE factors are required for pole
formation at these stages, and because ATAC-seq data was being independently generated for early-stage
blastemas (Pascual-Carreras et al., 2023).

To first rigorously assess the quality of our data, we analysed publicly available datasets from planarians and
compared established quality metrics for ATAC-seq data (Gehrke et al., 2019; Li et al., 2021; Neiro et al.,
2022; Pascual-Carreras et al., 2023). As these samples have been generated in different tissue types, a strict
comparison of experimental protocols is not possible, but nevertheless informs on sample quality. The
insert size distribution of our ATAC-seq data displays a decreasing and periodical pattern, with two clear
peaks corresponding to nucleosome-free and mono-nucleosome bound fragments (Figure 4.4B). The insert
size distribution is comparable to those of publicly available datasets, although our samples do not capture
di-nucleosomal reads as efficiently as some other samples (Figure 4.4C1, C2, C3, C4). Although the
alignment rates of our ATAC-seq samples vary, they are within the range of publicly available datasets
(Figure 4.4 D). Similarly, the percentage of deduplicated reads varies, and slightly more duplicate reads are
on average present in our samples (Figure 4.4D). In contrast, the FriP score (fraction in peaks) is slightly
higher in our samples, indicating the presence of more distinct and defined peaks, i.e. accessible regions, in
our ATAC-seq samples (Figure 4.4D).

To infer direct target genes, we called peaks in the merged anterior and posterior wildtype ATAC-seq
samples (Figure 4.4E, F). Then, we assigned these accessible regions to the nearest gene and selected regions
linked to genes that were differentially regulated following prep(RIN.AJ), pbx-1(RINA7), and meis-2(RNAG). In
these selected regions, we leveraged the high sequencing depth of our ATAC-seq samples and performed
footprinting analysis to identify binding activity of TALE factors (Bentsen et al., 2020). In computational
ATAC-seq analysis, footprinting is an approach that discovers small gaps in the ATAC-seq signal indicative
of bound transcription factors (Bentsen et al., 2020). Since no motifs have been experimentally validated
for planarian TALE factors, we used the Pbx, Prep, and Meis motifs available in the Jaspar database
(Rauluseviciute et al., 2024). If footprinting analysis indicated that a TALE motif was present and putatively
bound by a transcription factor in the accessible region, we could construct putative regulatory interactions
between the regulating TALE factor and its putative downstream target. To further rank these regulatory
interactions, we designed an average percentile rank score taking into account four percentile ranks: (1) the
log2 fold change in the putative target gene following knockdown of the TALE factor, (2) the adjusted p-
value from differential gene expression analysis, (3) the absolute binding strength of the TALE factor at
the motif in the target tissue, (4) the differential binding strength between the target and non-target tissues
(anterior vs. posterior) (Methods) (Figure 4.4E).

Our footprinting analysis revealed that #dk and #d/-4 are putative direct targets of both pbx-7 and prep in the
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Figure 4.4 ATAC-seq analysis and prediction of ditect targets of prep, pbx-1, and meris-2. (A)
Schematic illustration of the experimental workflow to generate ATAC-seq data in knockdown worms.
We generated ATAC-seq data from anterior and posterior late-stage blastemas (60 hpa, 3 replicates per
condition) in contro/(RINA7), pbx-1(RINA:), prep(RINA:), and meis-2(RINA7) worms. The blastemas were
centrifuged, incubated in resuspension buffer 1, homogenised mechanically with a pestle, incubated on
ice, RSB2 buffer was added to homogenate, which was filtered through a cell strainer. The filtrate was
centrifuged and processed according to standard protocols (Buenrostro et al., 2013; Corces et al., 2017).
(B) Insert size distribution of blastemal ATAC-seq samples. Enrichment of reads at 50 and 150 bp
reflect nucleosome-free and mono-nucleosome-bound fragments. (C1) Insert size distributions of
publicly available 0 hpa and 6 hpa blastemal samples (mixture of anterior and posterior blastemas)
(Gehrke et al., 2019). (C2) The insert size distributions of X1, X2, and Xins samples (Neiro et al., 2022).
(C3) Insert size distributions of ATAC-seq samples from epidermis, intestine, X1 cells, and Xins cells
in wildtype worms and after knockdown of piws-2 (Li et al., 2021). (C4) Insert size distributions of
blastemal samples (0 hpa blastemas, 12 hpa anterior blastemas, 12 hpa anterior notun(RIN.A7) blastemas,
12 hpa postetior blastemas, 12 hpa posterior wnt1(RIN.Az) blastemas, and 48 hpa anterior and posterior
blastema (Pascual-Carreras et al., 2023). (D) Alignment rate (D1), proportion of reads remaining after
deduplication, i.e. deduplicated reads (D2), and FriP score (fragments in peaks) (D3) in ATAC-seq
samples as compared to the publicly available datasets in (C). (E) Schematic illustration of the
computational pipeline to predict direct targets for pbx-1, prep, and meis-2. Wildtype ATAC-seq data was
used to call peaks in the genome, and the peaks were assigned to the nearest gene (measured by genomic
distance). Percentile ranks were calculated for the log2 fold change of the target gene after knockdown
of the TALE gene of interest, the adjusted p value of differential expression after knockdown, the
footprint binding score in the wildtype tissue of interest (anterior or posterior), and the differential
binding score after knockdown of the TALE of interest. The target score is an average of these
percentile ranks and used for ranking targets in (G). (F) Proportion of DEGs that were predicted to be
direct targets (“Motif”’) as compared to non-targets (“No motif”). (G) Ranking of direct targets of pbx-
7 in the anterior blastema (G1), of prep in the anterior blastema (G2), of pbx-7 in the posterior blastema
(G3), and of meis-2 in the posterior blastema (G4). Planarian patterning genes are labelled and their rank
is marked with orange.

anterior blastema, while the pole markers sFRP-7 and zz-7 are also direct targets of pbx-1 (Figure 4.4G1,
G2). In the posterior, pbx-1 and meis-2 shatre as predicted targets the posterior pole marker wn7, the more
broadly expressed wnt11-2, the receptor fz4-1, and the transcript dd73065 (Figure 4.4G3, G4). Additional
components of the posterior specification program are also predicted to be targets of meis-2, including lox5a,
p5, and dd4427 (Figure 4.4).

4.2.5 Functional characterisation and RINAi screening informs on the regulatory mechanisms of
TALE factors

Our analysis suggests that both pbx-7 and meis-2 are potential direct regulators of wnt1 at the postetior pole
during regeneration. Since loss of the postetior pole leads to tailless phenotype as demonstrated by
knockdown of wntl, wnt11-2, pitx, and iskt (Currie and Pearson, 2013; Mirz et al., 2013; Sureda-Gémez et
al., 2015), the tailless knockdown observed in pbx-1(RINA7) and mzeis-2(RINAz) worms is consistent with pbx-
7 and meis-2 being direct regulators of wnt1. Additionally, previous knockdown experiments have shown
that pbx-1 is essential for the formation of the posterior pole (2 and 4 dpa), providing functional evidence
that pbx-1 could act as a direct target of wnt1 (Blassberg et al., 2013; Chen et al., 2013). Since pbx-1 and meis-
2 are able to dimerise and coregulate genes (Longobardi et al., 2014), this further suggests that pbx-7 and

meis-2 could function together in regulating the expression of wnt1 at the postetior pole.
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To characterise the putative regulatory interaction between pbx-1/meis-2 and wntl, we localised the
footprints to the first intron of wns! (Figure 4.5A). Consistent with previous observations, we identified
two accessible regions in the first intron of wnt7 (Figure 4.5A) (Neiro et al., 2022; Pascual-Carreras et al.,
2023; Ivankovi¢ et al., 2024). These regions are the best characterised putative cis-regulatory elements in
the genome of S. mediterranea. Their cis-regulatory status is supported by conservation of accessibility
between planarian species and the presence of a foxG motif, which has been shown to regulate the
expression of wnt1 in the posterior blastema (Pascual-Carreras et al., 2023; Ivankovi¢ et al., 2024).

To further investigate the cis-regulatory dynamics of the wnf7 gene, we analysed all footprints in the
surrounding regions and ranked their potential as direct regulators of wn/7. Using all available metazoan
transcription factors from the Jaspar database (Rauluseviciute et al., 2024), we calculated percentile ranks
based on their absolute binding strength (footprint score) in wildtype posterior blastemas and their
differential binding strength compared to the anterior blastema. After averaging the percentile ranks (target
score), we observed that motifs associated with Meis, Pbx, and foxG factors were among the highest-ranked
(Figure 4.5E). Therefore, our analysis provides additional support for foxG being a direct regulator of wnt1,
as not only is a foxG motif present in the first intron of wn#7, but this motif is also among the most strongly
bound footprints, indicating direct binding of the foxG factor (Figure 4.5E). Additionally, as the high-
ranked motif (MA1640.1, the “OCTA” motif) has been demonstrated to be bound by a MEIS:PBX
complex (Penkov et al., 2013), this further supports pbx-7 and meis-2 being direct regulators of the wnt!

gene.

As pbx-1 has been shown to be necessary for the formation of the posterior pole, we sought to
experimentally validate the role of meis-2. Although the number of replicates is low, ISH experiments
suggest that knockdown of eis-2 abolishes wnt1 expression in the posterior pole at 60 hpa (Fig. 4.5C). To
provide evidence for coexpression, we analysed publicly available scRNA-seq data from 72 hpa trunk
fragments (including both anterior and posterior blastemas) (Cui et al., 2023a), and observed coexpression
in muscle cells, further supporting that meis-2 acts as a direct regulator of wnt1 (Figure 4.5E).

In the anterior blastema, #dk was identified as a candidate direct target of both prep and pbx-71. The motifs
classified as Prep or Pbx in the Jaspar database correspond to the “DECA” motif, which has been found
to be bound by monomeric Prep or a dimeric Prep:Pbx complex (Penkov et al., 2013). This suggests that
pbx-1 and prep could co-regulate #ndk in planarians (Fig. 4.5B). Previous double knockdown experiments
demonstrate that prep;ndk(RIN.A7) double knockdown worms have fused cephalic ganglia at anterior tips but
does not rescue the posterior expansion of brain tissues observed in #dk(RINA7) worms, suggesting that #dk
may be downstream of prep (Felix and Aboobaker, 2010). Similarly, pbx-1,;ndk(RINAZ) double knockdown
worms also display posterior expansion of brain tissues, suggesting that #dk acts downstream of pbx-1
(Blassberg et al., 2013). In the genomic region of the 74k gene, we found that the strongest bound Prep and
Pbx motifs were localised to the promoter region. Additionally, we found that footprints for Prep
(PKNOX1_MA0782.2) and Pbx (PBX3_MA1114.1) were among the highest ranked among all metazoan
motifs, and scRNA-seq data from 72 dpa trunks displayed co-expressing cells (prep and #dk) in the muscle
and neuronal clusters (Figure 4.5E). Although the number of replicates is low, ISH experiments suggest
that ndk expression is reduced following prep(RINA:) (Figure 4.5D). Altogether, this evidence supports that
prep acts as a direct regulator of ndk, possibly in a dimeric complex with pbx-1.

In our DGE analysis, we observed a handful of uncharacterised misregulated genes. We found that the
transcript dd13065 is a putative direct target of both pbx-7 and meis-2. Although dd73065 has been shown to
exhibit a posteriorly biased expression pattern in adult worms and to be downregulated following reduced
Wt signalling levels, no functional characterisation appears to have been reported (Reuter et al.,, 2015;
Scimone et al., 2016; Stickemann et al., 2017). We queried the dd73065 transcript using BLAST and
Interproscan and observed that it contains a DEATH domain and is a putative tumour necrosis factor
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Figure 4.5 Functional characterisation of TALE targets. (A) The genomic region of wnt1. The first,
second, ninth, and tenth tracks are from publicly available datasets (Li et al., 2021; Pascual-Carreras et
al., 2023). From top to bottom, the tracks depict ATAC-seq coverage (RPKM) in early-stage anterior
blastemas (12 hpa), eatly-stage posterior blastemas, late-stage anterior blastemas (60 hpa), late-stage
posterior blastemas (60 hpa), late-stage anterior blastemas after knockdown of pbx-7 (60 hpa), late-stage
posterior blastemas after knockdown of pbx-7 (60 hpa), late-stage anterior blastemas after knockdown
of meis-2 (60 hpa), late-stage posterior blastemas after knockdown of zeis-2 (60 hpa), X1 cells, and Xins
cells (insensitive to irradiation, differentiated cells). Two highly accessible regions in the first intron of
wnt1 are marked with orange. Bound motifs are displayed under ATAC-seq tracks and above the gene
model of wnt1. The PWMs of the Meis and FoxG motifs are displayed above the transcript. (B) The
genomic region of ndk. The six first tracks along with the ninth and tenth tracks are the same as in (A),
but the seventh track depicts ATAC-seq coverage in late-stage anterior blastemas after knockdown of
prep, and the eight track depicts ATAC-seq coverage in late-stage posterior blastemas after knockdown
of prep. The footprints of prep and pbx are marked under the tracks. (C) Fluorescence in situ
hybridisation (FISH) of the posterior pole showing expression of w7 in late-stage posterior blastemas
(60 hpa) of head fragments in control gip(RINAz) and meis-2(RIN.Ai) worms. Counts for the phenotype
represented in the image are indicated in the lower left corner. (D) FISH of #dk in late-stage anterior
blastemas (60 hpa) of tail fragments in control gip(RINA7) and prep(RIN.A7) worms. (E) The upper figure
displays the ranking of footprints linked to the wnt1 gene. The rank of the Meis and foxG motifs are
indicated with orange. The lower UMAP plots display the expression and coexpression of eis-2 and
wntl in 72 hpa fragments with both anterior and posterior blastemas (Cui et al., 2023a). (F) The upper
figure displays the ranking for footprints linked to the #dk gene, and the rank of pbx and prep are
marked with orange. The lower UMAP plot displays expression and coexpression of prep and ndk in 72
hpa worms. (G) Knockdown phenotype of dd73065(RIN.Ai) worms, no visible abnormalities are
observed. (H) Knockdown phenotype of #kx3-2(RIN.A7) worms with potential mild defect. Counts for
the pole-lacking phenotype are indicated to the lower left of the worms (e.g. 4 out 15 nkx3-2(RIN.A;)
head fragments displayed the posterior defect in the image). (I) Knockdown phenotype of #bx7-
10(RNA7) worms. No visible abnormalities are observed under brightfield. (J) The genomic region of
dd13065. The ATAC-seq tracks are the same as in (A). Footprints of meis are shown under the tracks
and putative intronic cis-regulatory regions are marked in orange. (K) The genomic region of nkx3-2. A
putative cis-regulatory region is marked downstream of the gene. (I) FISH of wn#7 in posterior pole
cells in controRINA:) and nkx3-2(RINAZ) worms. (M) FISH of the pharynx (laminint) in control and
nkx3-2(RINA7) worms.

receptor. Although we found the “OCTA” Motif in a putative intronic cis-regulatory region (Figure 3.5]),
we did not observe a visible phenotype after knockdown of dd73065 (Figure 3.5G).

Furthermore, we sought to understand whether additional uncharacterised transcription factors are
involved in posterior regeneration, and selected as candidates #kx3-2 (downregulated in mezs-2(RINAj)
postetior blastemas) and #x-1/10 (upregulated in pbx-1(RINAz) blastemas). Other members of the Nkx
family have been implicated in planarian regeneration and cell specification, while the Thx family members
remain to be functionally characterised in general (Scimone et al., 2017; Tewari et al., 2019). Preliminary
knockdown results (3 rounds of RNAI, 4 worms out of 15 in a single round display defect) suggest that
nkx3-2 could also be required for posterior regeneration and formation of the posterior pole (Figure 3.5H,
L), but likely not as a direct target of meis-2, as no bound footprint was linked to the #£&x3-2 locus (Figure
3.5K). Unlike meis-2(RIN.A7) worms, nkx3-2(RIN.Ai) worms regenerate the pharynx, indicating that n&x3-2 is
not involved in this regulatory cascade. Lastly, knockdown of #bx-7/70 did not result in a visible phenotype
under brightfield conditions (Figure 4.51).
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4.2.6 Footprinting analysis infers direct regulatory interactions in the anterior blastema

In our previous work, we were able to distinguish enhancer-like elements associated with patterning genes,
even though our analysis was based on neoblasts rather than differentiated cells where patterning genes are
mainly expressed (Chapter 2, Neiro et al., 2022). Therefore, we took advantage of our blastemal ATAC-seq
data and footprint ranking method to profile chromatin accessibility in the vicinity of crucial patterning
genes, identify putative cis-regulatory regions and footprints, interpret the biology of bound motifs, and
integrate transcriptomic and functional data to infer TALE-dependent and TALE-independent regulatory
interactions.

In our analysis of direct pbx-7 targets, the anterior pole marker g7c-7 was among the candidates (Figure 4.4
G1). We found a Pbx footprint localised to the promoter of gie-7 (Figure 4.4A). Previously, the expression
of pbx-1 has been shown to be unaffected by the knockdown of zi-7, while pbx-7(RINAZ) reduces the
expression of gi-71 in 24 hpa blastemas (Vogg et al., 2014; Vasquez-Doorman et al., 2014). Although
coexpression of gie-1 and pbx-1 has not been demonstrated in the anterior pole, pbx-7 has been shown to
be coexpressed with the other pole marker sFRP-7 (Chen et al., 2013), and zz-7 is expressed in the anterior
pole with other pole markers (Vogg et al., 2014; Vasquez-Doorman et al., 2014). Additionally, although
anterior pole cells are present in low numbers, we found coexpressing cells in the scRNA-seq dataset from
72 hpa trunk fragments (Figure 4.6A), and pbx-7 was highly expressed in the specific transcriptomic dataset
collected from anterior poles (Figure $4.2) (Li et al., 2019). In our ranking of footprints linked to -7, we
observed that Pbx motifs were in the upper end of ranked motifs (Figure 4.0A). In contrast, we found that
Zic motifs were among the highest ranked footprints, possibly suggesting that /-7 expression in the
anterior pole is mainly maintained by an autoregulatory loop of zic-1 binding to a putative cis-regulatory
region in its intron (Figure 4.06A).

Although the other anterior pole marker foxD was not downregulated in prep(RIN.A7) worms, we found that
a Prep motif was among the highest ranked footprints linked to the foxD locus, localised to an accessible
region downstream of the foxD gene (Figure 4.6B). In support of this regulatory interaction, earlier FISH
experiments have shown that prep and foxD are coexpressed in the same cells (Scimone et al., 2014a), and
both prep and foxD are highly expressed in the transcriptomic dataset from anterior pole cells (Figure S4.2).
Moreovert, prep(RINA7) abolishes the foxD-expressing anterior pole in 72 hpa anterior blastemas (Scimone
etal.,, 2014a). Our footprint ranking also indicate that a Smad2 motif is among the highest ranked footprints
linked to foxD, localised to another accessible region downstream of the foxD locus (Figure 4.6B).
Knockdown of activin-2 bifurcates the primary axis and splits the anterior pole, raising the possibility that
activin signalling transduced via s#ad2/ 3 controls foxD expression and the proper assembly of the antetior
pole. Co-expressing cells are present in low numbers in the 72 hpa scRNA-seq dataset (Figure 4.6B), but
smad2/3 is expressed at higher levels than foxD in the bulk RNA-seq dataset from the anterior pole,
providing support for the regulatory interaction (Figure S4.2).

The pole marker sFRP-7 was also predicted to be a direct target of pbx-7, and we localised the footprint to
an accessible region upstream of the sFRP-7 locus (Figure 4.6C). Earlier ISH experiments have
demonstrated that pbx-7 and sFRP-7 are coexpressed in the anterior pole (Chen et al., 2013), and we also
found coexpression in the scRNA-seq dataset and in the anterior pole sample (Figure 4.6C, §4.2). Moreover,
we found that Zic motifs were among the highest ranked footprints linked to the sFRP-7 locus and were
localised to another accessible region upstream of sFRP-1. Therefore, epigenomic data suggest that zie-7

could be a direct regulator of sFRP-7 in the anterior pole and could contribute to maintaining its expression.
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Figure 4.6 Prediction of direct regulators for anterior patterning genes. (A, B, C, D, E, F) The
first, second, third, fourth, ninth, and tenth tracks are from publicly available datasets (Gehrke et al.,
2019; Li et al., 2021; Pascual-Carreras et al., 2023). From top to bottom, the tracks depict ATAC-seq
coverage (RPKM) in 0 hpa blastemas (mixture of anterior and posterior, Gehrke et al., 2019), 6 hpa
blastemas (mixture of anterior and posterior, Gehtke et al., 2019), 12 hpa anterior blastemas (Pascual-
Carreras et al., 2023), 12 hpa posterior blastemas (Pascual-Carreras et al., 2023), 60 hpa anterior
blastemas, 60 hpa posterior blastemas, X1 cells (neoblasts, Li et al., 2021), and Xins cells (differentiated
cells). (A) The genomic region of zze-1. Accessible regions with footprints of ZIC and PBX are coloured.
The middle plot shows the footprint ranking of metazoan footprints linked to the g/¢-7 locus, and the
rank of ZIC and PBX motifs are indicated in orange. The lower UMAP plot displays expression of pbx-
1 (red), zie-1 (green), and coexpressing cells (yellow) in a 72 hpa trunk fragment scRNA-seq atlas (Cui
etal., 2023a). (B) The genomic region of foxD. Accessible regions with footprints of SMAD2 and PREP
are marked. The middle plot displays the footprint ranking with the rank of SMAD2 and PREP
indicated, and the lower plot shows expression of swad2/3 (red), foxD (green), and coexpressing cells
(yellow) in 72 hpa trunks. (C) The genomic region of sERP-7. Accessible regions including ZIC and
PBX motifs are marked, the middle plot displays the footprint ranking with the rank of ZIC and PBX
marked, and the lower plot displays expression of pbx-7 (red), sERP-7 (green), and their coexpression
(vellow) in 72 hpa trunk fragments. (D) The genomic region of #d/-4. Accessible regions with footprints
of PBX and PREP are labelled, the footprint ranking plot displays the rank of pbx-1 and prep, and the
lower plot displays the expression of prep (red), nd/-4 (green), and coexpression (yellow) in 72 hpa trunk
fragments. (E) The genomic region of notum. The promoter region containing an alx-3 footprint is
labelled, the top position of ALX3 is shown in the footprint ranking plot, and the lower plot displays
the expression of a/x-3 (red), notum (green), and coexpressing cells (yellow) in 72 hpa trunk fragments.
(F) The genomic region of o#x-7. An accessible region containing FoxQ and FoxD footprints is labelled,
the rank of fox(Q) and D motifs is labelled in the footprint ranking plot, and lower plot displays the
expression of foxQ/D (red) and o#x-1 (green) along with the coexpression (yellow) in 72 hpa trunk
fragments.

Besides ndk, the other FGFRL family member #d/< was also predicted to be a direct target of both pbx-7
and prep (Figure 4.4G1, G2). Furthermore, footprints of Prep and Pbx were among the highest ranked
footprints linked to the #d/4 locus, including the DECA motif (MA0782.2) known be bound by a Pbx:Prep
dimer in mouse (Figure 4.6D) (Penkov et al., 2013). These footprints were localised to the second and
fourth introns of the nd/i4 gene (Figure 4.6D). Nd/+4 is expressed anteriorly in intact worms, and pbx-
1(RNA:) abolishes ndl-4 expression in blastemas at 6 dpa (Chen et al., 2013; Scimone et al., 2016). In the
trunk scRNA-seq dataset, we found numerous cells coexpressing prep and #nd/~4 (Figure 4.6D). Therefore,
multiple pieces of indirect evidence suggest a regulatory interaction between prep/pbx-1 and ndl-4.

Intriguingly, we found that a Alx3 motif was the highest-ranked footprint linked to the anterior pole marker
notum, localised to the highly accessible promoter (Figure 4.6E). Recently, the transcription factor a/x-3 has
been found to be required for notum expression from 6 hpa onwards, and a/x-3(RN.A:) worms do not
regenerate the anterior pole at 72 hpa (Akheralie et al., 2023). Furthermore, FISH experiments have
demonstrated that a/x-3 and notum are expressed in the anterior pole (Akheralie et al., 2023), and our analysis
of scRNA-seq data and bulk RNA-seq provides support for coexpression (Figure 4.6E, S4.2). Therefore,
multiple independent sources of evidence indicate that a/x-3 is a direct regulator of notum.

As eye regeneration is specific to the anterior blastema and is driven by eye progenitors in the blastema, we
used our anterior accessibility data to infer regulatory interactions in photoreceptor specification. Both orx-
1 and foxQ/ D ate required for eye differentiation and o#x-7 is expressed in a subset of neoblasts (Lapan and
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Reddien, 2012; Scimone et al., 2014b), and we found that fox(QQ and foxD footprints were the highest ranked
footprints linked to the o#x-7 locus (Figure 4.6F). Coexpression in the neuronal cluster further supports that
JfoxQ/ D could acts as a direct regulator of ozx-1 in specification of phototreceptor cells (Figure 4.6F).

4.2.7 Footprinting analysis infers elements of the posterior gene regulatory network

In a similar fashion, we capitalised on our blastemal ATAC-seq data and footprint ranking to identify
putative cis-regulatory regions and footprints linked to posterior patterning genes, inferring TALE-
dependent and TALE-independent regulatory interactions in the regenerating tail. Transcriptomics along
the planarian AP axis and the transcriptional response to knockdown of Wnt signalling components have
revealed a postetior specification program of coregulated genes, including wnt7 expressed in the postetior
pole, the other Wnt ligands w#n#77-1 and wnt11-2, the receptor fz4-1, the Hox factors post-2¢, lox5a, and hox4,
and the transcription factor sp5 (Reuter et al., 2015; Scimone et al., 2016; Tewari et al., 2019; Pascual-
Carreras et al., 2023). Moreover, a subset of these genes is misregulated following knockdowns in the acoel
Hofstenia miamia, suggesting that some downstream effectors of the Wnt signalling pathway are conserved

among metazoans.

Among the genes downregulated by reduced Wnt signalling is sp5, which is also downregulated in H. wiamia
after beta-catenin-1(RINA7) (Reuter et a., 2015; Stiickemann et al., 2017; Tewari et al., 2019; Pascual-Carreras
et al,, 2023). Interestingly, sp5 has been found to be a direct target of Wnt signalling in both vertebrates and
hydra (Weidinger et al., 2005; Fujimura et al., 2007). In our ranking of metazoan footprints bound in the
posterior blastema linked to sp3, we observe that tcf7/tcf711/tcf712 footprints localised to the promoter are
among the highest ranked footprints (Figure 4.7A), suggesting that Wnt signalling directly regulates sp5 in
the planarian posterior blastema. Moreover, we found cells coexpressing %4 (Brown et al., 2018) and sp5 in
72 hpa trunk fragments (Figure 4.7A). Altogether, our epigenomic data from posterior blastemas further
support sp5 as a direct target of Wnt signalling in planarians.

The Wnt ligand wnt11-2 is another predicted direct target of both pbx-7 and meis-2. Knockdown of wnt11-2
produces tailless worms, similar to those observed in pbx-7(RINAz) and meis-2(RNAj) following amputation,
suggesting that pbx-1, meis-2, and wnt17-2 act at the same level in the regulatory hierarchy of posterior
specification (Adell et al., 2009; Gurley et al., 2010; Sureda-Gémez et al., 2015). In our footprint ranking,
we found that the OCTA motif (MA1640.1) is among the highest-ranked footprints and localised to the
promoter, providing further evidence that meis-2 and pbx-1 are direct regulators of wnt17-2 (Figure 4.7B).
Moreover, the scRNA-seq atlas from 72 hpa trunk fragments uncovers coexpressing cells (Figure 4.7B). In
contrast, the other Wnt ligand, wn#77-1, was not among the predicted targets of TALE factors, while
tcf7/tcf711/tcf712 footprints localised to the third intron was among the highest ranked footprints and #f#
displays coexpression with wnf77-7 in 72 hpa trunk fragments (Figure 4.7C). Therefore, analysis of
chromatin accessibility infers that wn#77-2 is a direct target of pbx-1 and meis-2, while wnt11-1 is putatively
activated by Wnt signalling.

Moreover, the Wnt receptor fzd4-1 is predicted to be a target of pbx-1 and meis-2. fzd4-1 is expressed in the
posterior pole of late-stage posterior blastemas (72 hpa), displays a tailless phenotype after knockdown, and
is considered to be the receptor for wnt11-2 (Pascual-Carreras et al., 2021). In our footprint ranking, we
found that the OCTA motif is among the highest ranked motifs, supporting that a dimeric complex of mzeis-
2 and pbx-1 could be regulating the expression of fzd4-1 by binding to the promoter (Figure 4.7D). The
scRNA-seq atlas indicates that meis-2 and fzd4-1 are coexpressed in muscle cells, providing support for this
regulatory relationship (Figure 4.7D). Additionally, we observe that an Isl footprint localised to a
downstream accessible region is among the highest- ranked footprints, suggesting that 7s/-7, expressed in
the posterior pole, could also be a direct regulator of fzd4-7 (Figure 4.7D).

154



A

sp5

6.46 mb

wntl11-2

B

wntl1-1

C

6.48 mb 6.5mbh 113 mb 115mb 1.17mb 3.74 mb 3.76 mb 3.78 mb
6.47 mb 6.49 mb 114 mb 16 mb 3.77 mb
Ohpa 250
a000 00
Ohpa 1% Ohpa 3 Ant+Post 10
AntsPost 2000 Ant+Post 200 100
1000 50
o] I o o o " 8 i} " T - " L L
6 hpa 4000 6hpa a0 6hpa 20
ANEHPOSE 3000 Ant#Post 200 Ant+Post 1o
2000 100 -| L 50
1000 ] o Ao s R i VU T W ST B
3 00
L2hpa W 1zhpa 5 12hpa 20
p 3000 Ant 200 y o8]
Ant 2000 | 100 i £
1000 | T B B G 8
e e e 12hpa 3¢ 12hpa 200
150
12hpa 300 Past a0 N Post 100 L
2000 o i 50 |
Post  ogo | i 60hpa 40 258 I
o L = 300 60 hpa 200
4000 Ant 200 gy 22
6ohpa 3o 5 D S SR %
Ant 1000 ‘ 60 hpa 400 268 5
0 . i a0 60hpa 209
- = N s
60 hpa 3000 b i 50
2000 ]
Post o | ‘l i MA1640.1 =8
o 200 K & 150
4000 100 YOCTA X1 300
3000 o 2:pbx-1 e 50 "
XL 2000 a0 258
o i Xins 300 Xins 290
0 4 A 200 I T T ins 350
o 200 | LnlliAls 100
i 3000 o el i 2 ke
Xins om0 . Py o =
1000 | 112 | !
0 “ wntl1-2 «
[T H - wnti1-1 “
sp5 - .
meis-2:pbx-1 tef712
tcfa
1.00 100 2~ P
2 o7 2 o7 2 o8
8 g 8
2 050 2 050 2 04
S s 5
& 025 I g 025 g 02
L s m - .. ([T~ —
tcf4 sp5 Coexpression meis-2 wntl1-2 Coexpression tcf4 wnt11-1 Coexpression
15- 15 15 15 15 159 15 15 15
L . . .
10 » 10 10 10 % 10 k 101 10 . . 0 <
o e s e T I R R »
a5 A T oS o P o 5 o 5 NELD PO o
§ R g | s g g g g g 8
gni~,g§§., . s, £, £, B £ E, N
e 4 2
s @-}' . s s B s > 51 31 68 . N
20 10 10 10 10 20 20
055 50 FOR I NI D055 5o 55 50 D355 510 o5 6 5w ECR R
u u umap_1 umap_1 umap_1 umap_1 umap_1
Leasmb 1.655mb 330 kb 350 kb 370 kb 372mb 374mb
o5 mb 166 mb 310 kb 360 kb 380 kb 373mb 375mb
Ohpa ) onps 55 onps %
Ant+Post 1000 PY e Ant+Post 50
500 - l Ant+Post 1500 J \nt+Pos! 40 L
iy = AN TPEEET NRPE RN YW
6 hpa i:::’_ 6hpa 250 6hpa 80
ANtHPOSE ggg Ant+Post o0 Ant+Post 4
1 'Y 500 | 20 n
2008 - il = w i
e 12hea g 12hpa B
Ant ] Ant b
s00 - 1900 Ant a0
o ——— 20 3
12hpa 1500 - 12hpa 2% =
Post 000 l Post 150 | 12 :opsat a
s00 | 550
] 2
60hpa 2087 6ohpa %0 AT s T | S TV i aikid
1500 2000 e
ANt 1000 | Ant 1300 60hpa &
s00 i 560 { Ant 40
20082 3008 20
60hpa 200 60hpa 2300 108
POSt 1000 Post 1350 )| 60hpa g
s00 - i 500 Post 40
R I8 3008 20
& - i s
w MA1640.1 a B b
2000 - “OCTA" ig00 X1
Em): J meis-2:pbx-1 3008 o R J; T ;:
Xins 2008 Xins 2300 8
10
1500 i500 1
TATTTAT 5 sins % I I
500 - . P o = 40
o- o L =3 G i (oY b ik
. | meis2ipbel R o L1
f24-1 lox5a -t il i
meis-2:pbx-1 5 post-2¢ G
_ois1 P
1.00
g 075 8 L 075
g g 0.75 g
2 0.50 ik 2 050
g g 0% g
g . 0 lIn g [T
0.00 0.00 0.00
meis-2 fz4-1 Coexpression sp5 post-2¢ Coexpression foxG hox4b Coexpression
15 15 15 5 15 15 15 15 15
10 - 10 10 . : 10- 10
oo B A R P 8 .
Qs Qs 2 o s Loae ¢ 1 E P q
gL g g PO e
5, 5o 15 § o @ Pt 5 o[W 7.0 £ £ £
2 T ¢ A 2 ]
B 5 siogut W o e s
-10 -10 -10- 10 i -10- - 10 -10 0
T ECRIE IR ECR R 50 51 05 6 51 EORI IR 355 51 EI IR T35 06 350
umap_1 umap_1 umaj umap_1 umap_1 umap_1 umap_1 umap_1 umap_1

155



Figure 4.7 Prediction of direct regulators for posterior patterning genes. (A, B, C, D, E, F). The
ATAC-seq tracks are the same as in Fig. 6. (A) The genomic region of sp5. The promoter with a TCF71.2
footprint is labelled. The middle plot shows the footprint ranking of metazoan footprints linked to the
§p5 locus, and the rank of TCFL72 footprints are indicated in orange. The lower UMAP plot displays
expression of 7 (red), sp5 (green), and coexpressing cells (yellow) in a 72 hpa trunk fragment scRNA-
seq atlas (Cui et al., 2023a). (B) The genomic region of wnt17-2. The promoter containing a Meis
footprintis marked, the rank of Meis footprints is labelled in the footprint ranking, and the lower UMAP
plots display expression of meis-2, wnt11-2, and coexpressing cells (yellow) in 72 hpa trunks. (C) The
genomic region of wnt11-1. An accessible region containing a TCF7L2 motifs is labelled, the rank of the
footprint is labelled in orange in the footprint ranking, and the lower plot displays expression of #f#
(red), wnt11-1 (green), and their coexpression (yellow) in 72 hpa trunk fragments. (D) The genomic
region of fz4-1. Accessible regions with footprints of PBX, MEIS, and ISL are labelled, the footprint
ranking plot displays the rank of Pbx, Prep, and ISL motifs, and the lower plot displays the expression
of meis-2 (red), fz4-1 (green), and coexpression (yellow) in 72 hpa trunk fragments. (E) The genomic
region of /oxba and post-2c. The intervening region between the genes containing a SP5 footprint is
labelled, the rank of the SP5 footprint is indicated in the footprint ranking, and the lower plot displays
the expression of g5 (red), post-2¢ (green), and coexpressing cells (yellow) in 72 hpa trunk fragments.
(F) The genomic region of hox4b. Accessible regions with foxG footprints are labelled, the rank of the
foxG motif is labelled in the footprint ranking plot, and lower plot displays the expression of foxG (red)
and hox4b (green) along with the coexpression (yellow) in 72 hpa trunk fragments.

In planarians, Hox genes are not clustered as in many metazoans (Durston et al., 2011; Currie et al., 2016).
Nonetheless, the Hox genes lox5a and post-2¢ in S. mediterranea are adjacent to each other and form a two-
gene cluster (Figure 4.7E). Interestingly, although four Hox genes (box4b, lox5a, post-2¢, post-2d) display
posteriorly biased expression in 8. mediterranea and are misregulated following knockdown of Wnt signalling,
knockdown of Hox genes does not produce major regenerative patterning defects in the posterior (Currie
et al., 2016; Scimone et al., 2016; Tewari et al., 2019; Pascual-Carreras et al., 2023). Nonetheless, /x5a
displays indented tail blastemas at a low frequency (16 %) (Scimone et al., 2016). In our previous work, we
found a sp5 footprint localised to intermediate region between /ox5a and post-2¢, and our footprint ranking
on blastemal data further indicate that this footprint is among the highest ranked footprints (Figure 4.7E).
Moreover, scRNA-seq from 72 hpa trunk fragments uncovers cells coexpressing post-2¢ and sp5 (Figure
4.7E). Altogether, blastemal accessibility data further supports sp5 as a direct regulator of either /oxba or
post-2c.

Lastly, we queried the posteriorly expressed hox4b gene and found foxG among the highest ranked
footprints, being localised to accessible regions in the last intron (Figure 4.7F). As foxG is expressed in a
scattered manner in the posterior blastema from 24 hpa onwards (Pascual-Carreras et al., 2023) and hox4b
expression starts at 24 hpa (Iglesias et al., 2008; Tewari et al., 2019), hox4b could another direct target of
JfoxG in the posterior blastema, together with wnf7. Additionally, cells coexpressing foxG and hox4b were
present in 72 hpa trunk fragments, supporting this regulatory interaction (Figure 4.7F).
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4.3 Discussion

In this study, we aimed to understand the regulatory logic of TALE factors in planarian axial regeneration
and patterning. Previously, pbx-7 and prep had been shown to be necessary for the formation of the antetior
pole, while pbx-7 is also required for pole specification in the posterior blastema. We expanded the
repertoire of TALE factors involved in axial regeneration in S. mediterranea, identifying the Meis family
member meis-2 as essential for posterior regeneration. To infer the genes regulated by TALE factors, we
analysed the transcriptomic and epigenomic response following knockdown of these factors. In the anterior
blastema, we discovered that anterior pole markers and FGFRL family members are putative targets of pbx-
7 and prep, while the pole marker wn#7 and other genes of the posterior specification program were inferred
to be direct targets of pbx-7 and meis-2 in the posterior blastema. Furthermore, we mined the chromatin
accessibility data and integrated it with existing planarian literature to infer TALE-independent regulatory

interactions in axial regeneration.

In our analysis, we rely on bulk RNA-seq and ATAC-seq data, and perform preliminary functional
experiments to validate the meis-2—wnt! and prep—ndk regulatory interactions. Continued functional
characterisations with larger replicate numbers, along with FISH experiments demonstrating coexpression
of meis-2—wnt1 and prep—ndk, would further corroborate these findings. Nonetheless, some inferred
regulatory interactions, such as pbx-7—sFRP-7, are already supported by knockdown experiments and
coexpression patterns (Chen et al., 2013). Since transgenic constructs and reporters are not yet available in
the planarian model system, the field has to rely on an arsenal of indirect methods to discover cis-regulatory
regions. So far, approaches for identifying cis-regulatory elements have utilised chromatin accessibility and
histone modifications indicative of enhancers (Gehrke et al., 2019; Li et al., 2021; Neiro et al., 2022; Pascual-
Carreras et al.,, 2023; Wiggans et al., 2023; Ivankovi¢ et al., 2024). Furthermore, a spatiotemporal expression
atlas over the regeneration time course has been used to infer regulatory modules, while a recent effort has
begun the integration of scRNA-seq and scATAC-seq in the intact adult worm to infer gene regulatory
networks regulating the differentiation of cell lineages (Cui et al., 2023b; Pérez-Posada et al., 2024). For
regenerative patterning, a time-course of multiome data from anterior and posterior blastemas would
inform on the axial regulatory mechanisms further, along with techniques such as targeted ChIP-seq against
transcription factors and the transcriptional cofactor p300, and chromosome conformation capture for
enhancer-promoter interactions (Johnson et al., 2007; Visel et al., 2009; Schoenfelder et al. 2015; Preissl et
al., 2023).

Interestingly, our analysis suggests that although the transcriptomic response to pbx-1(RN.Az) and smeis-
2(RNA;) differ in overall gene composition, a key set of patterning genes are downregulated by both factors.
This suggests that the evolutionarily conserved Pbx-1:Meis-2 dimer could be regulating the posterior pole
marker wnt1, wnt11-2, and its putative receptor fzd4-1. Intriguingly, TALE factors have been associated with
Wt signalling in axial regeneration in vertebrates, raising the possibility of a conserved regulatory module
(Kakebeen et al., 2020; Mariani et al., 2021). Similarly, pbx-7 and prep share as targets the FGFRL family
members 7dk and nd/< in the anterior, suggesting that a Pbx-1:Prep dimer could be a direct regulator of
these genes. Moreover, at least pbx-1 appears to be a direct regulator of anterior pole markers.

Taken together, this study has inferred both TALE-dependent and TALE-independent regulatory
interactions in the regenerating planarian, providing a framework and testable hypotheses for studying
planarian axial regeneration. Understanding the gene regulatory networks of the versatile positional
information system that enables whole-body regeneration in planarians provides broader insights into the

fundamental principles of regenerative abilities.
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4.4 Methods

4.4.1 Planarian culture, cloning, and RNA interference

Planarians were cultured as in 3.4.4 Planarian culture. Worms of the asexual strain were used for collecting
RNA-seq and ATAC-seq data following knockdown of pbx-1(RINA7), prep(RNAZ), and meis-2(RIN.A:).
Asexual worms were also used for staining with wut1, sFRP-7, and Synapsin in adult weis-2(RINA7) worms
and wntT in 60 hpa meis-2(RINAj) fragments. Sexual worms were used for staining porcupine, PC2, and laminin
in meis-2(RNAz) worms, as well as #ndk in prep(RINAZ) 60 hpa fragments. Sexual worms were used for
knocking down dd13065, nkx3-2, and thx-1/10.

Genes were cloned and dsRNA synthesised as outlined in 3.4.5 Cloning, dsSRNA was prepared as in 3.4.5.4
Synthesis of dsRINA and riboprobes, and RNA interference was performed as in 3.4.6 RNA
interference.

4.4.2 RNA sequencing

The RNAI injection schedule was setup involving controls, pbx-1(RIN.Az), prep(RIN.A7), and meis-2(RN.A7)
worms. The worms were amputated into head, trunk, and tail fragments at day 11. Around ten blastemas
from head or tail fragments (posterior or anterior blastemas) were dissected for each RNA-seq sample.
After dissection, the blastemas were transferred to an Eppendorf tube containing planarian water. The tube
was kept on ice until the required number of blastemas was reached. Planarian water was removed, Trizol
added, and total RNA isolated as outlined in 3.4.5.1 Total RNA isolation, with the addition that 1 pl
glycogen was added together with isopropanol to facilitate pelleting. The trunk fragments were cultivated
for 11 to 20 days, and the phenotype was assessed under a brightfield microscope. RNA samples were
sequenced using poly A enrichment (Novogene, Illumina Sequencing PE 150, mRNA library preparation
(poly A enrichment). Sequenced samples are listed in Table S4.2 and Table S4.3.

4.4.3 ATAC-seq

4.4.3.1 Tagmentation reaction

The ATAC-seq protocol was optimised based on standard protocols (Buenrostro et al., 2013; Corces et al,,
2017). For each sample, 20 blastemas were dissected under the microscope and transferred to an Eppendorf
tube containing planarian water. The tube was kept on ice until all blastemas had been dissected. The tube
was briefly centrifuged to collect all blastemas at the bottom of the tube. Planarian water was removed, and
100 pl resuspension detergent buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCly, 0.1% NP40,
0.1% Tween-20, 0.01% Digitonin) was added to the mixture. The tube was incubated on ice for 2 min. The
blastemas were mechanically disassociated using a microcentrifuge pestle until almost a homogenous
solution was obtained (less than 3 min disassociation). The tube was incubated on ice for an additional 2
min. Then 1000 pl resuspension wash buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl, 0.1%
Tween-20) was added to the tube. The resuspension was mixed by pipetting up and down. The suspension
was filtered through a cell strainer. The filtered solution was transferred to an Eppendorf tube, and the
suspension was centrifuged (500g, 10 min, 4°C). The supernatant was discarded and the pellet was
resuspended in 50 pl of tagmentation solution (25 pl 2x TD buffer, 2.5 pl Transposase (100 mM), 16.5 pl
PBS (Phosphate-buffered saline), 0.5 pul 1 % digitonin, 0.5 pl 10 % Tween-20, 5 ul nuclease-free water). The
tagmentation solution was incubated in a Thermomixer (37°C, 30 min, 800 rpm). The tagmentation solution
was purified by using a Qiagen MiniElute Reaction Cleanup kit. The transposed DNA was eluted into 20

ul nuclease-free water and stored at -20°C.

4.4.3.2 Amplification
The PCR reaction (20 pul of purified transposed DNA, 2.5 pl of universal Ad1 index primer 25 uM, 2.5 pl
specific Ad2 index primer, and 25 pl NEBNext High-Fidelity 2x PCR Master) was cycled for an initial PCR
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reaction according to the parameters in Table 4.1. The index primers 24 Ad2.1 to Ad2.24 as provided by
Buenrostro et al. (2013) were used for amplification.

Table 4.1 Initial PCR program for amplifying ATAC-seq samples.

Step Temperature Time Cycles
Initial elongation 72°C 5 min 1
Initial denaturation 98°C 30 sec 1
Denaturation 98°C 10 sec 5
Annealing 63°C 30 sec 5
Elongation 72°C 1 min 5
Hold 4°C 00 1

Following initial PCR, the sample tubes were incubated on ice during the qPCR reaction step. A qPCR
reaction (10 ul KAPA SYBR FAST ¢qPCR Master Mix 2x, 1 ul Ad1 primer 25 uM, 1 pl Ad2 index primer
25 uM, 4 ul nuclease-free water, 4 ul of DNA from the initial PCR reaction) were prepared on a qPCR plate
according to the program in Table 4.2. From the qPCR plot, the number of cycles required to reach the
third of maximum intensity was established, and the original PCR reaction was amplified for this number
of additional cycles (i.e. 5 initial cycles followed by these additional cycles).

Table 4.2 qPCR program for determining optimal number of additional PCR cycles.

Step Temperature Time Cycles

Initial denaturation 98°C 1 min 1

Denaturation 98°C 10 sec 25

Annealing 63°C 30 sec 25

Elongation 72°C 1 min 25

Hold 4°C 0 1
4.4.3.3 Size selection

Double-sided size selection with AMPure beads was used to size select the samples for sequencing. The
sample was transferred to a microcentrifuge tube, AMPure XP beads (25 pl, corresponding to 0.5x of the
original volume 50 pl) were added to the mixture, and the reaction was mixed by pipetting up and down
multiple times. The reaction was incubated at room temperature (10 min), and the beads were collected at
the bottom (5 min) using a magnetic rack. The supernatant was transferred to a new tube after the beads
had settled and the solution had become clear. AMPure beads (65 pl, corresponding to 1.3x of the original
volume 50 pl) was added, and the solution was mixed by pipetting. The reaction was incubated (room
temperature, 10 min) and beads were collected (5-10 min) on the magnetic rack. The supernatant was
discarded when all beads had accumulated at the bottom of the tube. The solution was purified with freshly
prepared 80 % ethanol (200 ul) by carefully pipetting to the sides of the microcentrifuge tube and not
directly on the beads. Ethanol was carefully discarded without perturbing the beads, and the beads were
air-dried (37°C) until the beads were dry. The beads were resuspended in nuclease-free water (20 pl), the
solution was mixed well, and the solution was incubated (10 min). The beads were collected using the
magnetic rack (5 min), and the supernatant was transferred to a new microcentrifuge tube. The DNA
concentration was measured with Qubit (1 pl of the sample, 1 ul dye and 198 pl of buffer).

4.4.3.4 Quality control and sequencing
The fragment size distribution was assessed with the Tapestation system. The samples were sequenced with
Novaseq 150 PE (Novogene) to a depth of 50M reads. Sequenced samples are listed in and Table S4.4.
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4.4.4 RNA seq analysis

The reads were trimmed and quality filtered using fastp (Chen et al., 2018) and mapped to the S. wediterranea
annotation (Neiro et al., 2022) using Kallisto (Bray et al., 2016). Differential gene expression analysis was
performed using DEseq2 (Love et al., 2014). The pipeline of Cui et al. (2023a) was used for scRNA-seq

analysis.

4.4.5 ATAC-seq analysis

4.4.5.1 Quality assessment

The reads were trimmed and quality filtered using fastp (Chen et al., 2018) and aligned using Bowtie2
(Langmead and Salzberg, 2012). Samtools was used to retain unique reads with a quality score higher than
10 (@i et al, 2009). Insert size distributions were  generated using  Picard
(https:/ /github.com/broadinstitute/picard). MACS3 (--nomodel --extsize 200 --shift -100) was used to call
peaks (https://macs3-project.github.io/MACS) (Zhang et al., 2008). The FriP score was calculated using
bedtools (Quinlan et al., 2014) as

n
FRip = 2%

Ntot
where Npeq is the number of reads in the sample overlapping with called peaks and 74 the total number
of reads in sample. Deeptools2 bamCoverage was used to generate coverage tracks in bigwig format (reads
million mapped reads, RPKM) (Ramirez et al., 2016), and Gviz was used to visualise genomic tracks (Hahne
et al., 2010).

4.4.5.2 Footprint ranking of TALE targets

TALE motifs were collected from the Jaspar database and are listed in Table S4.5 (Rauluseviciute et al.,
2024). ATAC-seq called in anterior and posterior blastemas were used for footprinting TOBIAS
(commands ATACorrect, ScoreBigwig, and BINDetect) was applied to calculate the absolute footprint
score bj and the log2 fold change bjo gz ; in footprint scores between control and TALE(RNA) blastemas

for each motif j € {1,..., m} (Bentsen et al., 2020). ChIPSecker was used to assign genes to the nearest
gene (Yu et al,, 2015).

For each differentially regulated target gene i € {1, ...,n}, the adjusted p-value p; and absolute value of
log2 fold change |pog2fc;| between control and TALE(RNAZ) blastemas were obtained from differential

gene expression analysis.
An inverse percentile rank was calculated for p;:
R(pi) = rank(p;)

_ R(p) -1

P(p)) =1 —

where the statistical rank rank(p;) is the position of p; in the ordered list of adjusted p values. Thus, the
lowest p value is assigned a rank of 1,while the highest p value equals 0.

Similarly, a percentile rank was calculated for the absolute value of log2 fold change |pog2s ;!
R(lplongcil) = rank(lPlong ll)

R(lplong LI) -1
n—1

P(IplOQZfCil) =
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where the gene with the highest absolute log2 fold change in expression after T.ALE(RINA;) is assigned
the value 1, and the gene with the lowest absolute log2 fold change equals 0.

For footprint scores bj, a similar percentile ranking was performed:
R(bj) = rank(bj)

as well as for the log?2 fold change in footprint score byog fejt
R (blongcj) = rank(blong ]-)

R(blong j) -1
m—1

P(blOQZfC]') =

The target score for a regulatory interaction between motif j and target gene i, T; j, was calculated as the

average of these four percentile ranks:

- _ P +P(log, fci) + P(by) + P(log, f))
,j — 4

4.4.5.3 Gene-specific footprint ranking
In the general footprint ranking of metazoan motifs, we downloaded all available motifs from the Jaspar
database and calculated the absolute footprint score bj in either anterior or posterior blastemas, as well as

the log2 fold change byog,f j in footprint scores between anterior and posterior wild-type blastemas for

each motif j € {1, ..., m} linked to a given gene (Bentsen et al., 2020).

Footprint scores were ranked:
R(b;) = rank(b;)

RO

so that the footprint with the highest footprint score in the target blastema (anterior or posterior) receives

the value 1. Similarly, the log2 fold changes in footprint score byog fe; were ranked:

R(logz fcj) = rank(log, f¢;)

R(log, fcj) -1
m-—1

P(og; f¢;) =

so that the footprint with the footprint score most biased towards the target tissue (anterior or posterior)
is assigned a value of 1. Lastly, the target score for motif j and its corresponding transcription factor,
indicating its potential as a direct regulator of a given gene, was calculated as the average of these two

percentile ranks:

o P(bj) + P(log, fcj)
;= 2
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4.4.6 In situ hybridisation and immunostaining

Riboprobes were prepared as in 3.4.5.4 Synthesis of dsRNA and riboprobes. Fluorescence in situ
hybridisation was performed according to the protocol devised by King et al. (2013), and immunostainings
according to Forsthoefel et al. (2018).
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4.5 Supplementary material

Table S4.1 Forward and reverse primer sequences used to clone genes.

Primer

Sequence

prep Forward
prep Reverse
pbx-1 Forward
pbx-1 Reverse
meis-2 Forward
meis-2 Reverse
dd13065 Forward
dd13065 Reverse
nkx3-2 Forward
nkx3-2 Reverse
tbx-1/10 Forward
tbx-1/10 Reverse

ACCGGTGCCGGTTCGGTTTA
ACGGCAGCAGCCAAACTAGCC
TGAAGCCTGCGTTGTACAGTGTGT
GCTGCTGTGGCAGCGGCATA
ACGTCCTCGCCTTTGTCGGGA
TCCCTCCGCCACCACCAGAC
CCGACAAACGAGCGGTTCTA
TTCATTGCGCTCCAAATGGC
AGATGATGCGAAAGAGCACA
ACAAGAGACGAATCGAAGCCT
TCTGGAAGGCGAATGTTTCCA
TCACATTTGCAAGGGGCTGT

163



Table S4.2 RNA-seq libraries collected from 18 blastemas.

Sample Filtered reads Mapping rate
gfp(RNAi) Anterior 1 19.03M 78.1%
efp(RNAI) Anterior 2 16.34M 77.3%
gfp(RNAi) Anterior 3 22.60M 71.5%
gfp(RNAI) Anterior 4 21.69M 71.3%
gfpORNAI) Posterior 1 21.21M 74.8%
gfp(RNAI) Posterior 2 21.96M 79.4%
gfp(RNAI) Posterior 3 19.56M 72.6%
gfp(RNAI) Posterior 4 22.93M 71.1%
pbx(RNAI) Anterior 1 21.92M 79.1%
pbx(RNAi) Anterior 2 21.77TM 78.6%
pbx(RNAI) Posterior 1 18.91M 76.5%
pbx(RNAI) Posterior 2 20.93M 80.3%
prep(RNAi) Anterior 1 10.70M 77.3%
prep(RNAiQ) Anterior 2 13.89M 76.7%
prep(RNAi) Posterior 1 2531M 73.7%
prep(RNAI) Posterior 2 24.29M 74.8%
meis-2(RNAi) Anterior 1 32.60M 70.6%
meis-2(RNAi) Anterior 2 19.50M 72.2%
meis-2(RNAI) Posterior 1 30.52M 77.2%
meis-2(RNAi) Posterior 2 22.31M 76.1%
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Table S4.3 RNA-seq libraries collected from 60 hpa blastemas.

Sample Filtered reads Mapping rate
gfp(RNAi) Anterior 1 24.27TM 68.4%
efp(RNAI) Anterior 2 21.01M 69.3%
gfp(RNAi) Anterior 3 21.31M 74.8%
g¢fp(RINAI) Posterior 1 20.87TM 71.4%
gfp(RNAI) Posterior 2 23.85M 73.4%
pbx(RNAI) Anterior 1 21.8M 75.3%
pbx(RNAI) Anterior 2 29.18M 73.6%
pbx(RNAI) Anterior 3 22.91M 71.2%
pbx(RNAI) Posterior 1 20.2M 76.7%
pbx(RNAI) Posterior 2 21.4M 73.6%
prep(RNAi) Anterior 1 21.85M 72.5%
prep(RNAiQ) Anterior 2 20.41M 70.1%
prep(RNAi) Anterior 3 16.94M 63.3%
prep(RNAi) Posterior 1 20.55M 73.3%
prep(RNAi) Posterior 2 18.08M 67.8%
prep(RNAI) Posterior 3 28.87TM 68.2%
meis-2(RNAI) Anterior 1 21.0M 77.2%
meis-2(RNAi) Anterior 2 19.45M 78.5%
meis-2(RNAI) Posterior 1 20.50M 80.7%
meis-2(RNAi) Posterior 2 22.6M 79.7%
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Table S4.4 ATAC-seq libraries collected from 60 hpa blastemas.

Sample Filtered reads Mapping rate
gfp(RNAi) Anterior 1 61.85M 83.63%
efp(RNAI) Anterior 2 61.08M 38.64%
gfp(RNAi) Anterior 3 90.19M 63.33%
gfp(RNAI) Posterior 1 66.53M 86.93%
gfp(RNAI) Posterior 2 31.93M 72.24%
gfp(RNAI) Posterior 3 87.9M 72.38%
pbx(RNAI) Anterior 1 68.56M 59.18%
pbx(RNAi) Anterior 2 59.55M 63.04%
pbx(RNAIi) Anterior 3 87.45M 70.48%
pbx(RNAI) Posterior 1 59.01M 70.61%
pbx(RNAI) Posterior 2 35.91M 61.36%
pbx(RNAI) Posterior 3 43.93M 85.24%
prep(RNAi) Anterior 1 64.87M 85.46%
prep(RNAiQ) Anterior 2 42.22M 40.66%
prep(RNAi) Anterior 3 58.11M 88.14%
prep(RNAI) Posterior 1 62.35M 82.02%
prep(RNAi) Posterior 2 60.26M 56.69%
prep(RNAi) Posterior 3 67.65M 72.33%
meis-2(RNAi) Anterior 1 42,84M 51.08%
meis-2(RNAi) Anterior 2 54.80M 39.69%
meis-2(RNAI) Anterior 3 24.9M 53.25%
meis-2(RNAi) Posterior 1 36.37TM 62.63%
meis-2(RNAi) Posterior 2 43.55M 54.64%
meis-2(RNAI) Posterior 3 36.37TM 52.52%
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Table S4.5 TALE motifs used for footprinting and predicting targets.

Motif name JASPAR ID
exd MA0222.1
PBX1 MA0070.1
PBX2 MA1113.1
PBX2 MA1113.2
PBX3 MA1114.1
hth MA0227.1
Meis1 MA0498.1
MEIS1 MA0498.2
MEIS1 MA1639.1
MEIS2 MA1640.1
MEIS2 MAO0774.1
MEIS3 MAOQ775.1
PKNOX1 MA0782.1
PKINOX1 MAQ782.2
PKNOX2 MAO0783.1
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Table S4.6 List of motifs and inferred regulatory interactions.

Regulator Motif name JASPAR ID Target gene
pbx-1 PBX2 MA1113.1 wntl
pbx-1 PBX2 MA1113.2 wntl
pbx-1 PBX3 MA1114.1 wntl
meis-2 hth MA0227.1 wntl
meis-2 MEIS3 MAO0775.1 wntl
meis-2 MEIS1 MA1639.1 wntl
meis-2 MEIS2 MA1640.1 wntl
foxG FoxG MA1865.2 wntl
pbx-1 PBX2 MA1113.1 ndk
pbx-1 PBX2 MA1113.2 ndk
pbx-1 PBX3 MA1114.1 ndk
prep PKNOX1 MAO0782.2 ndk
pbx-1 PBX1 MA0070.1 dd13065
pbx-1 PBX2 MA1113.2 dd13065
meis-2 MEIS1 MA1639.1 dd130065
meis-2 MEIS2 MA1640.1 dd13065
pbx-1 PBX1 MA0070.1 zic-1
zic-1/zic-2 ZIC1 MA0696.1 zic-1
zic-1/zic-2 Z1C4 MA0751.2 zic-1
zic-1/aic-2 Z1C5 MA1584.2 zic-1
prep PKNOX1 MA0782.3 foxD
prep PKNOX2 MA0783.1 foxD
smad2/3 SMAD2 MA1964.2 foxD
pbx-1 PBX1 MA0070.1 sFRP-1
pbx-1 PBX2 MA1113.1 sFRP-1
zic-1 ZIC1 MA0696.1 sFRP-1
zic-1 Z1C4 MA0751.2 sFRP-1
zic-1 Z1C5 MA1584.2 sFRP-1
pbx-1 PBX1 MA0070.1 ndl-4
pbx-1 exd MA0222.1 ndl-4
pbx-1 PBX2 MA1113.1 ndl-4
pbx-1 PBX2 MA1113.2 ndl-4
pbx-1 PBX3 MA1114.1 nld-4
prep PKNOX1 MA0782.2 nld-4
alx-3 ALX3 MA0634.2 notum
foxQ/D FoxD-b MA1862.2 otx-1
foxQ/D FoxQ MA1873.2 otx-1
tcf4 TCF7L2 MA0523.2 sp5

tcf4 TCF7 MA0769.3 sp5

tct4 TCF7L1 MA1421.1 sp5
pbx-1 PBX2 MA1113.2 wntl1-2
meis-2 MEIS1 MA1639.1 wntl1-2
meis-2 MEIS2 MA1640.1 wntl1-2
tcf4 TCF7 MA0769.3 wntl1-1
tct4 TCF7L1 MA1421.1 wntl1-1
tct4 TCFEF7L2 MA0523.2 wntl1-1
pbx-1 PBX2 MA1113.1 fz4-1
pbx-1 PBX2 MA1113.2 fz4-1
meis-2 MEIS2 MA1640.1 fz4-1
sp5 SP8 MA0747.2 lox5a/post-2¢
sp5 SP3 MA0746.3 lox5a/post-2¢
foxG FoxG MA1865.2 hox4b

168



Al

oo
=

Cl

18 hpa blastema 18 hpa blastema 18 hpa blastema
1500 1500 1500
L] :;:
= o = &
k] 2 ﬁ 8
2 1000 £ 1000 E 1000
@a 2 a
£ = 2
§ © Blastema 3 Blastema 5 Blastema
o © Anterior = ° Anterior = = Anterior
- © Posterior o ® © Posterior ; © Posterior
g N 15}
A =  — a— N
E 500 E 500 F 500 :E
5 5 ® g
z =z 2
0 o] 0
Control pbx-1(RNAI) Control prep(RNAI) Control meis-2(RNAI)

>
N
vs,
N
@)
N

60 hpa blastema 1500 1500
1500

P = (]

o >
= £ o
x & 1000] [ @@ 2 1000 EE
fl; 1000 g I—— z
2 2 Blastema 5 Blastema
5 ® Blastema O ° Anterior 8 * Anterior
=] kel © Posterior ° Posterior
3  Anterior 54 L o °
e © Posterior N @ ®
] = N
B g 500 l S 500 ES
< 500 = £
E 2 S
<} z
P4

0 o o
Control pbx-1(RNAi) Control prep(RNAI) Control meis-2(RNAI)

Figure S4.1 Knockdown efficiency of pbx-1, prep, and meis-2. (A1) Normalised counts (DEseq2) of
pbx-1 in early-stage blastemas (18 hpa) of control worms and after knockdown of pbx-7. (A2) Normalised
counts for pbx-1 in in late-stage blastemas (60 hpa) of control worms and after knockdown of pbx-7. (B1)
Normalised counts of prep in early-stage blastemas (18 hpa) of control worms and after knockdown of prep.
(B2) Normalised counts of prep in late-stage blastemas (60 hpa) of control worms and after knockdown of
prep. (C1) Normalised counts of meis-2 in early-stage blastemas (18 hpa) of control worms and after
knockdown of meis-2. (C2) Normalised counts of meis-2 in late-stage blastemas (60 hpa) of control worms
and after knockdown of meis-2.
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Figure S4.2 Expression of genes in the anterior pole. Normalised counts of the expression of a/x-3,
JoxD, notum, pbx-1, prep, sFRP-1, smad2/3, and zic-1 in the antetior pole based on bulk RNA-seq data
provided by Li et al. (2019).
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Chapter 5. General discussion

5.1 Synopsis

Regeneration necessitates regulatory mechanisms that govern both cell behaviour and the spatiotemporal
organisation of cells in the regrowing tissue. The aim of this thesis is to understand these regulatory
mechanisms in the highly regenerative planarian species Schmidtea mediterranea, thereby advancing our
knowledge of stem cells and positional information systems during regeneration. Advances in our
understanding of regenerative biology are a prerequisite for any translational applications in regenerative
medicine. In Chapter 1, I introduce planarians and their stem cells, review comprehensively the mechanisms
of TALE factors in metazoans, and attempt to synthesise our current understanding of pattern formation

in regenerating planarians.

In Chapter 2, I create an expression-driven reannotation of the genome of §. mediterranea and compile a list
of transcription factors through bioinformatic screening and manual review. Moreover, I integrate evidence
from histone modifications (ChIP-seq: H3K4mel and H3K27ac) and chromatin accessibility (ATAC-seq)
to identify enhancer-like regions that are active in the genome of planarian neoblasts. By using footprints
of transcription factors in these enhancer-like regions, I construct a model of gene regulatory networks in

planarian neoblasts.

In Chapter 3, I continue to investigate the class of TALE homeobox genes that are ancestral to metazoans,
regulate patterning and cell specification in multiple developmental contexts, and have also been implicated
in the regenerative patterning of planarians. Given that our transcription factor screening uncovered several
uncharacterised TALE factors and that TALE factors have recently been shown to have diversified greatly
in other spiralians, I performed a phylogenetic analysis of metazoan and planarian TALE factors to
understand their evolution. In the genome of S. mediterranea, 1 discovered representatives of conserved
TALE classes: Irx (irx-1, irx-2, irx-3, irx-4), Pbx (pbx-1 and pbx-2), Prep (prep), Meis (meis-1, meis-2, and meis-
like). Furthermore, I found multiple divergent, lineage-specific TALE genes in the genome of S. wediterranea,
including representatives of the spiralian-specific clade SPILE (SPILE-Z1, SPIL.E-Z2, SPILLE-E1, SPILE-
E2) and a platyhelminth-specific gene PALE. Intriguingly, preliminary functional studies suggest that
SPILE-ZT and PALE have adopted functions beyond eatly development in both regeneration and adult
physiology.

In Chapter 4, I continue to study the regulatory role of the TALE genes pbx-1, prep, and meis-2 in anterior
and posterior patterning of the regenerating planarian, aiming to uncover direct downstream targets. I
characterise the knockdown phenotype of mweis-2 and demonstrate that it is required for posterior
specification in regeneration. To discover the underlying regulatory mechanisms, I perform RNA-seq and
ATAC-seq in anterior and posterior blastemas to predict direct targets of these TALE genes. Analysis of
transcriptomic and epigenomic data along with initial functional experiments suggest that anterior pole
markers and the FGFRL family are targets of pbx-7 and prep in the anterior, while the posterior pole marker
wnt1 and other genes of the posterior specification program ate targets of pbx-7 and meis-2 in the postetior.
Furthermore, I leverage the blastemal ATAC-seq data alongside existing planarian literature to predict high-

confidence regulatory interactions

5.2 Bioinformatics for the planarian community

The reannotation of the S. mediterranea genome and the transcription factor list have proven beneficial to
the planarian research community. Prior to publication, I had the honour to contribute with the annotation
to improve the resolution of mapping cell type composition in both S. mediterranea and D. japonica (Gatcia-
Castro et al. 2021). Datasets for an expression-driven annotation of S. mediterranea were readily available,
but the reannotation of D. japonica required data mining of less well-known Japanese datasets (Garcfa-Castro

et al. 2021). In my opinion, this demonstrated the importance of careful management, curation and sharing
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of bioinformatic resources. Therefore, I have sought to make my analysis readily available to the
international planarian community, and I wish to believe that my correspondence with researchers from
the University of Tokyo has helped to improve the strength of bioinformatic analyses for D. japonica.
Unexpectedly, D. japonica has also caught the interest of representatives beyond academia, as some longevity
entrepreneurs have contacted me regarding the reannotation. Overall, I am delighted that the methodology
presented in the second chapter has contributed to other projects both within and beyond the planarian
field.

Prior to chapter 2, only bioinformatically screened lists of transcription factors existed (Swapna et al., 2018).
However, to better understand the results of the constructed gene regulatory networks, I recognised the
need for further manual curation and the establishment of a comprehensive checklist for planarian
transcription factors to ensure consistency with the existing planarian literature. With regard to the
transcription factor list, I would like to thank Alberto Perez-Posada for our brief but fruitful discussions
on the state of planarian bioinformatics and the necessary standards for performing and reporting
computational analyses. In this vein, I am pleased to see that the building blocks generated in the second
chapter have contributed to shaping the inference of gene regulatory networks in the first integration of
planarian scRNA-seq and scATAC-seq data (Pérez-Posada et al., 2024).

Furthermore, it was an insightful opportunity to present the findings of the second chapter to the wider
community of regenerative biologists at the 8" EMBO conference in the series The Molecular and Cellular
Basis of Regeneration and Tissue Repair in Barcelona in September 2022 (Amiel et al., 2023). In particular,
methodological discussions with Ashley Maynard helped to contrast the data and limitations of the second
chapter with scRNA-seq approaches in the axolotl telencephalon (Lust et al., 2022; Amiel, et al., 2023). As
the field of regenerative biology encompasses many model systems with varying degrees of experimental
amenability, I believe that the development of computational pipelines integrating different experimentally

available datasets will be necessary for advancing our understanding of regenerative mechanisms.

5.3 Evolution of animal stem cells

Ever since the discovery of the pluripotency network in mammalian embryonic stem cells and the
Yamanaka or OSKM (Oct4, Sox2, KIf, c-Myc) factors, planarian neoblasts have been studied to understand
the conservation of mechanisms in pluripotent stem cells (Takahashi and Yamanaka, 2006; Takahashi et al.
2007; Labbé et al., 2012; Lai and Aboobaker, 2018; Srivastava et al., 2021). In early 2020, we hypothesised
that our epigenomic data would reveal enhancers enriched in association with neoblast-specific genes, and
that the binding sites of a transcription factor conferring pluripotency would be enriched in these. The
publication of the fate switch mechanism by Raz et al. (2021) was instrumental in shaping our analysis after
the summer of 2021, and indeed, we uncovered that enhancer-linked genes were enriched for fate-specific
transcription factors. Although we also discovered several enhancers linked to previously uncharacterised
planarian transcription factors, my interpretation of the second chapter in light of current research is that
the gene regulatory network active in X1 neoblasts provides support for the fate specification model (Raz
et al.,, 2021; Reddien et al., 2022). Nonetheless, the hypothetical “pluripotency factor” could still reside
within e.g. the unstudied set of zinc finger transcription factors. Further phylogenetic studies and a
systematic effort to knock down all the remaining unstudied transcription factors in S. mediterranea would

provide more clarity on this question.

Interestingly, a year after the publication of the second chapter, Poulet et al. (2023) compared the chromatin
state of the promoters of neoblast-specific genes, constitutively active genes, and tissue-specific genes.
While tissue-specific genes had distinct upstream accessible regions containing transcription factor motifs,
the promoters of neoblast-specific genes lacked the same chromatin signature and were devoid of enriched
transcription factor motifs, suggesting that no master transcription factor regulates pluripotency (Poulet et
al., 2023). As the chromatin state of neoblast-specific genes resembles the chromatin organisation of
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constitutive genes, Poulet et al. (2023) conclude that pluripotency is the default state of neoblasts and
primarily maintained by chromatin remodelers. Therefore, Poulet et al. (2023) reproduced our finding that
regulatory interactions between fate-specific transcription factors are more easily detected in epigenomic
data derived from neoblasts. However, Poulet et al. (2023) restrict their analysis to promoters and proximal
upstream regions and do not analyse intronic accessible regions, distal cis-regulatory regions, including
downstream regions of neoblast-specific genes. Moreover, Poulet et al. (2023) take a system-wide approach,
and analyse neoblast-specific genes as a group, meaning that a few restricted regulatory interactions between
a pluripotency factor and neoblast-specific genes could be hidden in the dataset and might be detectable
with a more reductionist method. Thus, experiments detecting the binding of transcription factors in the
vicinity of neoblast-specific genes would shed more light on the matter. Nonetheless, it appears that we,
Raz et al. (2021), and Poulet et al. (2023) independently converged on the same aspect of neoblast gene
regulation, where the activity of fate-specific transcription factors and their cross-regulation emerge from
analysis of S/G2/M neoblasts.

In addition to the embryonic pluripotency network, planarian neoblasts and their regulatory mechanisms
have been compared to germ cells and the germline multipotency program, as summarised in the
introduction. Thus, it appears that adult pluripotent piwi+ planarian stem cells have been compared in terms
of the “pluripotency” and “germline” components, but the adult stem cell aspect has received less attention.
Following my presentation of Chapter 2 at the conference Gene Regulatory Networks in Development and Disease
in April 2023 here at the University of Oxford, Ellen Rothenberg was thrilled to see that many genes
essential for hematopoietic stem cells were enriched for binding motifs in planarian neoblasts (Figure 2.2).
Although presented as a passing thought, I have not been able to fully set aside this idea: Is there a shared
component of potency in adult animal stem cells that is magnified to pluripotent dimensions in planatrian

neoblasts?

5.4 TALE factors and their tale on molecular evolution

Given their highly regenerative abilities, the conserved properties of planarian regeneration and their
potential for translational therapies have been the focus of most planarian research, while many aspects of
planarian biology have been overlooked. Furthermore, planarians belong to the spiralian superphylum,
which has not been as well characterised as deuterostomes and ecdysozoans in general. Therefore, an
understanding of the molecular evolution of transcription factors in planarians contributes to our
knowledge of the evolution of spiralian body plans and the mechanisms of metazoan evolutionary
developmental biology.

The hourglass model of embryonic development posits that both early and late stages of embryogenesis
display more differences in comparison between taxa and are more evolvable (Duboule, 1994; Irie and
Kuratani, 2014). Originally based on the conserved Hox cluster, Duboule (1994) theorised that interlinkage
between Hox genes constituted a constrained module that rendered the phylotypic stage conserved.
Divergence in early development has been proposed to result from selection for different reproductive
strategies. Since morphological differences are difficult to quantify, comparisons in gene expression
between species have attempted to assess whether the transcriptional profile over embryogenesis adheres
to the hourglass model (Irie and Kuratani, 2014). In these studies, evidence for and against the hourglass
model has been found, but they ate still limited in the number of species examined, being mainly restricted
to some vertebrates, insects, and nematodes (Irie and Kuratani, 2014). Although the third chapter only
examines a single family of homeobox genes in a single species, the results can still be discussed in the wider
framework of the hourglass model. In our expression analysis, we found that the expression of most novel
lineage-specific factors is biased towards early development, while the expression of conserved TALE genes

is strongest at mid-developmental stages, thus providing some support for the hourglass model. Overall,
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the results in the second chapter underscore the need to incorporate spiralian evo-devo into the wider

framework of theories on the evolution of development.

Morphological evolution has been proposed to be partially caused by modifications in the cis-regulatory
code of conserved developmental genes (Davidson and Erwin, 2006; Carroll, 2008), while the
diversification of spiralian TALE genes represents one of the largest known expansion of homeobox genes
in metazoans (Paps et al., 2015; Holland et al., 2017; Mortino et al., 2017; Phuangphong et al., 2021; Morino
et al., 2022; Morino and Yoshikawa, 2023). Previously mainly implicated in early development, the third
chapter extends the functional diversification of spiralian lineage-specific genes by providing evidence for
additional roles in adult physiology and regenerative patterning. Therefore, spiralian-specific TALE factors
increasingly exemplify the idea of evolution by gene duplication (Bridges, 1936; Stephens, 1951; Ohno,
1970); duplications in planarian TALE genes appear to create genetic redundancy and novel genetic material

for evolution to tinker with.

5.5 TALE factors in the shadow of the Wnt gradient

In chapter 4, I present some evidence supporting a TALE/Wnt regulatory relationship in axial patterning.
Specifically, my analysis suggests that a Pbx-1:Meis-2 dimer could be binding to intronic enhancers of the
wntl gene and regulate its expression in the posterior pole. In addition, the dimeric Pbx-1:Meis-2 complex
could also be activating the expression of wnt17-2 and its putative receptor f7d4-1 (Pascual-Carreras et al.,
2021). In contrast, TALE factors have been shown to make chromatin accessible for the Wnt effector
LEF1 in vertebrate tailbuds, indicating that TALE factors act in parallel rather than upstream of Wnt
signalling (Mariani et al., 2021). Nonetheless, eis-2 and pbx-1 could also act earlier to unlock the response
of the early phase of wnt1 expression, but further experiments are required to assess this possibility. Overall,
although the interpretation of the fourth chapter is limited by the lack of experimental validations, it

suggests a conserved role for Pbx and Meis in Wnt-directed anterior-posterior patterning.

As transgenic reporter lines are not available in planarians, the use of other model species could prove
fruitful in understanding the role of TALE factors in Wnt-mediated axial regeneration and patterning. In
the last decade, the acoel worm Hofstenia miamia has emerged as a promising model for understanding Wnt
signalling dynamics of whole-body regeneration (Srivastava et al.,, 2014; Raz et al., 2017; Ramirez et al.,
2020). As in planarians, Wnt signalling is required for posterior regeneration, is upregulated in the posterior
following amputation, and the core set of genes in the posterior specification program is shared between
these species (Srivastava et al., 2014; Tewari et al., 2019; Ramirez et al., 2020). As the toolset is rapidly
increasing in acoels and is surpassing that of planarians (Ricci and Srivastava, 2021), acoels could prove to
be a suitable model system for continuing the research direction into the interplay between Wnt, Hox, and

TALE in axial regeneration and the conservation of axial patterning mechanisms.

5.6 The enigma of anterior regeneration — does nou-darake regulate self-

organising cell adhesion?

Interestingly, the putative anterior targetome of pbx-1 and prep includes the enigmatic class of FGFRL family
members, whose signalling mechanisms are poorly understood in planarians and in metazoans in general
(Adell et al., 2010; Agata et al., 2014). As summarised in the introduction, Fef family members have been
proposed to act as decoy receptors, capturing Ffg ligands and thus restricting the diffusion of a putative
anterior morphogen. However, two decades of sequencing efforts have not found the “head activator”,
while inhibitors of Wnt signalling are found in the anterior blastema (asymmetric expression of notum at 18
hpa) and in the anterior pole. Therefore, I find it unlikely that further sequencing efforts would uncover a

prominent anterior morphogen, and the field has to be open to other mechanisms for anterior patterning,.

A number of authors have proposed the idea that the anterior fate could be the default of planarian
neoblasts (Adell et al., 2010; Agata et al., 2014). Recently, regeneration of planarian eyes has been shown to
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be guided by self-organising principles (Reddien et al., 2021), raising the possibility that cellular self-
organisation could be more widely involved in anterior patterning. In an overlooked piece of work, Yang
et al. (2016) found FGFRLI to regulate cell adhesion in cultured cells. In the zebrafish embryo, a cell
adhesion code has been shown to mediate the patterning of neural progenitor cells in the spinal cord (T'sai
et al., 2020). Therefore, self-organisation through cell adhesion could provide further answers to the
signalling of ndk and ndl-1 to ndl-5 in planarian anterior regeneration. As this idea is based on singular
studies, further experiments would be required to establish rigour; yet to my knowledge, gradient-less
alternatives to the FGFRL signalling problem have not been proposed or investigated in planarian

regeneration, thus providing a new possible direction for further studies.

5.7 Coda

“If there were no regeneration, there wonld be no life. If everything regenerated, there wonld be no death. All organisms exist
between these two themes.” (Goss, 1969). Planarians are at one of these extremes, displaying remarkable
developmental plasticity and robustness. The elusive aspects of planarian regeneration have been studied
for centuries, yet we still know very little of how the components of the regenerative machinery are

regulated. Time will tell how well this thesis has succeeded in understanding these regulatory mechanisms.
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