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Thesis Abstract

Planarian flatworms possess somatic pluripotent stem cells, called neoblasts (NBs), which are able
to differentiate into all cell types that constitute the adult body plan. Consequently, planarians possess
remarkable regenerative capacities, and have become an invertebrate model system to study stem
cell responses during regeneration. Transcriptomic studies have revealed the genes needed to both
maintain NB pluripotency and ensure correct lineage specification during differentiation. However,
these studies have not elucidated how this regulation of expression is controlled at the epigenetic
level, and in particular by diverse histone modifications. In this thesis, we present a case for elevating
planarians as a model system for studying the epigenetic regulation of stem cell pluripotency and

differentiation.

Firstly, we describe an expression-based annotation of the asexual Schmidtea mediterranea genome.
For each annotated locus, we allocate proportional values for a gene’s expression in either S/G2/M
NBs (X1), G1 NBs + post-mitotic progeny (X2), or differentiated cells (Xins) — the three broadly-
defined cellular compartments that can be isolated from planarians using Fluorescence Activated
Cell Sorting (FACS). The production of a well-annotated genome incorporating transcriptomic
information serves as the basis for correlating the presence of particular histone modifications with
underlying gene expression. We have developed an optimized ChIP-seq protocol for planarian NBs
and show that the active histone marks H3K4me3 and H3K36me3 and suppressive H3K4mel and
H3K27me3 marks correlate with the transcriptional output of genes. We also show that genes with
little transcriptional activity in NBs, but which switch on in post-mitotic progeny during
differentiation are bivalent, being marked by both H3K4me3 and H3K27me3 at the promoter-
proximal region. Bivalent histone modifications in mammalian embryonic and germline stem cells
enable transcriptional poising of genes, and consistent with this we find that bivalent genes in

planarian NBs are marked by paused RNA Pol II at the promoter-proximal region.



In addition to histone modifications, enhancers and their associated transcription factors can also
directly influence gene expression. Consequently, we elucidate the potential TF repertoire of
planarians, and identify those enriched in NBs. We also present preliminary evidence to suggest that
ATAC-seq on planarian cells can identify both transcriptionally permissive gene promoters, at least
in differentiated cells, as well as putative enhancers that correlate with expression of neighbouring
genes. In the future, we hope to be able to build gene regulatory networks by identifying TF-binding

sites in open chromatin regions and elucidating enhancer targets in a range of planarian cell types.
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Thesis outline

The aim of this thesis is to present a case for utilizing planarians as a useful and potentially rewarding
organism for research into the epigenetic mechanisms underlying stem cell maintenance and

differentiation.

In Chapter I we provide the reader with a primer of planarian biology, and summarize the various
transcriptomic studies that have identified the genes involved in neoblast (NB) maintenance and
commitment to the various differentiated cell lineages. In Chapter II we present a case for why
planarians present an advantage over conventional mammalian cell-culture based systems in
epigenetics studies of stem cell pluripotency and differentiation. We summarise the limited studies
in planarians which describe a function for conserved components of the histone modification
machinery, and we suggest how new tools such as ChIP-seq and ATAC-seq can be applied to these
investigations to yield greater molecular and evolutionary insights. Given that ChIP-seq data requires
a well-annotated genome to correlate the presence of histone modifications with underlying genes,
in Chapter III we outline our expression-based annotation of the asexual Schmidtea mediterranea
genome. We also incorporate transcriptomic data to allocate a percentage of total expression to each
annotated locus in the S/G2/M NBs (X1), stem cell progeny + G1 NBs (X2), and differentiated cell
(Xins) compartments. The generation of this resource helps in Chapter IV where we conduct ChIP-
seq for conserved histone marks in planarian NBs and show that a gene’s epigenetic environment
correlates with our transcriptomic categorization. We find that specific genes with little
transcriptional activity in the X1 NB compartment, but which are enriched for expression in X2 post-
mitotic progeny, are marked with the opposing histone modification marks H3K4me3 and
H3K27me3 at promoter proximal regions. This provides evidence for the existence of bivalent
promoters in stem cells outside of vertebrates. In Chapter V we present an annotation of the newly
released sexual genome of S. mediterranea (Grohme et al. 2018) that improves on contiguity, and
utilize this to identify transcription factors genome-wide as well as those that have potential NB

functions. We present preliminary data to show that ATAC-seq on planarian FACS sorted cells can
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be used to identify open chromatin regions of the genome such as transcriptionally permissive
promoters and putative cis-regulatory elements. In Chapter VI, we discuss strategies that will enable
us to dissect out the regulatory landscape of planarian stem cells and the plasticity of the cistrome

that allows for well-coordinated differentiation.
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Chapter 1

General Planarian Introduction



Abstract

Planarian flatworms are capable of profound feats of regeneration fuelled by a population of adult
stem cells called neoblasts (NBs). This chapter provides a primer to planarian biology and
synthesizes various studies that have increased our understanding of molecular and cellular
principles that enable NBs to both maintain their identity as well as differentiate precisely under
homeostatic and regenerative scenarios. In particular, we review the various transcriptomic
approaches that have uncovered substantial NB heterogeneity and efforts to identify the individually
pluripotent clonogenic neoblast (cNeoblast). These transcriptomic studies provide a framework with

which to understand the epigenetic regulation of neoblasts and their commitment to various lineages.



1.1 Planarian phylogeny and anatomy

Planarians or triclads are an order of triploblastic, unsegmented, free-living worm acoelomates
within the phylum Platyhelminthes (Platy, flat; helminth, worm), which additionally includes
parasitic clades such Cestoda (tapeworms), Trematoda (flukes) and Monogenea (fish gill parasites)
(Figure 1A). Molecular phylogenetic analyses have classified Platyhelminthes within the
superphylum Lophotrochozoa, a largely neglected taxonomic group in molecular and cellular
research (Ruiz-Trillo et al. 1999; Aguinaldo et al. 1997; Struck et al. 2014; Egger et al. 2015).
Currently, planarians are classified according to three suborders, Maricola (salt-water dwelling),
Cavernicola (cave-dwelling) and Continenticola (comprising of the old orders of Terricola (land)
and Paludicola (freshwater) planarians) (Hallez 1892; Carranza et al. 1998). Most relevant to
researchers investigating the regenerative capabilities of these worms, is the Dugesiidae family
within the Continenticola whose members include Dugesia japonica, Giardia tigrina, and Schmidtea

mediterranea.

Planarians are devoid of a coelom, with all internal organs separated from the body wall by
mesenchymal tissue commonly known as parenchyma. However, planarians do have derivatives of
all three germ layers (ectoderm, mesoderm, and endoderm). They possess a nervous system
consisting of a bi-lobed cephalic ganglion, connected to two ventral longitudinal nerve cords
interconnected by commissural neurons extending to the tail-end of the animal (Cebria et al. 2002;
Robb and Alvarado 2002). Sensory structures, such as photoreceptors (Carpenter et al. 1974),
chemoreceptors (MacRae 1967), and pressure receptors (Hyman 1951) are found at the anterior end
of the animal and send projections to the cephalic ganglia. A centrally located pharynx is used both
as mouth and anus, and is connected to a three-branched (triclad) digestive system consisting of one
anterior and two posterior gut branches (Newmark and Alvarado 2002) (Figure 1B and 1C). Waste
expulsion and osmoregulation are facilitated by a network of protonephridia, which consist of
ciliated ‘flame cells’ that work to filter out water and small molecules from the mesenchyme and
expel them via long tubules ending at the surface of the planarian (McKanna 1968; Ishii 1980; Rink
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etal. 2011; Thi-Kim Vu et al. 2015). Ventral ciliated epithelial cells are responsible for their gliding
locomotion, whereas muscle fibres being used to orient the direction of movement, maintain the
integrity of the planarian body, and guide regeneration (Hyman 1951; Cebria et al. 1997; Orii et al.
2002; Scimone et al. 2017). Planarians can reproduce sexually as cross-fertilizing hermaphrodites,
or, in the case of a number of species (including D. japonica, G. tigrina and S. mediterranea) an
asexual biotype exists that reproduces by undergoing transverse fission posterior to the pharynx
(Hyman 1951; Sahu et al. 2017) (Figure 1D). The asexual biotype evolved from sexual animals and
can be karyotypically distinguished by a Robertsonian translocation (fusion of chromosome 1 to
chromosome 3) that may be responsible for their lack of ability to differentiate a germline and

somatic copulatory organs (Bagufia et al. 1999; Newmark and Alvarado 2002) .

1.2 Schmidtea mediterranea: filling the experimental gap in regeneration studies

S. mediterranea has received extensive attention in biological studies of regeneration. These animals
are able to regenerate all their tissues irrespective of whether they are derived from endoderm,
ectoderm or mesoderm, yet their evolutionary position means that they share with vertebrates the
developmental pathways responsible for the bilaterian Bauplan. Furthermore, planarians are
relatively easy to culture in the laboratory, exhibit developmental plasticity (includes both sexual
and asexual forms of reproduction), have a diploid genome that has been fully sequenced (Robb et
al. 2007; Grohme et al. 2018), and various de novo assembled transcriptomes are publicly available
via an online, mineable repository (Brandl et al. 2016; Rozanski et al. 2019). Cellular and molecular
techniques such as in situ hybridization (King and Newmark 2013; Pearson et al. 2009),
immunohistochemistry (Ross et al. 2015), and RNA interference (RNAi) (Sanchez Alvarado and
Newmark 1999; Reddien et al. 2005a) have also been developed in S. mediterranea facilitating
studies of the animal’s stem cells and regenerative capacity. As of yet, however, reproducible genetic
manipulation via transgenic methods is currently lacking in S. mediterranea, which would greatly
assist in-depth studies i.e., gene overexpression, dissection of regulatory elements, real-time

imaging, and lineage-tracing.



1.3 Planarian regeneration, the role of NBs, and their identification

A fundamental feature of planarians is that they contain a population of self-renewing pluripotent
stem cells, called neoblasts (NBs), which divide to replace any cell type during homeostasis or
following tissue injury. Indeed, before his seminal work on the problem of inheritance in Drosophila,
T.H. Morgan observed that a fragment as small as 1/279 of a planarian could regenerate a complete
animal (Morgan 1898). Upon injury, regeneration begins with rapid closing of a wounded surface,
achieved by the protective spreading of existing epithelial cells. Subsequently, NBs divide rapidly
throughout the worm, with mitotic numbers peaking 6 hours post wounding (Wenemoser and
Reddien 2010). If the wound requires the replacement of missing tissue, a second peak of NB
proliferation occurs at 48 hours concentrated at the wound site and their progeny form an
unpigmented bud of regenerated tissue called the blastema. The NB progeny will then differentiate

into the missing structures of the animal.

Cell division is an essential criterion for defining NBs. Cells that have passed through S-phase or are
in mitosis can be easily experimentally labelled and visualized either with the thymidine analogue
bromodeoxyuridine (BrdU), or an antibody to a mitosis-specific histone modification (Newmark and
Sanchez Alvarado 2000). Some studies also claim the use of RNA probes to genes that are
specifically present during S phase (e.g., pcna) (Orii et al. 2005). Moreover, as with all cycling cells
(Becker et al. 1963; Till and McCulloch 1961), irradiation sensitivity can also be used as a feature
to distinguish cycling NBs from differentiated post-mitotic cells, and doses over 30Gy ablate all
dividing cells within 24 hours of exposure (Eisenhoffer et al. 2008). The ablation of the NB
compartment leads to a loss of regenerative ability, failure of homeostatic tissue maintenance, and
eventual death. Bulk transplantation of un-irradiated NBs from a healthy donor worm to an NB-
ablated irradiated worm rescues tissue maintenance and regenerative ability. Remarkably, the
transplantation of a single healthy NB into an irradiated host can result, albeit with low efficiency,
in the reconstitution of the entire NB population, and complete restoration of homeostatic tissue
maintenance and regenerative ability (Wagner et al. 2011). Consequently, these lines of evidence
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serve as proof that the NB population as a whole is pluripotent, and that at least some of these

individual NBs are truly pluripotent stem cells.

Non-cell-cycle related features can also distinguish the NB population. NBs are small in size (7-12
um in diameter), have a large nucleus and scant cytoplasm, and reside in the planarian parenchyma.
NBs are scattered broadly throughout the parenchyma, being absent only from the anterior tip and
the pharynx — the only two regions that cannot support regeneration in isolation. Moreover, NBs
have large cytoplasmic perinuclear ribonucleoprotein (RNP) granules called chromatoid bodies
(CBs) that resemble the germ granules, or ‘nuage’, found in the germline stem cells of other

metazoans (Coward 1974; Morita and Best 1984; Morita et al. 1969).
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Figure 1: A. Current consensus phylogenetic relationships of major animal phyla. The 11
Platyhelminth orders are highlighted and consist of two clades: Catenulida and Rhabditophora
(according to Egger et al. (2015)). Flatworm pictures taken from Duran and Egger (2012). B.
Brightfield image of the triclad flatworm Schmidtea mediterranea, commonly used as a regeneration
model system. C. In situ hybridisation against piwi-1, a canonical marker for neoblasts (NBs) and
nuclear staining with Hoechst. D. Asexual and sexual life-histories of S. mediterranea. In the asexual
biotype, worms replicate by clonal transverse fission. In the sexual biotype, worms are cross-
fertilizing hermaphrodites and lay eggs. These eggs hatch, and germline development occurs in the
juvenile to form an adult with ovaries and testes. Figure 1D taken from Sahu et al. (2017).




1.4 Methodologies for identifying genes associated with NBs

The irradiation sensitivity of NBs has made it possible to determine NB-specific genes, through
observation of the expression patterns of individual genes (assayed through RNA-seq and in situ
hybridisations) both prior to, and following NB ablation. One caveat of this approach is that
irradiation likely induces secondary transcriptome-wide changes in gene expression that are not
simply as a result of NB removal. Consequently, RNAi of the NB-specific histone isoform #histone-
2B (H2B) has been used in order to genetically ablate NBs (Solana et al. 2012). The transcriptomic
profiles of wild-type worms were then compared to that of H2B RNAI and lethally irradiated worms
to ascertain genes specific to the NBs whilst also circumventing the possibility of obtaining false
positives introduced by the upregulation of DNA damage response (DDR) associated gene

repertoire.

Another commonly used methodology for isolating NBs is Fluorescence Activated Cell Sorting
(FACs) (Hayashi et al. 2006; Romero et al. 2012). FACs analysis of animals stained with Hoechst
enables the isolation of two cell populations that are lost in irradiated animals: the ‘X1’ gate, which
represents cells in the cell cycle with >2C DNA; and the ‘X2’ gate, which registers as a <=2C DNA
population due to Hoechst efflux. The remaining irradiation-insensitive (Xins) cells are assumed to
be post-mitotic differentiated cell types possessing 2C DNA. Consequently, RNA-seq has been
performed on the X1 compartment to successfully identify genes specific to the NB compartment
and which are not transcriptionally active in the post-mitotic Xins category (Onal et al. 2012; Labbé

et al. 2012).

1.5 RNA-binding proteins are highly enriched in planarian neoblasts

Many genes are specifically expressed in cells that share NB features (irradiation sensitivity,

morphology, division, localization), and those encoding RNA-binding proteins (RBPs) are



significantly over-represented in this repertoire (Onal et al. 2012; Labbé et al. 2012; Solana et al.
2012). Significantly, RBPs are known to be expressed in both germline stem cells and
multipotent/pluripotent stem cells of all animals and are key constituents of the conserved Germline
Multipotency Program (GMP) (Juliano et al. 2010; Solana 2013; Lai and Aboobaker 2018).
Evidence for this conservation comes from a reconstruction of the ancestral stem cell gene repertoire
by comparison of the transcriptomes of totipotent archeocytes from the demosponge Ephydatia
fluviatilis, NBs from Schmidtea mediterranea, and multipotent interstitial cells (I-cells) from Hydra
vulgaris (Alié et al. 2015). Within the reconstructed set of 180 conserved genes, transcription factors
(TFs) were relatively underrepresented (3/180) compared to RBPs (44/180) (Alié et al. 2015). One
explanation for the preponderance of RBPs is that the post-transcriptional regulation of transcripts
involved in the maintenance of multi/pluripotency and differentiation allows for the ability to rapidly
transition from a stem cell to differentiated state, without the need for time-consuming genetic
cascades. More broadly, the presence of GMP and nuage components such as RBPs in planarian
NBs has prompted a revision of their classification from ‘somatic stem cells’ to ‘Primordial stem
cells’ (PriSCs) that are a part of the germline cycle, and which can drive both asexual reproduction

by fission as well as the regeneration of the sexual germline (Solana 2013).

A number of planarian studies have established functional roles for RPBs in NBs. For example,
homologs of classical germline associated RBPs such as Vasa (Wagner et al. 2012), Pumilio (Salvetti
2005), Tudor (Solana et al. 2009), Piwi (Reddien et al. 2005b; Palakodeti et al. 2008), Bruno (Guo
et al. 2006), are all expressed in NBs and knockdown by RNAi of many of these genes results in an
abrogation of regeneration and affects the stem cell compartment to varying degrees. Indeed, the
RBP piwi-1 (or smedwi-1 when referred to in the species of S. mediterranea) is used a common NB
in situ hybridisation marker in many planarian studies. Moreover, RBPs have also been shown to
play an essential role in the regulation of differentiation. For example, mRNA deadenylation is a
precursor to degradation, and in eukaryotes this is carried out by the CCR4-NOT complex. RNAi of
the gene encoding the largest subunit of this complex, not-1, resulted in NBs failing to differentiate
owing to an accumulation of stem cell-related mRNAs (Solana et al. 2013). Although not a RBP
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itself, NOT1 as part of the CCR4-Not complex, may be recruited to particular mRNAs by specific
RBPs whose identity is unresolved in planarians. For instance, it has been suggested that the RBP
mex-3-1 which, when knocked down gives a very similar differentiation-related phenotype as not-1,
may in fact tether its RNA targets to the CCR4-Not complex (Zhu et al. 2015; Krishna et al. 2019).
This would uncover the mechanism by which mex3 enables translational repression of target loci in
other model systems (Pereira et al. 2013). Other RBPs such as the homologs to Pumilio and
Tristetraprolin may also play a role in interacting with planarian CCR4-NOT, similar to their

function in other organisms (Wahle and Winkler 2013; Webster et al. 2019) .

Although RBPs are enriched in planarian NBs and, more broadly, play an ancestral role in animal
stem cells, it is likely that there are a number of clade-specific TFs that are also responsible in
maintaining multi/pluripotency and self-renewal. Of the five genes that have been shown to induce
pluripotency in mammalian somatic cells (Myc, Nanog, Kif4, Oct4 and Sox2) (Takahashi and
Yamanaka 2006), homologues to Nanog are clearly lacking in the flatworm genomes of S.
mediterranea and Macrostomum lignano as well as cnidarians such as Hydra magnipapillata and
Nematostella vectensis, and definitive homologues to the other 4 genes are not apparent in these
organisms (Onal et al. 2012; Wasik et al. 2015; Hemmrich et al. 2012; Putnam et al. 2007; Chapman
et al. 2010; Steele et al. 2011). For instance, the NBs of S. mediterranea are enriched for the
expression of two Sox/HMG box TF family members (soxP-/ and soxP-2), and may be analogous
in function to mammalian Sox2 (Onal et al. 2012; Van Wolfswinkel et al. 2014; Wagner et al. 2012).
Likewise, 4 out of 11 Sox genes in the hydrozoan Clytia hemisphaerica were shown to be expressed
in multipotent I-cells (Jager et al. 2011), and a Myc gene in Hydra is necessary for the balance of
stem cell self-renewal and differentiation of multipotent I-cells (Ambrosone et al. 2012; Gold and
Jacobs 2013). Other TF families may play a role in the regulation of multi/pluripotency networks:
for instance, in Hydra, a group of 29 zinc-finger (ZNF) genes have been shown to be enriched in
multipotent I-cells (Hemmrich et al. 2012). Such genes may represent clade-specific TFs responsible
for the maintenance of stem cell populations in invertebrates, and their molecular functions are yet
to be uncovered in the stem cell or different organisms.
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1.5 Neoblast _heterogeneity: _individually pluripotent cNeoblasts and lineage-committed

progenitors

The prevailing ‘NB specialisation’ model suggests that NBs are a heterogeneous population
containing both individually pluripotent stem cells, as well as NB subtypes that express distinct
tissue-specific transcription factors (Reddien 2013). As such, during regeneration, blastema cells
would have their fate pre-determined by the specialised NB classes, which are in turn products of

individually pluripotent NBs (called clonogenic or cNeoblasts) (Wagner et al. 2011).

To test the hypothesis that the fate of regenerating cells is specified in the NBs themselves, FACS
was used to separate X1 NBs from the pre-pharyngeal area of animals 48 hours following head or
trunk amputation (Scimone et al. 2014). RNA-sequencing analysis identified 33 transcription factors
(TFs) expressed in sorted X1 NBs that are piwi-/+ around the wound site, which when knocked
down by RNAI ablated the regeneration of specific tissues. For example, Fox4 was identified as
being important for pharynx regeneration, pax3/7 for the differentiation of dopamine-B-hydroxylase
expressing neurons, and klf for cintillo-expressing sensory neurons. Moreover, TFs expressed
together in the same differentiated tissues (e.g. the pharyngeal markers FoxA and meis) were also

expressed in the same isolated X1 NBs (Scimone et al. 2014).

Intriguingly, these specialised NB subtypes seem to be distributed broadly throughout the
homeostatic animal, in regions that are distant from their eventual differentiated site. For example,
specialized stem cells exhibiting FoxA are present throughout the trunk of planarians, but play a role
in pharynx development (Adler et al. 2014; Scimone et al. 2014). Similarly, eye-specialized NBs are
present in the anterior trunk region between the eyes and pharynx. These progenitors then divide and
are incorporated into the eye during homeostatic turnover. Moreover, during regeneration, a trail of
non-dividing eye progenitor cells (or ‘trail cells’) emerge from the wound area as they migrate to

their target sites (Lapan and Reddien 2011, 2012). These lines of evidence suggest that lineage-
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committed NBs can be located at considerable distances away from their target sites, and can

effectively ‘home in’ to replace lost or damaged tissues.

Single-cell RNA quantification methodologies have also revealed extensive functional heterogeneity
in the NB population. Initially, systematic single-cell multiplexed qPCR analyses separated NBs into
two major categories of stem cells: (1) the zeta ({) NBs, distinguished by the expression of soxP-3,
egr-1, zfp-1, fefr-1, are the pre-cursor stem cells for the epidermis, and (2) the sigma (o) class of
NBs, distinguished by soxP-1, soxP-2 expression. A sub-class of c NBs was also identified as the
gamma (y) NBs, that express gata4/5/6, nkx2.2-like, hnf4, and prox-1, and which serve as progenitors
for the intestine (Van Wolfswinkel et al. 2014) (Figure 2). Importantly, the ¢ NBs were shown to be
able to give rise to the { NBs by using stem cell grafts from zfp-1/ RNAi worms into irradiated hosts,
and subsequently observing the generation of zfp-1+ cells from o NB precursors. Consequently, it
has been hypothesized that the o NBs harbour individually pluripotent cNeoblasts that are capable
reconstituting all cellular lineages following single-cell transplantation (Van Wolfswinkel et al.
2014). Importantly, the functions of genes shown to be enriched in the o-class compared to y NBs,
in particular TFs, are still relatively understudied (e.g. soxP-1, soxP-2, pbx-1, smad6-7) and may be

essential for NB pluripotency, analogous to mammalian ESC ‘Yamanaka’ factors.

Single-cell RNA-seq (scRNA-seq) of X1 stem cells in the head region revealed an additional NB
class, dubbed the nu (v) NBs, that exhibit transcripts for defining the neuronal lineage (Molinaro and
Pearson 2016). These v NBs, however, are unusual in that unlike the £ NBs or ¥ NBs, the level of
piwi-1 transcript in these cells is very low or absent, but the levels piwi-2 (another stem cell marker)
remain comparable with other NBs. As very few cells in this study were sampled for sequencing (96
X1 and 72 X2 cells), the low piwi-1 expression in these 17/96 X1 v NBs is most likely an artefact in
library-making procedures (Dattani A, Evans D, Aboobaker in prep). Nevertheless, in theory v NBs
may exist as a population of late neural committed stem cells with low piwi-1 that will transition to

neural post-mitotic progenitors following one round of cell division.
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More recently, Drop-Seq has allowed for the generation of transcriptomes from thousands of
individual cells from whole worms. In addition to identifying previously unknown tissue types, many
more specialized NB subsets were uncovered, in addition to  and y classes, and included precursors
to protonephridia, muscle, neurons, parenchymal cells, and other differentiated cell types (Fincher
et al. 2018; Plass et al. 2018). Moreover, the results from both studies indicate that the molecular
markers for o NBs are also expressed in other lineage-committed progenitors, such as neural
progenitors, and expression of markers such as soxP-1 are not necessarily unique to cNeoblasts, but

may only enrich for them (see Chapter V) (Plass et al. 2018; Fincher et al. 2018).

In order to identify the NB population enriched for cNeoblasts, scRNA-seq has been used on X1
cells, to reveal 12 transcriptionally distinct NB clusters. One of these clusters did not exhibit markers
for specific lineages, and unlike the other 11 clusters expressed high-levels of a conserved cell-
surface marker protein-coding gene, tetraspanin-1 (tspan-1) (Zeng et al. 2018). An antibody against
TSPAN-1 protein allowed for FACS isolation of this specific NB population, and single-cell
transplantation into irradiated hosts improved recovery efficiency compared to single cell
transplantation from a pool of isolated bulk X1 cells (Zeng et al. 2018). However, it remains to be
tested whether the recovery efficiency using cells sorted with TSPAN-1 also improves when
compared to the transplantation of cells from the other 11 X1 cell clusters, which may or may not
also contain truly pluripotent cNeoblasts. Nevertheless, this result does suggest that the TSPAN-1
NB population is enriched for cNeoblasts, and the ability to prospectively isolate this population
provides exciting opportunities for molecular analysis, and potential genetic manipulation of

individually pluripotent cells.

Figure 2: Lineage markers involved in the differentiation of stem cells to different terminal tissue
types. Note for the neuronal lineage we have questioned the absence of piwi-1 in neural-committed
v NBs (Molinaro and Pearson 2016), but have included it as a late NB population. Moreover, we
have also included the potential expression of soxP-1 in this population as observed by recent single-
cell RNA-seq studies (Fincher et al. 2018; Plass et al. 2018).
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1.6 Conclusion

It is clear that in the last 20 years, a lot has been uncovered regarding the cellular and genetic basis
for planarian NB maintenance and differentiation, which in turn has allowed us to better understand
the regenerative process. Given the notable absence of transgenic manipulation of NBs, many
ultimate questions will be difficult to address utilising novel RNA-seq approaches and RNAI alone.
However, the dissection of epigenetic mechanisms controlling NB pluripotency and fate choice
remain relatively explored, and much can still be done to investigate underlying processes without
the need for genetic manipulation. In Chapter Il we present the case for using planarians as a model
system for stem cell epigenetics research, and argue that this will allow for the discovery of both
evolutionarily conserved and novel epigenetic processes in planarian stem cells compared to

conventional mammalian model systems.
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Chapter 11

Planarian flatworms as a new model system for
understanding the epigenetic regulation of stem cell
pluripotency and differentiation

Chapter II has been reproduced as a publication as “Planarian flatworms as a new model system
for understanding the epigenetic regulation of stem cell pluripotency and differentiation” in the
journal Seminars in Cell and Developmental Biology. The reproduction of text and figures is in line

with Copyright terms documented on the journal website: https://www.elsevier.com/about/our-

business/policies/copyright#Author-rights. Author contributions: Anish Dattani and Aziz

Aboobaker conceived and wrote manuscript; Divya Sridhar contributed to discussions.
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Abstract

Transcriptomic studies in planarian flatworms have revealed that gene expression is precisely
coordinated to maintain neoblast pluripotency and ensure correct lineage specification during
differentiation. However, as yet, these studies have not revealed how this regulation of expression is
controlled. In this chapter, we propose that planarians represent an effective system to study the
epigenetic regulation of these processes in an in vivo context. We consolidate evidence suggesting
that although DNA methylation may be present in some flatworm lineages, it does not regulate
neoblast function in SchAmidtea mediterranea. A number of phenotypic studies have documented the
role of histone modification and nucleosome remodelling complexes in regulating distinct neoblast
processes and we focus on four of these epigenetic regulators: the Nucleosome Remodelling
Deacetylase Complex (NuRD complex), Polycomb Repressive Complex (PRC), SET1/MLL
methyltransferases, and the nuclear PIWI/piRNA complex. Given the advent of ChIP-seq and
planarian-tailored analyses methodologies, we propose future avenues of research that will identify
the genomic targets of these complexes allowing for a clearer picture of how NB processes are
coordinated at the epigenetic level. These insights may ultimately be relevant to mammalian biology
and disease. Moreover, the unique biology of planarians, compared with other conventional
invertebrate model systems, will also allow us to investigate how extracellular signals feed into
epigenetic regulatory networks to govern concerted NB responses during regenerative polarity,

tissue patterning, and remodelling.
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2.1 Introduction

During development in mammals, the precise coordination of transcription ensures the transition of
early embryonic pluripotent stem cells and their progeny into a vast array of cell types that constitute
the entire adult organism. The control and maintenance of gene expression during ongoing lineage
commitment and differentiation is dependent on pervasive epigenetic control — the heritable
modulation of gene activity that is independent of the underlying DNA sequence. Epigenetic
modifications can be broadly classified into 3 groups: (1) DNA methylation, (2) histone modification
and nucleosome positioning, (3) small RNA mediated transgenerational inheritance (not discussed

further in this paper, but reviewed in (Rechavi and Lev 2017; Anava et al. 2014)).

The methylation of cytosine at the C5 position in CpG di-nucleotide islands, usually located
upstream of gene promoters, acts as a beacon to attract the repressive epigenetic modifying
complexes in order to robustly block the transcriptional machinery from accessing these sites
altogether (Bird 2002). The DNA methylation process has been mainly studied in vertebrates and
plants owing to a ubiquitous presence in these taxa. DNA methylation has a patchier distribution
among invertebrates; for example, it is absent altogether in Caenorhabditis elegans and still
contentious in Drosophila melanogaster (Dunwell and Pfeifer 2014; Tweedie et al. 1999; Lyko et
al. 2000) . Relatively little is known about how DNA methylation is involved in regulating gene

expression across the breadth of the Animal Kingdom or when this has evolved.

The presence of covalent modifications on the four nucleosome core histone proteins (H2A, H2B,
H3, and H4) around which DNA is wrapped is, in contrast to DNA methylation, ubiquitous across
eukaryotes (Luger et al. 1997). These nucleosomes are organised in a higher order chromatin
structure through Histone 1 (H1) linker proteins between nucleosomes, and each genetic locus of
expression can have its own unique structure and set of histone modifications that can vary between
cell states and types, optimised to transcriptional need. Modifications to histone proteins include
acetylation, methylation, phosphorylation, and ubiquitination. These either directly affect the
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chromatin structure by altering DNA/nucleosome interactions or by attracting effector complexes
that contain modification-specific binding domains. These complexes act on chromatin in various
ways to influence whether genes are upregulated, downregulated, or silenced (Strahl and Allis 2000;

Kouzarides 2007; Bhaumik et al. 2007).

One general feature of the epigenome, which can be exploited experimentally by DNA sequencing
library technologies, is that ‘open’ chromatin correlates with actively transcribed genes and active
enhancers. Conversely, ‘closed’ chromatin, or heterochromatin, tends to correlate with gene
silencing. Consequently, chromatin configuration can be seen as the interface between
transcriptional and epigenetic regulation. Thus, an important role of some histone modifications is
to recruit chromatin remodelling complexes that reposition nucleosomes, expel nucleosomes
entirely, or exchange histone variants, thereby affecting the accessibility of the transcriptional
machinery to gene promoters and regulatory enhancers involved in providing temporal and spatial
specificity. The location of these histone modifications can be ascertained by the use of Chromatin
Immunoprecipitation followed by sequencing (ChIP-seq), whereby chromatin is harvested from cells
and antibodies specific to particular conserved histone marks are used to enrich for DNA bound by
these marks. Following sequencing of these DNA fragments, the genomic location of particular
histone marks can be elucidated for specific cell types. Easier, albeit cruder, methodologies for
ascertaining the location of open chromatin include DNase-seq and ATAC-seq, which use enzymatic
digestion and Tn5 transposition respectively of bulk DNA followed by sequencing to identify
hypersensitive sites that correspond to open chromatin. Compared with ChIP-seq, ATAC-

seq/DNase-seq require less starting material and do not need an a priori knowledge of histone marks.

The bulk of our knowledge on the epigenetic regulation of stem cell pluripotency and differentiation
comes from work using Embryonic Stem Cells (ESCs). ESCs are derived from the inner cell mass
(ICM) of the blastocyst stage embryo and can produce progenitors that contribute to any type of
adult tissue. In culture, ESCs retain an indefinite capacity for self-renewal when differentiation is
inhibited by a variety of media conditions that mimic aspects of the microenvironment of the ICM.
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These conditions include culture with: (1) cytokine leukaemia inhibitory factor in the presence of
serum (serum/LIF) (Smith et al. 1988; Williams et al. 1988), (2) serum-free medium with 2 small
molecule inhibitors (2i/LIF) (Ying et al. 2008), (3) or with knockout serum replacement (KOSR/LIF)
(Martin Gonzalez et al. 2016). Different culture conditions give rise to different ESCs: 2i/LIF-grown
ESCs are unrestricted and highly plastic and reflective of the early blastocyst, whereas serum-grown
ESCs are more heterogeneous and restricted in their cell potential, reflective of the late blastocyst
(Marks et al. 2012; Martin Gonzalez et al. 2016). However, it has not been demonstrated whether
the transcriptomic and epigenetic states of 2i/LIF cultured ESCs are stable over long-term culture.
A recent study showed that 2i/LIF ESCs lose DNA methylation at imprinted loci, which leads to an

impaired developmental potential and karyotypic abnormality (Yagi et al. 2017a, 2017b).

Induced pluripotent stem cells (iPSCs) represent another burgeoning stem cell study system, and are
cells that have been reprogrammed to a pluripotent state from somatic cells usually by the over
expression of Yamanaka transcription factors (Takahashi and Yamanaka 2006). This leads to broad
epigenetic changes that are heterogeneous between reprogramming events, and often somatic
epigenetic remodelling is incomplete (Hawkins et al. 2010; Bar-Nur et al. 2011). Both ESCs and
iPSCs represent in vitro study systems and it is likely that significant regulatory differences exist
between these systems and stem cells in their in vivo contexts. Given the importance of understanding
pluripotency for biomedical research, it is very surprising that other animal models where pluripotent
somatic cells are present are still relatively poorly supported. These models are simpler and more
accessible, and can allow for the study of pluripotent cells in vivo. At the very least it is likely that a
comparative study of epigenetic control mechanisms will be broadly informative, regardless of

whether mechanisms are conserved or divergent.

In this review chapter, we propose that the NBs of S. mediterranea can be used to study the epigenetic
regulation of stem cells in an in vivo context, thereby representing a useful non-mammalian system.
Early experiments in this model system have shown that knockdown of orthologues of mammalian
epigenetic regulators by RNA interference (RNA1) can lead to different stem cell defects and errors
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in lineage commitment of stem cell progeny, culminating in a loss of regenerative capacity. The
recent advent of ChIP-seq in planarians will allow for the investigation of these defects in greater
detail (Duncan et al. 2015; Dattani et al. 2018; Mihaylova et al. 2018), enable assessment of the
conservation of epigenetic programs, and potentially identify important functions and targets of
epigenetic complexes that may have been either overlooked or difficult to study in mammalian ESC
or iPSC culture based systems. In this review chapter, we consolidate the existing planarian studies
of epigenetic regulators. We describe and synthesize our understanding of the phenotypic defects of
RNAI of genes involved in epigenetic complexes and propose avenues of exploration to understand
how planarian NBs respond to extracellular signals to coordinate differentiation under homeostatic

and regenerative conditions.

The case for Planarian flatworms as an in vivo model system to study stem cell epigenetics

2.2 Transcriptional profiling of planarian somatic neoblasts reveals similarity with ESCs

Planarians represent a promising system for characterizing the epigenome of stem cells. Importantly,
there is some evidence to suggest that planarian NBs have a transcriptional pluripotency program
that is conserved with mammalian ESCs as well as the pluri- and multipotent adult stem cells and
ESCs of other animals. Independent studies and methods have uncovered genes with enriched
expression in NBs, and which also have homologs expressed in ESCs that are involved in the balance
between self-renewal and differentiation. These include regulators and targets of Oct4, RNA splicing
factors, epigenetic modifiers, and RNA binding proteins (Onal et al. 2012; Solana et al. 2012; Labbé
et al. 2012). The planarian NB transcriptome broadly also broadly reflects that of the multipotent
stem cells of Hydra and totipotent archeocytes of the demosponge Ephydatia fluviatilis, together
suggesting the existence of an ancestral stem cell expression repertoire, rich in RNA regulatory
factors and poor in transcription factors (Ali¢ et al. 2015; Solana 2013). While more work is required

to assess the extent and nature of this conservation, these early findings lend credence to the use of
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planarian NBs as a model system for stem cell epigenetic studies, owing to the fact that discoveries

in planarians may be directly relevant to mammalian ESC biology.

2.3 Planarians provide the opportunity to study the role of epigenetic mechanisms controlling

stem cells in vivo

One main advantage planarians have over ESCs is that they represent an in vivo system whereby the
epigenetic response to extracellular signals can be explicitly tested. Planarian studies have identified
many key signalling pathways that regulate regenerative polarity (Blassberg et al. 2013; Iglesias et
al. 2008; Petersen and Reddien 2008, 2009; Yazawa et al. 2009; Rink et al. 2009; Gaviio and
Reddien 2011; Scimone et al. 2016; Lander and Petersen 2016), found where these signals originate
from in the animal (Witchley et al. 2013; Wurtzel et al. 2015; Scimone et al. 2016, 2017), and in
some cases the transcriptional changes the signals control in NBs responding correctly to injury (Kao
et al. 2013; Wurtzel et al. 2015; Scimone et al. 2014). We have also made progress in understanding
how the dynamic process of tissue homeostasis in planarians is controlled (Reuter et al. 2015). So
far, however, we do not know the role of epigenetic mechanisms in regulating regenerative polarity,
tissue patterning, or tissue homeostasis because the limited studies that do exist to date have
investigated epigenetics only in the context of stem cell maintenance and differentiation (Hubert et
al. 2013; Duncan et al. 2015; Mihaylova et al. 2018; Dattani et al. 2018). However, with the
application of epigenomic techniques, such as ChIP-seq and, in the future, ATAC-seq, these

processes can be studied in the context of the whole regenerative response.

We can, for instance, ask how the epigenome of NBs responds to different signals and conditions
and how this then impacts on changes in gene expression that allow the regeneration of the correct
structures. For example, we know that NBs respond very differently to anterior and posterior facing
wounds that produce different positional signals (Owlarn and Bartscherer 2016), and respond
dynamically to starvation conditions resulting in regulated de-growth (Gonzalez-Estévez et al. 2012;
Mangel et al. 2016). These represent fundamental in vivo stem cell responses for which epigenetic
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responses are not yet described. By combining specific regenerative or environmental scenarios with
RNAI of key signalling pathways (e.g. Wnt (De Robertis 2010; Petersen and Reddien 2009; Scimone
et al. 2016; Yazawa et al. 2009), Hh (Rink et al. 2009; Yazawa et al. 2009), TOR (Tu et al. 2012),
INK (Almuedo-Castillo et al. 2014; Tejada-Romero et al. 2015)) it should be possible to assess the
importance of epigenetic mechanisms in the NB response to these conditions and control signal.
While all current examples of using ChIP-seq in planarians have been in the context of studying the
role of enzymes that mediate specific histone marks (Duncan et al. 2015; Mihaylova et al. 2018),
these studies have also established the basis for a much broader investigation in the plethora of

exciting experimental paradigms offered by planarians.

Loss of DNA methylation in invertebrates and flatworm lineages

2.4 The patchy distribution of DNA methylation in invertebrates

DNA methylation, the transfer of a methyl group to the cytosine ring of DNA (5mC), typically occurs
in the context of CpG dinucleotides, and is responsible for the silencing of the underlying DNA
segment. DNA methylation-based silencing is responsible for both long-term transposable element
(TE) suppression, preventing these selfish genetic elements from disrupting genomic integrity, and
genomic imprinting, which allows for the monoallelic expression of a subset genes dependent on
parental origin (Law and Jacobsen 2010). DNMT1 and DNMT3 are the two generally accepted
families of DNA methyltransferases ancestral to both animals and plants (Jurkowski and Jeltsch
2011; Zemach and Zilberman 2010). DNMT2 has been dismissed as a misnomer because it has an
exclusive role in tRNA methylation (Tuorto et al. 2015; Goll et al. 2006), although earlier studies
suggested it had a role in retroelement silencing (Phalke et al. 2009; Schaefer and Lyko 2010). SmC
is a substrate for methyl-binding domain containing proteins (MBDs) that attract nucleosome
remodelling and histone modification complexes to the DNA segment. The ancestral group of MBD
genes in animals is MBD2/3 (or less commonly, but correctly referred to as MBD1/2/3) and

MBD4/MeCP2 which following two rounds of whole genome duplication (2R) resulted in the
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paralogs MBD1, MBD2, MBD3, MBD4 and MeCP2 in vertebrates (Albalat 2008; Albalat et al.

2012).

The overall pattern of DNA methylation is variable between organisms. Vertebrates, in particular
mammalian genomes, are heavily methylated at most CpG sites (i.e. global DNA methylation) which
correlates with transcriptional silencing. Only a small number of CpGs are lowly methylated,
localized to short genomic regions, and usually located in proximity to annotated gene promoters
and enhancers (Schultz et al. 2015; Mendizabal and Yi 2016). These hypo-methylated regions are
typically characterized by a high GC content and are referred to as CpG islands (Deaton and Bird
2011; Bird et al. 1985). Conversely, invertebrate genomes tend to be sparsely methylated and in
many cases DNA methylation and the machinery for producing this mark are absent entirely (Figure
1) (Tweedie et al. 1997). Loss of methylation has happened independently within many groups,
including nematodes, arthropods, and flatworms, which have members with and without DNA
methylation and/or DNA methyltransferases. Although the ultimate reason as to why many
invertebrates have lost DNA methylation is unclear (Zemach et al. 2010; Zemach and Zilberman
2010), the proximate cause is most likely associated with the mutagenic load associated with DNA
methylation (such as GT mis-match from 5mC to thymine deamination (Duncan and Miller 1980;

Britten et al. 1988; Sved and Bird 1990; Bulmer 1986) and alkylation damage (Rosi¢ et al. 2018).

2.5 Planarians _most _likely lack endogenous DNA methylation and lack cognate DNA

methyltransferases

DNA methylation studies in flatworms have been controversial and contradictory. Given that NB-
like cells are a conserved feature of the phylum Platyhelminthes, it is important to know whether
DNA methylation plays a role in epigenetic regulation of these cells. Early studies argued that DNA
methylation was not present in the Platyhelminthes on the basis of methylation-based restriction
endonucleases followed by amplification of restriction fragments (Methylation Sensitive Amplified
Polymorphism — MSAP) (Rosado Fantappié et al. 2001). While DNMT1 and DNMT3 are absent in
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specific flatworm lineages, including in representatives of the Trematoda, Cestoda, Monogenea,
Macrostomorpha and Tricladia, it was argued that having DNMT2 and MBD2/3 orthologues could
be indicative of a propensity for DNA methylation in these organisms (Geyer et al. 2013). However
DNMT?2 is a tRNA methyltransferase with no convincing role in DNA methylation having ever been
established (Raddatz et al. 2013; Goll et al. 2006; Schaefer and Lyko 2010). One study with the
parasitic flatworm Schistosoma mansoni claimed the presence of methylated DNA in precise
locations of the genome and a role for cytosine methylation in the regulation of oviposition. This
work utilized 5-azacytidine (AzaC) to inhibit DNA methylation in adult mating pairs, but this drug
is also known to inhibit RNA methylation by DMNT-2 with high efficiency and as such the
phenotypic effects could simply reflect inhibition of this process (Geyer et al. 2011; Schaefer et al.
2009). Indeed, another study utilizing whole-genome bisulfite sequencing showed that the S.
mansoni genome was not methylated and that incompletely converted cytosines following bisulfite
treatment likely accounted for why DNA methylation was found in an earlier study (Raddatz et al.
2013). It therefore seems probable that the S. mansoni genome is not endogenously methylated, and
perhaps previous positive data actually reflects methylated cytosine scavenged from the host or
culture environment (Marsit 2015; Zauri et al. 2015). In contrast to parasitic genomes, the genome
of the more basal flatworm Macrostomum lignano has been shown to have both DNMTI1 and

DNMTS3 and low levels of DNA methylation (Wasik et al. 2015; Wudarski et al. 2017).

The genome of S. mediterranea was definitively shown to lack cytosine-dependent methylation on
the combined basis of MSAP, a lack of antibody staining against SmC, and undetectable levels of
SmC in High Performance Liquid Mass Chromatography coupled Mass Spectrometry (HPLC-MS)
(Jaber-Hijazi et al. 2013). Moreover, neither DNMT1 nor DNMT3 have been found in the genome
of S. mediterranea, and like other closely related Platyhelminthes it does not contain an
MBD4/MeCP2 (Figure 1). Additionally, the MBD2/3 protein in S. mediterranea does not have the
highly conserved ARG22 involved in forming hydrogen bonds with guanine in methylated CpG
islands (Zou et al. 2012; Ohki et al. 2001; Jaber-Hijazi et al. 2013). As a consequence of these

different lines of evidence we can suggest that the function of mbd2/3 is independent of DNA
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methylation and that DNA methylation is not involved in the epigenetic control of stem cells in S.
mediterranea. However, given the presence of a complete set of DNA methylation machinery in
Macrostomum lignano, it is possible that DNA methylation is present and may be involved in the
epigenetic regulation of stem cells in this basal flatworm species. Further studies, in M. lignano,
another pertinent regenerative model (Wudarski et al. 2017; Wasik et al. 2015), will address this and

help to understand whether DNA methylation is a basal characteristic of flatworms.

Dnmts? MBDs?
Vertebrates Homo sapiens . 2 . . . 1 2 . ..
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Ecdysozoa e Parhyale hawaiensis 23 1/23] -
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! 7 Schistosoma mansonii 2 1 /-
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Figure 1. Presence/absence of DNA methylation in flatworms and other species. The methylation
status of the metazoan ancestor is unknown, but DNA methylation is not present in many
invertebrates. The presence of DNMT and MBD genes in metazoan species were confirmed by
tBLASTn in NCBI against species genomes/transcriptomes as well as cross-referencing with the
findings of Albalat et al. 2012. Although all three DNMT orthologues have been identified in the
Macrostomum lignano genome (Wasik et al. 2015), we cannot confirm the presence of
MBD4/MeCP2. The presence of an MBD1/2/3 orthologue is based on a tBLASTn search using
http://www.macgenome.org/, but we also find two additional MBD genes, which may be a
Macrostomum-specific MBD1/2/3 paralogues.
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Histone modifications and knockdown phenotypes in Schmidtea mediterranea

2.6 Connecting histone modification changes at genes with whole organismal phenotypes

Planarian NB and differentiation defects resulting from the knockdown of histone epigenetic
complexes can be effectively assayed with in situ hybridization using a growing list of markers
specific to different stem cell and differentiated lineages. The following sub-sections review studies
that have adopted this approach in studying the role of major histone and nucleosome modifying
complexes in planarian stem cell biology and differentiation during both regeneration and
homeostasis. Given the recent advent of ChIP-seq on planarian NBs, we offer possibilities for how
these phenotypes can be better characterized at a molecular level in order to uncover both
unappreciated and conversed functions of epigenetic complexes when compared to their mammalian

counterparts.

2.7 The multipronged NuRD complex and the role of MBD2/3 in SmC-free planarians

Studies from different animals have shown that the nucleosome remodelling and deacetylase
(NuRD) complex is essential for embryonic development. The NuRD protein complex is relatively
unique in that it has at least three distinct enzymatic activities involved in chromatin directed gene
regulation: deacetylation, ATP-dependent chromatin remodelling, and lysine-specific
demethylation. A lack of DNA methylation in planarians means that genomic targets and biological
effects of conserved histone modifiers and chromatin remodelers in NBs can be studied without
consideration of an interplay with DNA methylation. This simplification in comparison to mammals

may be particularly useful for studying the methylation independent roles of the NuRD complex.

Firstly, NuRD has histone deacetylase activity through the activities of the HDAC subunit, which is
highly conserved and present in all eukaryotes. HDAC activity leads to a loss of the active H3K27ac

on specific genes and provides a substrate for PCR2-mediated tri-methylation (H3K27me3) leading
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to transcriptional silencing (Reynolds et al. 2012b). NuRD targets in ESCs include developmental
genes that are transcriptionally ‘poised’ or bivalent genes that harbour both active H3K4me3 and
repressive H3K27me3 marks (Reynolds et al. 2012b). This suggests that HDAC/NuRD activity
regulates the balance between the acetylation and methylation state of H3K27 such that genes can
be released for transcription upon ESC differentiation to defined lineages. Other NuRD targets in
ESCs, somewhat counterintuitively, include pluripotency associated genes. The activity of histone
acetyltransferases (HATs), which promote the transcription of pluripotency genes in ESCs, is
dampened (but not lost) by the HDAC activity of NuRD. Once ESCs differentiate, HAT activity

diminishes, and pluripotency genes are silenced in differentiating cells (Reynolds et al. 2012a) .

Secondly, NuRD is also implicated in ATP-dependent chromatin remodelling as a result of the
mutually-exclusive chromodomain-helicase-DNA-binding paralogous subunits CHD3 (Mi-2a),
CHD4 (Mi-2p) and CHDS. These subunits utilize the energy released from the hydrolysis of ATP to
ADP to induce nucleosome sliding, which either enables the recruitment of transcriptional
complexes or suppresses transcription entirely. Early studies in Arabidopsis thaliana (Ogas et al.
1999) and C. elegans (Unhavaithaya et al. 2002; von Zelewsky et al. 2000) indicated that the CHD
subunits are involved in the silencing of embryonic genes during differentiation. Discoveries in
mammalian systems have since shown that CHD, as part of the NuRD complex, also functions in
guiding lineage-specific gene programs. For example, in mammals, the CHD3, CHD4, and CHD5
proteins regulate distinct and non-redundant aspects of gene regulation in three distinct stages of

cortical differentiation (Nitarska et al. 2016).

NuRD also associates with the lysine-specific histone demethylase 1A (LSD1) to target the removal
of active mono and di-methyl moieties from lysine 4 of histone 3 (H3K4) (Wang et al. 2009). NuRD
complexes containing LSD1 associate with the promoters of genes involved in cell growth (including
TGFp signaling), survival, migration, and tissue invasion. Indeed, LSD1-NuRD complexes
prevented breast cancer invasion in vitro and metastases in vivo, indicating that the loss of the LSD1-

NuRD complex or reduction in activity may predispose to cancer (Wang et al. 2009). One hypothesis
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is that LSD-1 targets H3K4me2 removal at promoters leading to gene silencing (Adamo et al. 2011).
Moreover, LSD1-NuRD complexes localize to active ESC enhancers to decommission them via
removal of the H3K4mel active mark, resulting in increased differentiation (Whyte et al. 2012; Hu

and Wade 2012).

In addition to these three enzymatic subunits, the NuRD complex also associates with two
interchangeable methyl-CpG-binding domain (MBD) proteins, MBD2 and MBD3, in vertebrates.
MBD?2 has the capacity to selectively recognize SmC, whilst MBD3 has lost the ability to bind to
5mC during vertebrate evolution (Hendrich and Bird 1998; Zhang et al. 1999). Whilst earlier studies
suggested that MBD3/NuRD had a role independent of DNA methylation, MBD3 can bind to 5-
hydroxymethylcytosine (ShmC) (Mellén et al. 2012; Yildirim et al. 2011) - the first oxidative product
in the demethylation of 5SmC by the enzyme TET1 (Lu et al. 2015; Tahiliani et al. 2009). A recent
study proposed that MBD2/NuRD and MBD3/NuRD bind to the same genomic loci, and suggests a
model by which the two MBD proteins are interdependent and form a regulatory loop to reinforce
transcriptional silencing (Figure 2A) (Hainer et al. 2016): (1) following the conversion of 5SmC to
ShmC by TET1, (2) MBD3/NuRD binds to ShmC loci leading to DNMT1localization (3) enabling
conversion of ShmC back 5mC (4) leading to subsequent binding of MBD2. Occupation of
MBD3/NuRD at ShmC can be disrupted by further TET1 activity leading to CpG demethylation,
which can precede transcription activator binding and gene expression. Importantly, MBD proteins
function in coordinating crosstalk between DNA methylation and NuRD to produce a suppressive

chromatin environment at target loci (Denslow and Wade 2007).

Some reports suggest that MBD2/NuRD and MBD3/NuRD may function independently of CpG
methylation in mammalian stem cell systems and have a role in transcriptional activation of genes
and enhancers (Baubec et al. 2013; Shimbo et al. 2013; Gilinther et al. 2013; Menafra and
Stunnenberg 2014). However, data from these studies have since been re-analyzed and no evidence

for MBD2 and MBD3 methylation-independent functions are supported (Hainer et al. 2016).
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Most invertebrates contain an ancestral MBD2/3 gene that following 2R resulted in one MBD2 gene
and one or two copies of the MBD3 gene in vertebrates. (Hendrich and Tweedie 2003). Nuclear
Magnetic Resonance (NMR) showed that the MBD2/3 protein of the sponge Ephydatia muelleri, a
basal metazoan, can bind to methylated DNA consistent with the presence of DNA methylation in
this species (Cramer et al. 2017). However, the MBD2/3 protein of Drosophila melanogaster lacks
DNA binding activity, but continues to associate with the NuRD complex (Cramer et al. 2017).
Consequently, we can posit that the ancestral MBD2/3 did bind SmC or SmhC and this activity has
been lost secondarily in some non-methylated invertebrate species. MBD2/3 in these cases may not
necessarily require DNA methylation as a genomic reference to recruit the NuRD complex to target

loci, and most likely has a DNA-methylation independent role.

Like Drosophila, S. mediterranea also has no detectable levels of endogenous cytosine methylation.
RNAI of mbd2/3 resulted in a loss of certain differentiated cell lineages (e.g. epidermis, gut and
pharynx) without reducing NB number. Moreover, there was an accumulation of early epidermal NB
progeny (prog-1+) but a reduction in late progeny (agat-1+) (Jaber-Hijazi et al. 2013). Given that
mbd2/3 mRNA is restricted to the stem cell (X1) and stem cell progeny compartments (X2), it is
likely that MBDZ2/3 protein influences the expression of genes involved in the terminal differentiation
program. However, it remains to be addressed whether mbd2/3 has a role as a part of the planarian
NuRD complex. If MBD2/3 has an ancestral role in coordinating NuRD activity independently of
methyl-binding, this mechanism may also function in mammals and would help to resolve long-
standing disputes over whether MBD can function independently of CpG (Yildirim et al. 2011;
Hainer et al. 2016; Baubec et al. 2013; Shimbo et al. 2013). It is possible that MBD2/3 either directly
or indirectly (via binding of an unknown DNA-binding gene) associates with pluripotency related
genes and/or differentiation-related genes and recruits NuRD to modulate their transcription in NBs

and NB post-mitotic progeny (Figure 2B).
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Figure 2: A. Hypothesis as to the function of MBDs in vertebrates adapted from Hainer et al (2016).
MBD?2 binds to 5 mC at promoters and recruits the NuRD complex to reinforce silencing or
dampening of gene transcriptional activity (dashed arrow) of target promoters (e.g., pluripotency and
differentiation-related genes). TET1 oxidises the Smethyl group of 5 mC to ShmC. MBD?3 binds to
Shmc with greater affinity than SmC. DNMT1 localization depends on the presence of ShmC, and
this leads to the restoration of 5 mC at this site. Alternatively, following additional TET1-TDG-BER
activity, CpG sites are fully de-methylated. This can lead to activator binding and transcriptional
activity of the gene. The presence of MBD3/NuRD at these active de-methylated gene promoters is
contentious, but is represented on the diagram. B. In methylation-free invertebrates, MBD2/3/NuRD
can either bind gene promoters directly or indirectly via a DNA binding protein resulting in gene
silencing or reduction in gene transcription.

The functions of four other NuRD complex components have also been investigated by RNAi
knockdown in planarians: CHD4 (Scimone et al. 2010), HDAC! (Eisenhoffer et al. 2008; Zhu and
Pearson 2013; Robb and Alvarado 2014), the nucleosome interactor RbAp48 (Bonuccelli et al. 2010;
Hubert et al. 2015), and the GATA-type zinc-finger domain-containing TF p66 (Vasquez-Doorman
and Petersen 2016). Similar to the mbd2/3 RNAi phenotype, all of these genes led to an abrogation
of stem cell differentiation, but do so in differing manners. For instance, CHD4 and HDACI RNAi
animals lost both early epidermal progeny (prog-1+) and late epidermal progeny (agat-1+) cells
whereas the mbd2/3 RNAIi phenotype led to an accumulation of prog-1+ cells but a reduction in
agat-1+ cells (Zhu and Pearson 2013; Robb and Alvarado 2014; Jaber-Hijazi et al. 2013). This

indicates that these genes have distinct functions in the lineage differentiation process in planarians
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— mbd2/3 is required for a later point in differentiation, whereas CHD4 and HDAC-1 are involved
much earlier. Conversely, RNAi of p66 had no effect on prog-1 cell number, but like mbd2/3 RNA,
led to a decrease in agat-1+ cells (Vasquez-Doorman and Petersen 2016). Intriguingly, following
p66 knockdown there was also an increase in photoreceptor neurons (PRNs), but no difference in
eye pigment cup cell (PCC) production, indicating that p66 acts to suppress PRN production in wild-
type worms (Vasquez-Doorman and Petersen 2016). Moreover, the NB proliferation responses in
HDACI, CHD4 and RbAp48 knockdown animals are reduced, whereas mbd2/3 and p66 RNAi
worms had normal levels of proliferation and formed blastemas (Vasquez-Doorman and Petersen

2016; Bonuccelli et al. 2010; Hubert et al. 2013; Robb and Alvarado 2014).

The conflicting RNAi phenotypes for different NuRD components can be explained by most of them
having roles in other complexes. For instance, both mammalian RbAp48 and HDAC-1 have been
shown to be a member of the Sin3a deacetylase complex which, in a complex with Nanog, is
involved in the activation of pluripotency factors and suppression of differentiation genes. Moreover,
RbAp4S8 is also an important co-factor in the chromatin assembly factor (CAF-1) complex whose
function is to initiate nucleosome assembly by adding histones H3 and H4 onto newly synthesized
DNA (Smith and Stillman 1989; Marheineke and Krude 1998). Likewise, there is accumulating
evidence that vertebrate CHD4 has multiple functions independent of the NuRD complex
(O’Shaughnessy-Kirwan et al. 2015). (Table 1).

Table 1: Planarian orthologs of NuRD subunits. tBLASTn searches of human NuRD components
were made against the dd smed v6 transcriptome and IDs are tabulated. FACS RNA-seq
proportions (i.e. X1/X2/Xins) were obtained using the dataset from (Dattani et al. 2018). X1 refers

to NBs, X2 to post-mitotic cells, and Xins differentiated cells. RNAi phenotypes, post-amputation
(pa) or post-RNAi in homeostatic conditions, are documented for each gene where available.
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Overall, it is clear that future studies investigating the role of the NuRD complex in planarians should
utilise the mbd2/3 or p66 phenotypes, as these subunits are specific to NuRD. Investigating the role
of MBD2/3 in a DNA methylation-null organism like S. mediterranea has an important evolutionary
significance, and may clarify an important DNA-methylation independent role. ChIP-seq will help
to resolve whether genes are aberrantly marked by H3K27 acetylation and methylation in both NBs
and NB-progeny following mbd2/3 knockdown. Alternatively, development of a ChIP-grade

planarian MBD2/3 antibody would help identify genomic targets of this protein.

2.8 SETI1/MLL family of proteins - functional insights from planarian studies

Tri-methylation of lysine 4 on histone 3 (H3K4me3) is a major conserved mark of chromatin at
nucleosomes immediately downstream of transcribed genes across metazoans. In yeast, the SET
domain containing 1 gene (Setl) catalyses the mono-, di-, and tri-methylation of H3K4. The SET
domain is a motif of -130 amino acids that provide histone methyltransferase activity, and the SET1
protein forms a macromolecular complex called COMPASS (complex of proteins associated with
SET1) (Miller et al. 2001; Krogan et al. 2002). In Drosophila melanogaster, there are three proteins
homologous to Setl: dSETI1, Trithorax (Trx) and Trithorax-related (Trr) which functions in a
complex with LPT (lost plant homeodomains of Trr). In mammals, there are at least six Setl-related
proteins: SetDla and SetD1b that are orthologous to Drosophila dSetl; MLL1 and MLL2
orthologous to Drosophila Trx; and MLL3 and MLL4 that are orthologous to Drosophila LPT/Trr,
with the N-terminus of MLL3/4 corresponding to LPT and the C-terminus for Trr (Figure 3A and
3B) (Eissenberg and Shilatifard 2010). Another homolog of Setl/MLL, called MLLS5, is found in
Drosophila and mammals, but lacks histone methyltransferase activity and has diverged in sequence

and structure from other SET/MLL proteins (Emerling et al. 2002; Zhang et al. 2017).

Expansion of the COMPASS family evolutionary time implies diversification in H3K4 methylation
function. Drosophila dSetl and mammalian SetD1A and SetD1B complexes mediate the bulk of
genomic H3K4me di- and tri-methylation indicating an involvement in global gene activation
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(Ardehali et al. 2011; Mohan et al. 2011; Wu et al. 2008). Conversely, mammalian MLL1 and MLL2
are required for the methylation of a subset of developmentally important gene promoters. MLL2 is
largely responsible for the methylation of H3K4 at bivalent genes in ESCs, whereas MLL1 is
required for the H3K4 trimethylation of a smaller subset of genes and may be functionally redundant

(Milne et al. 2002; Denissov et al. 2014).

Unlike the Set1/SetD1A/SetD1B and Trx/MLL1/2 complexes, the Trr/MLL3/MLL4 complexes are
likely responsible for the deposition of H3K4mel at promoters and, in particular, enhancers (Hu et
al. 2013a; Cheng et al. 2014). Although active gene promoters are marked by H3K4me3 closest to
the TSS, H3K4me1 at TSS-proximal regions is a mark of inactive genes and correlates with MLL3/4
occupancy at these regions. H3K4mel spatially restricts H3K4me3 interactors on active genes,
resulting in a bimodal ChIP-seq profile with H3K4me3 occupancy at the TSS but H3K4mel signal
both upstream and downstream of the TSS (Cheng et al. 2014). Conversely, H3K4mel is also
ubiquitous at active enhancers, but the functional relevance of this mark is not well understood. It
has been proposed that MLLL3/4 binds to enhancers, and recruits the coactivator p300, which
acetylates H3K27 (Dorighi et al. 2017). Mouse ESC (mESC) knockouts for the catalytic domain of
both MLL3 and MLL4 showed a loss of H3K4mel and H3K27ac at enhancers, but the overall effect
on enhancer RNA (eRNA) production and gene transcription was minimal. Conversely, complete
MLL3/4 knockouts have a strong reduction in enhancer RNAs (¢€RNAs) and diminished transcription
of target gene bodies. These results suggest that the function of MLL3/4 as a long-range coactivator
is unrelated to methyltransferase activity (Dorighi et al. 2017). MLL3 and MLL4 are frequently
mutated in a number of cancer types (Lee et al. 2009; Morin et al. 2011; Parsons et al. 2011; Jones
et al. 2012; Pugh et al. 2012; Cleary et al. 2013), and changes in enhancer function may underlie
tissue specific alterations in gene expression leading to cancer pathogenesis (Lee et al. 2013; Hu et

al. 2013a).

Although these three groups of H3K4 methyltransferases have a well-documented role in promoter
and enhancer activation, there is a substantial lack of knowledge concerning the exact loci these
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marks affect and whether these targets are evolutionarily conserved. Two separate planarian studies
have sought to understand the effects of these enzymes in the context of NB differentiation by
knockdown of individual H3K4 methyltransferases, and have successfully related whole-organism

phenotypes with epigenetic changes at target loci using ChIP-seq (Figure 3C and 3D).

RNAI of set] in planarians resulted in extensive neoblast loss and worms failed to produce a
significant blastema upon amputation (Hubert et al. 2013; Duncan et al. 2015) (Figure 3C). ChIP-
seq identified a number of stem cell genes involved in RNA binding (i.e. piwi-1), transcription (soxP-
2), and chromatin modification (MLL3) that were depleted for H3K4me3 following set/ RNAI.
Conversely, RNAi of the MLL1/2 orthologue resulted in a loss of epidermal cilia (Duncan et al.
2015) consistent with locomotory defects, and an earlier report also recorded a loss of ciliated
protonephridia (Hubert et al. 2013). ChIP-seq and RNA-seq following MLL1/2 RNAI identified a
much narrower set of genes that were depleted for H3K4me3 and transcriptionally downregulated,
including a number of ciliogenesis related genes. Interestingly, these ciliogenesis related genes were
shown to have a high H3K4me3 mark in NBs, comparable with that of NB-related genes, despite
having low transcript expression in this compartment. Consequently, one conclusion of this study is
that MLL1/2 specifically marks genes involved in ciliogenesis for later activation during
differentiation, keeping them in a transcriptionally poised state in stem cells (Figure 3D). In this
way, cilia related genes may in fact be bivalent — being marked with both H3K4me3 and H3K27me3,
analogous to the role of MLL?2 in establishing H3K4me3 at bivalent genes in ESCs (Denissov et al.

2014).

Three orthologues of mammalian MLL3 and MLL4 genes have been identified in the S.
mediterranea genome. Two of these planarian orthologues, 7rr-1 and Trr-2, are related to
Drosophila Trr and the C-terminus of mammalian MLL3/4. RNAi knockdown of Trr-1 led to a
regenerative delay, with worms able to form a small blastema consistent with a reduction but not
complete loss of mitotic neoblast activity. Conversely, 7rr-2 did not show any defects compared to
wild-type worms. When double RNAi was performed with Trr-1 and Trr-2, the phenotype was
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enhanced with worms unable to form a regenerative blastema consistent with stem cell loss (Hubert
et al. 2013). Moreover, animals began to form tissue outgrowths indicative of NB over-proliferation
(Mihaylova et al. 2018). This strengthening of phenotype with double 777 knockdown is indicative

of a degree of functional redundancy between the S. mediterranea Trr homologs.

The singular planarian homolog of Drosophila LPT and the N-terminus of MLL3/4 contains two
PHD fingers and a singular PHD-like zinc finger binding proteins indicative of chromatin binding
(Figure 3A). RNAI of LPT resulted in failure of stem cell differentiation of some lineages including
neuronal, epidermal, and pharynx regions (Mihaylova et al. 2018). Moreover, LPT RNAi worms
showed an increase in neoblast mitotic activity before the formation of epidermal outgrowths that
are populated with NBs, lineage-defined NBs and epidermal progeny. Consequently, LPT
knockdown results in proliferation and differentiation defects that have cancer-like features, which
is significant as both MLLL3 and 4 are tumour suppressors in mammals (Lee et al. 2009; Morin et al.
2011; Parsons et al. 2011; Jones et al. 2012; Pugh et al. 2012; Cleary et al. 2013) . RNA-seq revealed
a number of genes involved in cell proliferation and differentiation that were significantly
upregulated including the serine-threonine kinase oncogenes pim-2 and pim-2-like. Moreover, p53
was significantly downregulated in this dataset, consistent with its well documented role as a tumour
suppressor. For some genes, changes in transcription following LPT RNAi correlated with
differences in H3K4mel at the promoter region — for example, pim-2-like showed a decrease in
H3K4mel at the TSS indicative of its upregulation following LPT RNAi. However, for many genes
correlations between RNA-seq and ChIP-seq data were not apparent. One likely explanation for this
is that epigenetic changes at enhancers are acting to modulate changes in transcription, but currently
enhancers are uncharacterised in planarians (Figure 3D). Future studies using ATAC-seq paired
with available H3K4mel data, would serve well to identify enhancers genome-wide, and changes to
these regulatory elements following LPT RNAI can then be effectively assessed. Such a study may
reveal novel enhancer targets that are conserved with mammalian MLL3 and MLL4, and more
generally, would increase our knowledge of the effect enhancers have on transcriptional regulation
during stem cell differentiation.
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Figure 3. A. Domain architecture and duplication of SET1/MLL proteins in Yeast, Drosophila,
Schmidtea mediterranea, and humans. B. Phylogenetic relationships SET1/MLL proteins in these
four organisms. Proteins were aligned with MAFFT and RaxML was used for constructing a
maximum likelihood phylogeny using the PROTGAMMA model, and branch supports were
estimated with 100 pseudoreplicates. C. Cartoon showing planarian phenotypes after gene
knockdown by RNAI. D. Diagram showing hypothetical mechanistic function relating to phenotypes
and neoblast ChIP-seq analyses of Setl, MLL1/2 and LPT/Trr-1/Trr-2 genes. SET1 activates stem
cell genes genome-wide by the addition of H3K4me3 mark at promoters. MLL1/2 regulates the
transfer of H3K4me3 at differentiation-related gene promoters (i.e. ciliogenesis-related genes) that
may be bivalent and marked by H3K27me3. MLL3/4 transfers H3K4mel to active enhancers and
inactive promoters, and regulate genes involved in cell proliferation and differentiation.

2.9 Polycomb repressive complex (PRC) and its role in maintaining bivalency and regulating

stem cell differentiation

The term Polycomb originally referred to a mutant of Drosophila that displayed improper body
segmentation, owing to a mis-regulation of homeotic genes (Jiirgens 1985; Lewis 1978). The
Polycomb Group of genes has since been used to define proteins that act as negative regulators of

key developmental genes, and whose mutations result in phenotypes comparable to that of the
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Polycomb. Polycomb mediated gene silencing works through the post-transcriptional modification

of histones at two marks: H3K27me3 and H2AK119ub (Simon and Kingston 2013).

The PRC2 complex is responsible for the di- and tri-methylation of lysine 27 of histone 3
(H3K27me3) via its enzymatic subunit Ezh (Miiller et al. 2002; Cao et al. 2002; Kuzmichev et al.
2002). This complex is broadly conserved in eukaryotes, but has been lost in some yeast species such
as S. pombe and S. cerevisiae consistent with a genome-wide absence of H3K27me3 (Shaver et al.
2010). Conversely, the PRC1 complex has been traditionally thought of as being downstream of the
PRC2 complex, with both complexes synergizing to recruit each other’s modifying enzymes. The
H3K27me3 mark, laid down by PRC2, is recognized and bound to by the chromodomain of the CBX
protein component of the PRC1 complex. The E3-ligase protein (RING) of PRC1 ubiquitinates
H2AK119, and this suppresses gene transcription by inhibiting RNA Poll II transcriptional
elongation (Cao et al. 2005; Zhou et al. 2008). However, studies from vertebrates indicate that PRC1
also has a number of non-canonical roles independent of gene silencing owing to an existence of

multiple paralogs of PRC1 components (reviewed in (Gil and O’Loghlen 2014; Aranda et al. 2015)).

Although high resolution microscopy experiments have suggested that both PRC1 and PRC2
mediated histone marks are important for chromatin compaction (Francis et al. 2004; Boettiger et al.
2016), sequential ChIP experiments have revealed the co-occurrence of PRC components (RING1B
and Ezh2) with RNA Pol II at loci in ESCs, which is mirrored by the presence of both H3K4me3
and H3K27me3 (Lesch and Page 2014; Bernstein et al. 2006). These bivalent loci are defined by the
presence of ‘poised” RNA Pol II, which has a phosphorylated Serine 5 (SerSp) at the heptapeptide
repeat, YSTPSPS, of the C-terminal domain (CTD) of the largest subunit RPB1. Conversely,
bivalent genes lack the elongating form of RNA Pol II, characterized by the presence of
phosphorylated Serine 2 (Ser2p) at the heptapeptide (Brookes and Pombo 2009). The correlation
between Pol I Ser5p and PRC repression means that bivalent genes are prepared for transcriptional

activation upon differentiation. Indeed, knockouts of PRC1 and PRC2 components lead to the
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aberrant expression of differentiation related genes, many of which are bivalent (Azuara et al. 2006;

Boyer et al. 2006; Pasini et al. 2007).

The role of PRC genes in regulating planarian stem cell differentiation remains relatively unexplored,
but the scope for investigation is considerable. Three planarian genes encoding homologs of PRC2
subunits, ezh, suzl2-, and eed-1, were shown to be expressed in planarian stem cells by in situ
hybridisation. RNAi knockdown of these genes in wild-type worms followed by amputation did not
produce an observable phenotype, with no stem cell loss. In order to sensitize animals to any subtle
RNAI defects, a dose of sublethal irradiation (12.5Gy) was used to reduce the stem cell number, such
that surviving stem cells would have to proliferate in order to repopulate the stem cell compartment
— a recovery process that takes 14 days (Wagner et al. 2012). Utilising this assay, the PRC2 genes
were shown to be necessary for stem cell clonal expansion, with worms displaying epidermal lesions
and eventual lysis as a consequence of stem cell loss. Although this phenotype is reflective of a
general role of PRC2 in NB biology, genomics and transcriptomics based approaches would help in

elucidating mis-regulated genes following RNAI.

It is clear that further analysis is needed to understand the effects of the canonical PRC complexes
on the regulation of neoblast gene expression programs during both maintenance and differentiation.
For example, bulk sequencing of the X1 NB compartment revealed genes involved in the
differentiation process that were marked with both H3K4me3 and H3K27me3 at their promoters,
indicative of bivalency (Dattani et al. 2018). In ESCs, CpG islands play an important role as PRC
recruitment elements and are important in the assembly of bivalent chromatin at key developmental
genes and restriction of elongating Pol II. (Tanay et al. 2007; Lee et al. 2017). Given that planarians
do not have CpG islands understanding how PRC complexes localise to bivalent genes independently

of this genomic reference could be relevant to mammalian biology.
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2.10  PIWI, epigenetic silencing of transposable elements, and probable role in pluripotency gene

regulation in planarian NBs.

A major selective force during the evolution of an organism’s genome is the maintenance of genomic
integrity over generations (Ernst et al. 2017; Sahu et al. 2017) . TEs are highly mutagenic, because
they can insert into protein-coding genes, and contain repetitive sequences that can initiate ectopic
recombination (Hedges and Deininger 2007). Given that TEs constitute a large proportion of
eukaryotic genome, their repression is necessary for the maintenance of gene function and genomic
stability. This is particularly true for multi- and pluripotent stem cells that must repress TE activity
in order to maintain long-term proliferation over successive generations (Juliano et al. 2011; van
Wolfswinkel 2014). In order to combat the invasion of TEs, metazoans have evolved a novel RNA
class called PIWI-interacting RNAs (piRNAs). These small RNA molecules are 24-31nt long, and
are transcribed from TE derived piRNA clusters in the genome. piRNAs bind to members of the
PIWI (P-element induced wimpy testes) subclass of Argonaute superfamily of proteins (Aravin et
al. 2006; Girard et al. 2006; Grivna et al. 2006; Watanabe et al. 2006). PIW-piRNA effector
complexes can silence TEs either by epigenetic modifications at their genomic sites (transcriptional
silencing TGS) or by cleaving TE transcripts directly (post-transcriptional silencing - PTGS) (Figure

4a).

Most animals typically have at least one nuclear expressed PIWI protein and one or two
cytoplasmically expressed PIWI proteins that employ these distinct silencing modes (Weick and
Miska 2014). For example, Drosophila germ cells express two cytoplasmic PIWI proteins,
Argonaute 3 (Ago3) and Aubergine (Aub), and one nuclear called Piwi. The cytoplasmic Drosophila
Ago3 and Aub bind to complementary TEs following transcription and directly cleave them using
slicer activity. They also generate additional template piRNAs (secondary piRNAs) from the
transposon debris thereby generating a piRNA self-amplification loop termed the ‘ping-pong’ cycle
(Gunawardane et al. 2007; Brennecke et al. 2007; Huang et al. 2014). The nuclear Drosophila Piwi
functions to silence TEs epigenetically by recruitment of the DNA methylation and/or histone
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modifying complexes that lay down the H3K9me3 mark concomitant with the formation of

heterochromatin (Le Thomas et al. 2014; Shpiz et al. 2011; Rozhkov et al. 2013).

The mechanism by which the PIWI-piRNA effectors guide the chromatin modifying machinery to
the TE locus is beginning to be elucidated in animals. For example, independent RNAi screens in
Drosophila identified the ovary specific nuclear protein CG9754/Panoramix that when eliminated
leads to TE transcriptional increases similar to Piwi knockdown (Yu et al. 2015; Sienski et al. 2015).
It is likely that CG9754/Panoramix acts as a protein scaffold between the nuclear PIWI-piRNA
complex and the TGS machinery that includes the H3K9 methyltransferase SETDB1 and the
heterochromatin protein HP1. No homologues for the Drosophila CG9754/Panoramix have been
identified in mammals or other invertebrates. An evolutionary arms race between host organism and
TE parasite means that proteins involved in the PIWI-piRNA pathway have diverged significantly
between species, and different animals may have convergently evolved proteins with similar

functions (Lewis et al. 2016).

The planarian genome has a repetitive content of -60%, far exceeding the 46% repeat content of the
human genome, with many substantially large LTR members more than 30kb in length (Grohme et
al. 2018). Previous studies have identified three major planarian PIWI proteins: SMEDWI-1,
SMEDWI-2, and SMEDWI-3 in Schmidtea mediterranea and their respective orthologues
DjPIWIA, DjPIWIB, and DjPIWIC in a sister species Dugesia japonica. All three of these genes are
highly expressed in NBs and knockdown of smedwi-2 and smedwi-3 (but not smedwi-I) causes
reductions in organismal piRNA levels, resulting in regenerative defects and lethality. One study in
D. japonica revealed that following depletion of DjPIWIB, TEs continue to be silenced in NBs 7
days post RNAI, and NBs still retain the capacity for proliferation (Shibata et al. 2010). However,
TEs were de-repressed at the onset of differentiation, and in situ hybridisation detected the up-
regulation of a gypsy element in differentiated cells. Moreover, antibody staining revealed that
DjPIWIA and DjPIWIC have cytoplasmic expression patterns restricted to the NB compartment,

whereas DjPIWIB is expressed at the protein level in the nuclei of NBs and continues to be expressed
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in post-mitotic progeny and differentiated cells (Shibata et al. 2016). We can hypothesise on the
basis of protein expression and phenotype that DjPIWIB, like Drosophila Piwi, may function in the
epigenetic silencing of TE loci, whereas DjPIWIA and DjPIWIB function in a ping-pong cycle,
cleaving cytoplasmic TE mRNAs and generating piRNAs (Tharp and Bortvin 2016; Shibata et al.
2016; Sahu et al. 2017) (Figure 4A). Thus, when DjPIWIB is lost in the NBs, TEs continue to be
silenced by the cytoplasmic PIWI proteins, and it is only at the onset of differentiation, when

DjPIWIA and DJPIWIC expression is lost, that TE deleterious activity increases.

The question as to whether DjPIWIB/SMEDWI-2 is an epigenetic TE silencer remains outstanding,
and proving so may potentially help in the understanding of NB maintenance and differentiation
(Grohme et al. 2018). Since the planarian genome is replete with TEs, it is likely that the epigenetic
silencing of these parasitic elements has shaped both the genome architecture and gene regulatory
networks. For example, the deposition of the heterochromatic H3K9me3 mark at TEs in Drosophila
germline stem cells has been shown to bleed to nearby gene promoters, causing their repression, or
at least dampening of expression (Figure 4B) (Sienski et al. 2012). For planarian NBs, this would
lead to a trade-off whereby TEs neighbouring highly expressed NB genes escape epigenetic silencing
so that the NB gene expression program is not compromised. Thus, these TEs would be transcribed,
but may be cleaved by the cytoplasmic PIWI proteins thereby preventing genomic stress.
Conversely, it is possible that genes with high expression in the differentiated compartment (Xins)
are able to establish heterochromatic marks at neighbouring TEs as they have no transcriptional
activity in NBs. If this hypothesis is true, genes with high Xins expression will be aberrantly
expressed in NBs following DjPIWIB/SMEDWI-2 knockdown, concomitant with a loss of the
H3K9me3 mark at promoters. In order for Xins genes to be expressed correctly in the differentiated
compartment, the effect of DjPIWIB/SMEDWI-2 on H3K9me3 must be counteracted, or at least
dampened if DjPIWIB persists in all differentiated cells (Shibata et al. 2016). Alternatively,
purifying selection may remove deleterious TEs that have suppressive effects on neighbouring NB
genes at least in the asexual biotype, owing to lower heterozygosity that unmasks deleterious

recessive alleles (Hollister and Gaut 2009; Barrett and Charlesworth 1991). These evolutionary
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scenarios can be explicitly tested in the planarian NB system and can reveal how the genome

architecture of animals can be shaped by the co-evolution with parasitic TEs.

Planarian NB piRNAs themselves may mediate small RNA transgenerational inheritance between
successive NB divisions. As the asexual species must persist as an adult population the somatic NBs
must be collectively immortal and underpin the homeostatic turnover of adult tissue. The
maintenance of genomic integrity is therefore vital and cannot be compromised. In Drosophila,
maternal deposition of cytoplasmic piRNAs to the developing egg prior zygotic transcription is
important in kick-starting the piRNA generation system of the embryo in two distinct ways. In the
nucleus, inherited piRNAs add the H3K9me3 to activate piRNA clusters in the embryo. In the
cytoplasm, inherited piRNAs initiate the ping-pong cycle by providing an initial substrate for the
cytoplasmic PIWI proteins (Le Thomas et al. 2014). A similar system may exist in planarian NBs to
ensure genomic integrity between successive NB divisions. Moreover, if planarian piRNAs exist that
are complementary to coding elements and are necessary for the suppression of differentiation genes,
this raises an exciting possibility that NB identity can be preserved by piRNA mediated

transgenerational inheritance.
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Figure 5. A. Hypothesis as to the function of the three planarian PIWI genes. PIWIB (SMEDWI-2
in Schmidtea mediterranea) functions in epigenetic silencing (transcriptional gene silencing; TGS)
of transposons in the nucleus by recruiting an H3K9me3 methyltransferase. TEs that escape
epigenetic silencing are cleaved in the cytoplasm and are post-transcriptionally silenced (PTGS) by
binding of PIWIA (SMEDWI-1) and PIWIC (SMEDWI-3). These two cytoplasmic PIWI proteins
participate in a ping-pong pathway to cleave TEs and produce piRNAs. B. TEs in wild-type (WT)
planarian NBs are transcriptionally silent owing to H3K9me3 deposition preventing the recruitment
and/or elongation of RNA Pol II. Following knockdown of DjPiwib in Dugesia japonica or smedwi-
2 in Schmidtea mediterranea, TE activity increases. In the case of a TE within an intron of a protein-
coding gene, TE transcription and gene transcription both increase following knockdown.
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2.11  Discussion: establishing a planarian program for studying the epigenetics of stem cell

regulation

In this review, we have documented studies revealing the involvement of the NuRD, PRC
complexes, SET1/MLL family of proteins, and PIWTI in the epigenetic regulation of the planarian
stem cell pluripotency and differentiation. In all four examples, elucidations of the function of these
complexes have unravelled interesting biology that is relevant to mammalian stem cells and disease.
Utilisation of epigenomic techniques such as ChIP-seq and ATAC-seq will potentially reveal gene
targets of these chromatin complexes that may have been previously overlooked in traditional stem
cell culture based systems. Moreover, comparative analyses between the epigenomes of planarian
NBs and mammalian stem cells will also uncover conserved and divergent areas of the epigenome

that potentially relate to the biology, life-history, and environment of the animal in question.

Thus far, the community has only considered the roles of canonical epigenetic complexes by RNA,
but it would be worth taking a top-down approach. For example, during planarian de-growth and
growth, the animal remodels itself proportionally in response to nutritional status (Gonzalez-Estévez
et al. 2012; Mangel et al. 2016). How NBs are able to co-ordinate this feat at a molecular level
remains an outstanding question, but the underlying mechanism is likely to involve feedback
signalling from the differentiated cells mediating epigenetic changes to the entire stem cell
compartment. Additionally, the manner in which stem cells read their position in the animal to
activate region-specific differentiation programmes, most likely depends on the translation of signal
gradients and positional control genes by epigenetic complexes to initiate both general and cell-type
specific differentiation programs (Wurtzel et al. 2017). The recent advent of single-cell ChIP-seq
and ATAC-seq/DNase-seq provides a promising avenue into these planarian investigations, and will
help to characterize regulatory differences between individual NBs (Rotem et al. 2015; Clark et al.

2016; Buenrostro et al. 2015b; Cao et al. 2017; Clark et al. 2018; Cao et al. 2018) .
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Chapter I11

Asexual genome annotation and FACS categorization of
annotated loci

Chapter III and IV have been published in part as: “Epigenetic analyses of planarian stem cells
demonstrate conservation of bivalent histone modifications in animal stem cells” in Genome
Research (2018). The reproduction of text and figures is in line with Copyright terms on the journal
website. | share first authorship with Damian Kao, and with us Aziz Aboobaker wrote and revised
the manuscript. Other authors assisted with the optimization of ChIP-seq experiments. The asexual
genome annotation was generated by Damian Kao and figures are referenced as such. All other

figures in Chapter III and Chapter IV and corresponding analyses have been generated by myself.
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Abstract

Analysing data from ChIP-seq experiments requires a well-annotated genome. Moreover, in order
to correlate the prevalence of particular histone modifications to gene expression, it is also necessary
to have prior information regarding the expression and/or function of individual annotated genes. In
this chapter, we present our methodology for annotating transcriptionally active loci in the asexual
Schmidtea mediterranea genome, which contrasts with homology based methodologies such as
MAKER. For each annotated locus, we allocate proportional values for a gene’s expression in either
S/G2/M NBs (X1), G1 NBs + post-mitotic progeny (X2), or differentiated cells (Xins) — the three
broadly-defined cellular compartments that are isolated using Fluorescence Activated Cell Sorting
(FACS). Our proportional categorization of loci agrees with the known expression patterns of
specific genes, and also correlates with available single-cell RNA-seq data. In doing so, we have laid
the groundwork with which to correlate both genome-wide and individual gene transcription with

epigenetic data arising from planarian ChIP-seq experiments.
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3.1 Introduction

Planarian NBs are the only proliferative cell type in the asexual biotype of planarians, and are
responsible for both maintaining and regenerating the plethora of tissue types within the animal using
a well-coordinated system of stem cell differentiation. In order to understand the unique biology of
these animals, as well as the novel and conserved properties of their stem cells, an essential

experimental tool is the isolation of NBs from the remaining post-mitotic cells of the animal.

Fluorescence Activated Cell Sorting (FACS) is a widely used technique for the
compartmentalization of cell types from enzymatically dissociated tissues using fluorescent labelling
and flow cytometry. For instance, combinatorial use of monoclonal antibodies to specific cell surface
antigens has been used to isolate and fractionate rare subpopulations of the mouse hematopoietic
system (Spangrude et al. 1988; Baum et al. 1992). However, the applicability of FACS to novel
model systems and poorly characterized tissue types is generally hampered owing to lengthy and
costly developmental procedures involved in the production of monoclonal antibodies to cell surface
markers. Consequently, in more recent times, transgenic technologies has enabled the FACS
isolation of individual cells harboring a florescent protein reporter. In Hydra, a burgeoning model
system for regeneration studies, this has allowed for the convenient isolation and transcriptomic
characterization of the three mitotic lineages (endodermal, ectodermal, and interstitial) (Juliano et

al. 2014; Wittlieb et al. 2006; Hemmrich et al. 2012) .

Planarians are a stark anomaly in that they represent a relatively popular model organism that is not
able to be transformed with exogenous DNA or edited using CRISPR/Cas9. Indeed, a published
successful attempt in transforming NBs involved the electroporation of whole animals with DNA
transposon vectors containing a P3-EGFP promoter target of the eye-specific TF Pax6 (Gonzalez-
Estevez et al. 2003). However, this methodology has not been replicated by the same or other
planarian groups. The reason as to why planarians are resistant to transformation is unknown, but
we can speculate that since the NB itself has to be transformed, electroporating whole animals is an
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inefficient way to go about this. Instead, electroporating sorted NBs with transgenic vectors, and
reinjecting into NB-depleted animals following irradiation would be an obvious way in which to
increase the chance of selection for the DNA construct, but is a technically challenging prospect.
Given that the planarian genome has a -60% transposable element (TE) content (Grohme et al. 2018),
with many TEs retaining transcriptional activity, endogenous elements may present an alternative

way in which to integrate foreign DNA into the planarian genome.

In the absence of transgenic approaches and antibodies for confirmed cell lineage markers in
planarians, FACS gating cell populations stained with Hoechst (nuclear dye) and calcein
(cytoplasmic dye), or alternatively by Hoechst Blue/Red excitation, is the only available tool for
isolating NBs, progeny, and differentiated cells (Hayashi et al. 2006; Romero et al. 2012). FACS
allows for two irradiation sensitive compartments to be discerned: the ‘X1’ gate representative of
S/G2/M-phase NBs with >2C DNA content; and the ‘X2’ gate representative of G1 phase NBs and
post-mitotic progeny with 2C DNA content. The third FACS population, ‘Xins’, represents an
irradiation-insensitive population with a higher cytoplasmic to nuclear ratio (Figure 1A and 1B).
These cell compartments are heterogeneous, with subpopulations of NBs expressing distinct lineage-
specific markers present in the X1 population (Scimone et al. 2014; Van Wolfswinkel et al. 2014;
Wurtzel et al. 2015), the X2 compartment consisting of an amalgam of G1 NBs and lineage-
committed post-mitotic progeny (Baguiia and Romero 1981; Zhu et al. 2015; Hayashi et al. 2006;

Molinaro and Pearson 2016), and Xins representing a broad collection of differentiated cell types.
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Figure 1: (A and B) Separation of FACS populations based on Hoechst and Calcein uptake. Cells
with a high Hoechst content, indicative of a high DNA content, as well as a low cytoplasmic content,
will be X-ray irradiation-sensitive X1 stem cells. G1 stem cells and post-mitotic progeny (X2
compartment) have a lower DNA content and low cytoplasmic content. Differentiated cells which
are X-ray irradiation-insensitive (Xins) will have a low DNA content and high cytoplasmic content.
A number of labs have produced RNA-seq data from cells collected from these three distinct
compartments. In this chapter, we introduce a new expression-based annotation of the asexual S.
mediterranea genome, and use FACS RNA-seq datasets to produce consensus proportional
expression profiles for annotated loci in X1 (S/G2/M stem cell), X2 (stem cell progeny + G1 stem
cells) and Xins (differentiated cell) compartments. As a result, we are able to make predictions about
a given gene’s function at least with respect to a role in stem cell maintenance, lineage commitment
or the maintenance of the differentiated state. Our FACS proportional analysis was corroborated by
the existing expression profiles of individual planarian genes as well as tissue-specific single-cell
data. Moreover, by analyzing gene expression in the context of the genome, we are able to now easily

correlate the presence/level of histone modifications at genic promoters with their level of expression

in the three FACS compartments.

3.2 Pipeline for establishing an expression-based annotation of the asexual S. mediterranea

enome

We sought to produce an expression based annotation of all transcribed loci on the asexual S.
mediterranea genome (SmedAsxl v1.1) utilising both de novo assembled transcriptomes and 164

independent RNA-seq datasets covering RNAi knockdown-, regenerating-, whole worm-, and cell
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compartment-specific datasets. The inclusion of these diverse datasets was to improve the overall
representation of the genome, and may be useful for discovering potential non-coding RNAs and
protein-coding genes expressed at low levels, both of which may not have been fully covered by
individual studies limited by read number, or reliant on homology based annotation processes such
as MAKER (Robb et al. 2008, 2015). Consequently, our aim was to annotate all transcribed loci

present in the genome utilizing this broad set of transcriptomic information.

To carry out this expression based annotation, we obtained de novo transcriptome assemblies and
known gene sets from Planmine (Brandl et al. 2016), SmedGD (Robb et al. 2007) and NCBI. These
sequences were mapped to the SmedAsxl 1.1 genome and were consolidated to produce an assembly
of 67,037 transcripts. We also produced an independent reference assembly that took into account
data from 164 RNA-seq datasets that covered a variety of experimental and biological conditions —

this yielded a set of 91,464 transcripts from 47,427 potential genes (Figure 2A).

We next merged and consolidated both types of assemblies, and cleaned the resultant assembly to
resolve cases where two transcriptional isoforms are assembled as separate loci owing to differences
in splice junctions. To this end, we first clustered transcripts on the basis of their genomic coordinates
overlapping. We then calculated a set of pairwise distances based on intron coordinates for each
cluster. For each pair of transcripts (A and B) in a cluster, we found the length of the intersection in
introns between both transcripts (intronLenA B). We then divided intronLenA B by the sum of all
intronic lengths of transcript A (allintronLenA) and all intronic lengths of transcript B
(allintronLenB). intronLenA_B was divided by allintronLenA to give a jaccard index value j A, and
also divide intronLenA B by allintronLenB to give us j B. We filtered all pairwise comparisons if
both j A and j B are greater than 0.9 (Figure 3). These filtered pairwise comparisons were used as
edges on graphs, from which we then sought maximal cliques. These cliques are essentially groups
of transcripts that are highly similar to each other, and which are most likely not true isoforms owing
to this high degree of similarity. In the instance where no cliques are found, transcripts remain as
isolated nodes, unconnected by edges, and as such are treated as isoforms (Figure 4).
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Genome annotation of transcribed loci

Existing transcriptomes:

- Oxford transcriptome

- Dresden transcriptome

- SmedGD asexual transcriptome

- SmedGD unigenes Available RNA-seq data:
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Figure 2: Overview of methodology for annotating the Schmidtea mediterranea asexual genome
based on expression. One hundred sixty-four RNA-seq data sets, three de novo transcriptome
assemblies, NCBI complete CDS sequences, and SmedGD Unigenes were mapped to the SmedGD
Asxl v1.1 genome. Reference assemblies were merged, cleaned to remove potential splice variant
redundancies, and the best representative transcript for each genomic locus was chosen. Strand
information was obtained by BLAST to Uniprot, prediction of longest ORF, and data from strand-
specific libraries. This process yielded a total set of 38,771 loci. (B) These expressed loci were
filtered for those with TransDecoder evidence. (C) The remaining loci with <100aa length were then
searched for in the NCBI NR database, and those without a hit were assigned as putative expressed
ncRNAs.
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Grouping similar transcripts by intron structure
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B Cc Consequently, for this locus there is only one representative
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Figure 3: Example of choosing representative transcript for a particular genomic locus in our S.
mediterranea (asexual) genome annotation. For each pair of transcripts (e.g. A and B, B and C, and
A and C) in a cluster, we found the length of the intersection in introns between transcript pairs (e.g.
intronLenA_B, intronLenA_C, intronLenB_C). We then divided the value of the intron intersection
(e.g. intronLenA_B) by the sum of all intronic lengths for each transcript in the pair (e.g. all intronic
lengths of transcript A (allintronLenA)) and transcript B (allintronLenB)). In the example, all pairs
have a resulting jaccard index value above 0.9. The best representative transcript is picked on the
basis of ORF length and BLAST to Uniprot e-value.
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Identifying potential isoforms
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Figure 4: Example of isoform annotation in our S. mediterranea (asexual) genome annotation. In
the above example of three transcripts, no pair of transcripts have a jaccard index (e.g.
intronLenA_B/allintronLenA and intronLenA_B/allintronLenB) that are both above 0.9. Therefore,
all three transcripts have vastly different intronic structures.

Our new expression-based annotation identified 38,711 expressed loci, 21,772 of which are predicted
to be coding (>100aa). We utilize a broad definition of loci as genes that are both protein-coding as

well as RNA genes that likely are non-coding (as per a definition of ORF length <100aa and lack of

Pfam/Uniprot hits) (Figure 2B).

We additionally incorporated information on strand orientation by both BLASTx to Uniprot
(metazoa). When information regarding strand information was lacking, we then utilized the strand
information following mapping of strand-specific RNA-seq libraries to the SmedAsx1 v1.1 genome.
If, even in this instance, strand information was absent, we took the longest ORF and used this as
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the default strand information. If both strands gave ORFs of the same length, we summed up the
number of BLASTx hits to Uniprot metazoa in both forward and reverse strands, as well as the
number of reads in the mapped BAM files for strand-specific libraries, and simply assigned stranded-
ness based on the highest value. Despite this, we found 64 loci where strand information was
ambiguous; it was likely that these few instances were ncRNAs that are transcribed from both

directions.

Compared to the current available annotation of the S. mediterranea asexual genome (Smed GD 2.0)
(Robb et al. 2007), our annotation discovered 10,210 new potential protein coding loci that are
expressed at similar overall levels to previously annotated protein coding genes. A total of 6,300
genes from the existing MAKER homology-based annotation were not present in our expression
driven annotation. Further analysis of these MAKER-specific genes shows that they generally have
no or very little potential expression within the 164 RNA-seq libraries utilised for our annotation

(Figure 5).
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Comparison of expression values for Smed GD and new Oxford loci
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Figure 5: A comparison of mean expression levels for loci in the Smed GD 2.0 MAKER annotation
with our new expression based annotation of the S. mediterranea asexual genome (Oxford).
Expression value is mean estimated counts (from Kallisto output) per KB across 164 RNA-seq
datasets. The graph shows cumulative percentages of annotations at a range of expression value
thresholds for SmedGD MAKER annotations, Oxford annotations, SmedGD MAKER exclusive
annotations, Oxford exclusive annotations and Oxford coding annotations predicted by
TransDecoder. Loci in the Smed GD Maker annotation that are not included in the Oxford annotation
have, on average, low expression values. Oxford-specific annotations incorporate a wider range of
expression levels. Figure and analysis by Dr. Damian Kao.

3.2 Categorization of annotated loci by proportional expression of in FACS populations

We utilized publicly available RNA-seq datasets for the three different FACS populations in order
to compare the expression of our annotated loci in these three distinct compartments (Onal et al.
2012; Labbé et al. 2012; Van Wolfswinkel et al. 2014; Zhu et al. 2015; Duncan et al. 2015). We first
looked at the normalized TPM expression levels for annotated loci in our newly-annotated genome
in the FACS population datasets originating from four different planarian labs. This revealed a rough

congruence between different FACS populations from different labs (Figure 6A).

We transformed absolute TPM expression values into proportional values for each FACS

compartment in each of the datasets (Figure 6B). These proportional values were then averaged
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across datasets, to produce a final set of X1:X2:Xins proportions for 27,206 loci (18,010 of which
are predicted to be protein-coding) that had at least 10 reads mapped in at least one FACS RNA-seq
library. Consequently, we were able to sort all annotated genes by whether their predominant
expression (i.e. >= 50% expression is in X1 (S/G2/M-phase NBs), X2 (NBs and stem cell progeny)

or Xins (differentiated cells) (Figure 7).

57



Hierarchical clustering (normalized TPM)
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Figure 6: (A) Hierarchical clustering based on distance correlation between FACS datasets using
normalized transcripts per million (TPM). Note how some X1 RNA-seq datasets (i.e. Sanchez
SRR2407875- SRR2407877) do not cluster with other X1 RNA-seq datasets. This is most likely
owing to a difference in FACS gating between experimental replicates and labs. (B) TPMs for each
lab were averaged between labs in three groups. Pearson and Rajewsky labs have all three FACS
datasets. Reddien lab has only X1 and X2 datasets. Sanchez lab has X1 and Xins. As such X1, X2,
Xins average proportional values were calculated for Pearson and Rajewsky labs. Average X1 and
X2 proportional values were calculated for Pearson, Rajewsky and Reddien datasets. Average X1
and Xins proportional values were calculated for Sanchez, Rajewsky, and Pearson datasets.
Hierarchical clustering based on core distance between proportional values shows a consistent
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congruence between X1, X2, and Xins. Figure and analysis by Dr. Damian Kao.
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Categorization of 38,771 total loci

msSA | [ | |

Category Criteria Loci  Coding loci (% of category)

mm X1 enriched X1 proportional expression =>50% 2,253 1,544 (68%)

mm X2 enriched X2 proportional expression =>50% 8,444 4,781 (57%)
Xins enriched  Xins proportional expression =>50% 5,119 3,887 (76%)
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B Unclassified Loci with <10 reads in all FACS 11,565 3,762 (33%)

RNA-seq libraries

Figure 7: 27,206 total annotated loci were categorized on the bases of FACS cell enrichment, with
the remaining 11,565 not being categorized owing to have less than 10 read counts in all FACS
RNA-seq libraries.

3.3 Verification of FACS proportional categorization by Gene Ontology and individual known

gene profiles

We confirmed our FACS categorization analysis by checking for the enrichment of gene classes that
correlate with known biological processes, as well as the expression of previously characterized
individual genes. For the X1 NB category, Gene Ontology (GO) analysis revealed an enrichment for
terms involved in cell-cycle/division related processes, as well mRNA processing and RNA-binding
(Figure 8A). Indeed, conserved cell cycle related genes (e.g., mem2 (Treisman et al. 1995; Salvetti
et al. 2000), cdc6 (Bueno and Russell 1992), cdkl (Hartwell et al. 1973), NCAPH (Hirano 2012; Lai
et al. 2018)) and RNA binding proteins that play a role in planarian NB maintenance (e.g., bruli (Guo
et al. 2006), piwi-1, piwi-2 (Reddien et al. 2005b; Palakodeti et al. 2008), and fud-1 (Solana et al.
2009)) are all enriched within the X1 compartment (Figure 8B). For example, the Tudor gene family

have a known role in mammalian germline stem cells for acting as molecular scaffold between PIWI
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proteins and their piRNA targets (Siomi et al. 2010) . Knockdown of Tudor domain containing genes
(TDRDs), such as TDRD9 (Shoji et al. 2009) and TDRD12 (Pandey et al. 2013), leads to embryonic
lethality owing to de-silencing of TEs. In situ hybridisation of a planarian-specific TDRD, tud-1, as
well as a homolog of TDRD9 revealed an mRNA expression pattern specific to NBs, and protein
expression of TUD-1 was shown to be localized to the perinuclear chromatoid bodies (CBs) (Figure
7C). These organelles are analogous to the cytoplasmic granules known to be responsible for RNA
processing in germ cells, and it is therefore not unexpected that genes involved in RNA-binding be
enriched in NBs. Our analyses revealed the enrichment of genes in NBs that have been unappreciated
in previous planarian stem cell studies, most likely owing to low absolute expression levels (Labbé
et al. 2012; Onal et al. 2012; Solana et al. 2012) . For instance, we found that that tert, telomerase
reverse transcriptase, is highly enriched in the X1 stem cell compartment. As with ESCs, this gene
is involved in the maintenance of telomere length, and ensuring the maintenance of cellular

immortality in planarians (Tan et al. 2012; Armstrong et al. 2005).
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A Enriched Gene Ontology terms in X1 NBs B Example X1 enriched genes

X1 X2 Xins
cell division I mshs |
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tdrd9 mRNA
smedwi-1 mRNA

tud-1 mRNA

Figure 8. (A) Gene Ontology (GO) terms enriched in X1 enriched genes. Cell cycle, nuclear
division, and DNA binding terms are indicative of genes involved in the maintenance of replication
and division of NBs. (B) Example genes that are enriched in NBs. Genes involved in replication and
cell-cycle processes such as mem2, cdc6, DNA Pol Kappa, condensin subunit2, have a high overall
expression in stem cells, even though they may be active at only one cell-cycle stage. RNA-binding
proteins such as tdrdl2, tdrd9, tud-1 and piw-1 and piwi-2 are involved in the tethering of small-
RNAs and likely play a role in the maintenance of genomic stability in NBs. (C) /n situ hybridisation
for two of these RNA-binding proteins, fud-1 and tdrd9, shows that they have a typical stem cell
pattern, as indicated by an absence of staining in the pharynx and inside gut. Protein staining against
TUD-1 shows that the protein is located in perinuclear, granular structures called chromatid bodies,
which are homologous to the RNA-processing centres of germ cells.

No significant enrichment for GO terms were found for X2 enriched genes, however, we verified
that genes known to be involved in planarian lineage commitment had an expression profile of
=>50% in this FACs compartments (Figure 9A). For instance, soxP-3, egr-1 and p53 are
transcription factors (TFs) with a known role in activating genes for the development of the
epidermal lineage, and as such have maximal expression in the X2 compartment, with smaller
proportional representation in the X1 compartment. However, planarian studies have shown that the
transcript levels of these three genes are detectable with in situ hybridisation in a fraction of piwi-1+

NBs, and prime stem cells to the epidermal lineage (Pearson and Alvarado 2010; Van Wolfswinkel

et al. 2014). Other genes such as prog-1 have comparatively little proportional representation in the
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X1 compartment, consistent with previous results only 5-9% of prog-1+ cells being piwi-1+ as
assayed by in situ hybridisation (Zhu et al. 2015) (Figure 9B). We reasoned that RNAi phenotypes
which reduce the ability of stem cells to differentiate would lead to the mis-regulation of genes that
are necessary for this process. Consequently, we looked at genes downregulated following RNAi of
the planarian homolog of the RNA-binding protein MEX3, which results in a loss of multiple
lineages but most obviously the epidermis. Indeed, an average FACS proportional expression of
mex3-1 275 downregulated genes showed that most of these loci were expressed in the X2 FACS
class, and loci known to be associated with epidermal progenitor specification such as pmp-3, pmp-
8, pmp-9, pmp-11 were all defined by a high X2 expression (all => 78% X2 gene expression) (Figure
9C). As an aside, defining the function of these pmp genes with no conserved domains and BLAST

homology would help to define loci that are necessary for lineage commitment.

Genes with =>50% expression in the Xins FACS compartment were enriched in GO terms associated
with ageing, formation of extracellular matrix, cell-cell signalling and peptidase activity — processes
which are in line with the Xins compartment being comprised of short-lived cells in tissues such as
the intestine, muscle, and neurons (Figure 10A). Recently, genes involved in defining various
cellular lineages of the worm have been identified by single-cell sequencing and verified by in situ
hybridisation, and these same genes are Xins-enriched in our FACS proportional dataset (Fincher et

al. 2018) (Figure 10B and 10C).
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Example X2 enriched genes Average proportional expression
of 275 downregulated genes in
mex3-1 RNAi vs GFP
(FC <=-2; p <= 0.05)
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Figure 9. A. Example genes highly enriched for expression in the X2 compartment B. Pie chart
showing the average wild-type FACS proportional expression for downregulated genes following
mex3-1 RNAI. C. In situ hybridisation pattern for X2-enriched gene prog-1 which is a marker used
for post-mitotic early epidermal progenitors. Note prog-1+ and piwi-1+ are distinct cell type, with
very few cells expressing both genes, reflective of our proportional analyses. X2 genes are mostly
downregulated consistent with a role for mex3-1 in lineage commitment. Figure 9C are images from
Dr. Prasad Abnave.
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Figure 10. A. Gene Ontology (GO) terms enriched in genes with => 50% expression in the Xins
FACS compartment. B. Example genes that are enriched in Xins and which have been documented
to be specific to terminally differentiated lineages documented in Fincher et al. 2018. (C) In situ
hybridisation patterns taken for these Xins enriched genes from the https://digiworm.wi.mit.edu
database (Fincher et al. 2018).

3.4 Verification of FACS proportional categorization by analysis of single-cell datasets

Single-cell RNA-seq (scRNA-seq) technologies have recently been used to identify genes involved
in lineage-commitment and teasing out heterogeneity within cell populations. In planarians, these
have revealed heterogeneity in the expression profiles of NBs and have provided persuasive evidence
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for the existence of lineage-committed NBs, such as progenitors of the epidermis and gut (i.e. {, and
v NBs) (Van Wolfswinkel et al. 2014). Moreover, we reasoned that genes with functions in lineage
commitment and the maintenance of the differentiated cell types, would be representative of the X2
and Xins categories in our FACS proportional dataset. We consequently re-mapped reads emanating
from two single-cell RNA-seq studies to our genome annotations, and extracted the top one thousand
transcripts ranked by TPM gene expression for each cell type as defined by these two studies. Firstly,
Wourtzel et al. (2015) have determined the transcriptomes of 619 individual planarian cells sorted by
X1 and Xins FACS gates to identify 13 distinct cell types based on the portioning of cells into groups
using the Seurat algorithm and identifying the expression of known planarian genes within these
groups. Molinaro and Pearson (2014) produced transcriptomes for the 72 X1 and 96 X2 FACS
isolated cells from the head region, and utilised this dataset to provide evidence for the existence of
v NBs — a population of piwi-1 low, but piwi-2 high stem cell neural precursors. We consequently
looked at the position of these top one thousand genes in our FACS expression spectra sorted by X1
expression, and noted that the single-cell analysis fits expected patterns of expression thus
independently validating our proportional categorizations (Figure 11A). For instance, cells defined
as presumptive NBs (o, {, and y, and head X1) have top ranking genes with a higher mean expression
in the X1 compartment by our analysis compared with the genes expressed in head X2 cells as well
as Xins differentiated cell types (Figure 11B). We also note that all Xins cell types, with the
exception of the epidermis Il class, have an average enrichment for genes in the X2 class, with many
more genes being expressed that have Xins enrichment compared to NB cells . These analyses meet
our expectations given known planarian biology, as NB classes (o, {, and y) have genes that are
enriched in the X1 class according to our proportional analyses, and are presumably involved in the
maintenance of pluripotency, whereas differentiated cell classes express genes that are typically

enriched in the post-mitotic X2 and Xins cell compartments.

65



Mean spectrum density of cell populations defined by single-cell RNA-seq
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Figure 11: TPM values for single-cell RNA-seq libraries, mapped to our new asexual S.
mediterranea annotation, for specific cell types were averaged and top 1000 genes were extracted.
A. Cell types were classified previously by (Wurtzel et al. 2015) and are labelled accordingly. X1
and X2 single cells from (Molinaro and Pearson 2016) are from the head region and labelled ‘head
X1’ and head X2’. Each row represents a cell type and the intensity colour represents the density of
genes at the position on the proportional expression spectra. B. Ternary plots for each cell type were
made and dots represent individual loci and their wild-type X1/X2/Xins proportional expression.
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3.5 Discussion

In this chapter, we have presented our strategy for generating an expression-based annotation of the
asexual S. mediterranea genome. Moreover, for each annotated locus we calculated proportional
values pertaining to the level of expression in the three FACS compartments X1, X2 and Xins. This
has allowed us to identify genes with predominant expression in the stem cell, post-mitotic, and
differentiated cell compartments. Our analyses are consistent with reported expression profiles of

individual genes and also correlates with data from single-cell sequencing experiments.

Given recent advancements in scRNA-seq technologies, we can now either use our FACS
proportional data or single-cell expression maps to elucidate a given gene’s function and lineage
expression. In reality, both methods are equally important and complementary. For instance, we can
imagine that a TF with low, but non-absent, expression in the NB compartment will enable the
lineage-commitment of a few stem cells, and this TF’s expression will increase during differentiation
down a specific lineage. Given the low depth of sequencing and sensitivity in library making
procedures, scRNA-seq may not effectively identify lowly-transcribed transcripts. Consequently, if
one were to rely solely on transcriptional profiles resulting from scRNA-seq an impression would
be gained that the TF is specifically expressed in more differentiated cells, whereas bulk FACS RNA-
seq would identify low expression in NBs as well. However, FACS RNA-seq would not be able to
identify which lineages specifically genes are expressed in, owing to the considerable heterogeneity
within the three FACS categories. Thus, interpreting both single-cell and FACS RNA-seq datasets

will enable for a truer representation of a gene’s expression profile.

These considerations aside, in Chapter [V, we utilise our genome annotation as a mapping template

for ChIP-seq data, and utilize our FACS proportional analyses to correlate the presence of specific

histone marks in NBs with the transcriptional output of given annotated locus.
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Chapter 1V

Epigenetic analyses of planarian neoblasts demonstrates
conservation of bivalent promoters in animal stem cells
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Abstract

Currently, little is known about the importance of the epigenetic status of NBs and how histone
modifications regulate homeostasis and cellular differentiation. In this chapter, we describe an
improved and optimized ChIP-seq protocol for NBs and describe genome-wide profiles, with respect
to the S. mediterranea asexual genome assembly, for four definitive epigenetic marks indicative of
transcriptional status: the active marks H3K4me3 and H3K36me3, and suppressive marks H3K4mel
and H3K27me3. The genome-wide profiles of these marks were found to correlate well with NB
gene expression profiles described in the previous chapter. We found that genes with little
transcriptional activity in the NB compartment but which switch on in post-mitotic progeny during
differentiation are bivalent, being marked by both H3K4me3 and H3K27me3 at promoter-proximal
regions. In further support of this hypothesis bivalent genes also have a high level of paused RNA

Polymerase II (Ser5P) at the promoter-proximal region.

Overall, this chapter confirms that epigenetic control is important for the maintenance of a NB
transcriptional program and makes a case for bivalent promoters as a conserved feature of animal
stem cells and not a vertebrate specific innovation. By establishing a robust ChIP-seq protocol and
analysis methodology, we further promote planarians as a promising model system to investigate

histone modification mediated regulation of stem cell function and differentiation.
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4.1 Introduction

The promoters of developmental genes in mammalian embryonic stem cells (ESCs) are frequently
marked with both the silencing H3K27me3 mark and active H3K4me3 marks. These marks are
typically found in an asymmetric configuration, on sister histone tails of single nucleosomes (Voigt
et al. 2012) (Figure 1). It has been proposed that this ‘bivalent’ state precedes resolution into full
transcriptional activation or repression depending on ultimate cell type commitment (Voigt et al.
2013; Harikumar and Meshorer 2015; Bernstein et al. 2006). The advantage is that bivalency
represents a poised or transcription-ready state, whereby a developmental gene is silenced in ESCs,
but can be readily rendered active during differentiation to a defined lineage (Figure 2). Evidence
for this comes from the finding that 51% of bivalent promoters in ESCs are bound by paused
polymerase (RNAPII-Ser5P), compared with 8% of non-bivalent promoters (Brookes et al. 2012;
Lesch and Page 2014); demonstrating a strong but not complete association. Bivalency may also
protect promoters against less reversible suppressive mechanisms, such as DNA methylation (Lesch
and Page 2014). Bivalent chromatin has also been discovered in male and female germ cells at many
of the gene promoters that regulate somatic development, and may underpin the gametes’ ability to
generate a zygote capable of producing all cellular lineages (Lesch et al. 2013; Sachs et al. 2013;

Lesch and Page 2014).

It remains unclear whether the poised bivalent promoters of developmental genes are an epigenetic
signature of vertebrates or arose earlier in the ancestor of all animals. Recently, the orthologues of
bivalent genes that sit at the top of transcriptional hierarchies in mammalian development, were also
found to be poised in chicken male germ cells (Lesch et al. 2016). Sequential ChIP has also
established H3K4me3/H3K27me3 co-occupancy of promoters in zebrafish blastomeres
(Vastenhouw et al. 2010). Conversely, comparatively few bivalent domains were identified in
Xenopus embryos undergoing the midblastula transition (Akkers et al. 2009). Xenopus genes which

appear to have signals for both H3K4me3 and H3K27me3 originate from cells in distinct areas of
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the embryo, and as such the observed bivalency can be explained by cellular heterogeneity (Akkers

et al. 2009).

As ESC pluripotency requires bivalent chromatin, planarian NBs represent one possible scenario
where poised promoters could have an important role in invertebrates, if this regulatory feature is
conserved. Planarian NBs are a population of adult dividing cells that collectively produce all
differentiated cells during homeostatic turnover and regeneration (Aboobaker 2011; Rink 2013).
Several RNA-binding proteins, such as piwi and vasa, typically associated with nuage of germ cells
are also expressed in planarian NBs where they function in the maintenance of pluripotency (Reddien
et al. 2005b; Palakodeti et al. 2008; Solana 2013; Shibata et al. 2016; Lai and Aboobaker 2018).
Moreover, the ability of NBs to differentiate upon demand must also require well-regulated
transcriptional and epigenetic processes, and poised, bivalent promoters may constitute an effective

way of coordinating the differentiation of these stem cells.

In this chapter, we describe an optimized ChIP-seq methodology for planarian NBs and combine this
with informatics approaches to establish robust approaches for studying histone modifications at
transcriptional starts sites (TSSs). By combining transcriptional and epigenetic analyses, we were
able to identify genes with both inactive/low expression and bivalent promoters in the NB
population, and which increase in transcription in post-mitotic NB progeny that are actively
differentiating. Our findings indicate that bivalent promoters in pluripotent stem cells are not just a
facet of vertebrates, but may have a role in regulating pluripotency in embryonic and adult stem cells

across animals.
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K4me3/K27me3 on same histone

B
K4me3/K27me3 on adjacent nucleosomes
C
K4me3/K27me3 on adjacent histones
@ H3K4me3 A H3K27me3

Figure 1. Potential conformations of bivalent promoters. Figure adapted from Voigt et al. 2013. A.
H3K4me3 and H3K27me3 modifications may co-occupy the same histone H3 molecule in a
nucleosome (i.e. symmetrically distributed bivalent histone modifications). B. Alternatively,
H3K4me3 and H3K27me3 may occupy neighboring nucleosomes in the vicinity of the TSS. C.
Single nucleosome Mass Spectrometry suggests that H3K4me3 and H3K27me3 co-occupy the same
nucleosome in an asymmetric fashion featuring differentially modified copies of H3 (Voigt et al.
2012).
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A Poised, bivalent gene promoters B Silenced gene promoters
/ /
H3K4me3
H3K27me3 H3K27me3
Cc Active gene promoters

,—>

H3K4me3

Figure 2. A. Bivalent gene, depicted as a boat, has its sail up (H3K4me3) but is held in static by its
anchor (H3K27me3). B. A silent gene has its sail down and anchor down. It is easier for the ‘poised’
boat in A to transition to the active state in C, than for the stably silent boat in B to transition to C,
as it simply requires the anchor to be lifted. Moreover, in order for a bivalent gene to become silent
in a particular lineage (the transition from A to B) H3K4me3 simply has to be removed, analogous
to the sail being pulled down. Figure adapted from Harikumar and Meshorer (2015).

4.2 Overview of an optimized ChlP-seq protocol for use with FACS-isolated planarian NBs

Research into the epigenetic mechanisms governing stem cell pluripotency in planarian NBs is still
in its infancy (Dattani et al. 2019). Previous work has uncovered a lack of endogenous DNA
methylation in the Schmidtea mediterranea genome, and characterized loss of function phenotypes
for members of the NURD complex (Jaber-Hijazi et al. 2013; Vasquez-Doorman and Petersen 2016;
Scimone et al. 2010), COMPASS and COMPASS-like families (Hubert et al. 2013; Duncan et al.
2015; Mihaylova et al. 2018). The first study to utilize ChIP-seq in planarians documented the effects
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of mll1/2 and set] RNAi with respect to the transcriptional activation mark H3K4me3 (Duncan et al.
2015). However, we revisited this data and noted that the total number of ChIP-seq reads from -1
million X1 sorted NBs was relatively low in comparison to those from Drosophila melanogaster S2
‘carrier’ cells. The authors of this paper mixed Drosophila S2 cells (around 107) with FACS-isolated
planarian NBs (around 10°) to provide the molecular mass needed for ChIP-seq. Despite the
Drosophila genome being an estimated 7-8 times smaller than the planarian genome, the total

planarian content of their ChIP-seq reads was considerably smaller than expected.

Consequently, we developed an optimized ChIP-seq protocol for FACS sorted X1 NBs without the
addition of excess ‘carrier’ cells. We were able to generate high quality uniquely mapped reads to
our annotated Schmidtea mediterranea genome using only 150-200,000 X1 cells per
immunoprecipitation (IP) — 5 to 7 times less material than the previously established planarian
protocol (Duncan et al. 2015) . Although we have not tested this previous methodology for planarian
NB ChlIP-seq, possible reasons as to why metrics for our protocol indicate that it is more sensitive
include: (1) a shorter duration between FACS isolation and commencement of ChIP protocol; (2)
DNA/protein crosslinking on nuclei as opposed to whole cells; (3) antibody affinity to S.
mediterranea (the previous protocol used H3K4me3 Millipore 08-473 whereas we used Abcam
ab8580; but the Abcam ab09050 antibody against H3K36me3 remained the same); (4) utilisation of
the NEBNext Ultra II kit that can generate DNA-seq libraries from starting material of 500pg, thus
avoiding the need to bulk up chromatin input with Drosophila material. A low genomic coverage of
ChIP and input reads can reduce the likelihood of capturing weakly enriched areas of the genome,
especially when using peak calling methodologies such as MACS2 (Jung et al. 2014). Therefore, our
protocol allows for a truer representation of the histone modification landscape of the planarian

genome.

Prior to all IPs, we also added an estimated 3% Drosophila S2 spike-in simply as a method to
normalize any technical differences across replicate libraries of an IP (Orlando et al. 2014). The

addition of an exogenous reference genome meant that replicates of the same IP could be scaled
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according to the Drosophila amount added (as measured by read total in input) and the amount
retrieved following the IP. In this way, replicate IPs could be rendered comparable in read coverage.
This normalization method was also used by our lab in a separate study to effectively compare 1Ps
performed on two biologically different samples (e.g. wild-type and LPT RNAi samples). By
normalizing to a constant Drosophila S2 spike in, local differences in read tag density can be
identified that are as a result of the experimental condition and which would not otherwise be
uncovered by traditional reads per million (RPM) ChIP-seq normalization methods (Orlando et al.
2014; Mihaylova et al. 2018). Given that our wild-type IPs documented in this chapter already
contain this spike-in, we can perform ChIP-seq on RNAi NBs at a later date and compare to wild-

type samples provided the RNAi samples also contain a spike-in.

For the results described in this chapter, Drosophila spike-in reads accounted for ~17 % of X1
H3K4me3 libraries compared to an average of ~87% in the previous study’s X1 H3K4me3 libraries.
Moreover, Drosophila spike-in reads accounted for ~9% of our X1 H3K36me3 libraries compared
with ~99% of the single X1 H3K36me3 replicate included in a previous study (Duncan et al. 2015)
(Figure 3).
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Figure 3: Comparison of number of mapped fragments to S. mediterranea asexual genome. Sanchez
single-end ChIP-seq H3K4me3 and H3K36me3 libraries made from X1 FACS isolated cells are
from Duncan et al. 2015. Aboobaker paired-end ChIP-seq libraries are from Dattani et al. 2018a and
Mihaylova et al. 2018.

4.3 An optimized ChlP-seq protocol reveals H3K4me3 and H3K36me3 levels correlate with

active gene expression in planarian NBs

We tested the robustness of our ChIP-seq protocol with reference to both H3K4me3 and H3K36me3
— epigenetic marks that are known to positively correlate with gene expression in other model
systems. H3K4me3 is laid down at active and bivalent promoters by the Trithorax group (TrxQG)
complexes containing SET or MLL enzymes (Hu et al. 2013b; Bledau et al. 2014; Denissov et al.
2014) . H3K36me3 is a mark of transcriptional elongation, and is deposited on histones as they are
displaced by RNA polymerase Il and as such this modification is enriched towards the 3’ end of
genes (Li et al. 2002; Wagner and Carpenter 2012). H3K36me3 is hypothesized to prevent spurious
transcriptional initiation at cryptic promoter-like sequences within exons and, in yeast, this is
achieved by the recruitment of histone deacteylase complexes (HDAC) that erases elongation-

associated acetylation (Carrozza et al. 2005; Joshi and Struhl 2005).
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As predicted, ChIP-seq of H3K4me3 in X1 NBs revealed a high average peak around the TSSs of
genes characterized as being X1 enriched (Figure 4A). Conversely, we observed comparatively
lower H3K4me3 deposition at the TSSs of Xins enriched genes not expressed or expressed only at
very low levels in X1 cells. Intermediate levels of H3K4me3 in the X2 compartment are consistent
with this FACS population being a mixture of G1 NBs and post-mitotic progeny. Indeed, genes with
the highest proportion of X2 expression (i.e. ‘high ranking X2 genes’) indicative of expression in
post-mitotic progeny but not NBs had lower levels of H3K4me3 in X1 cells compared with low
ranking X2 genes that retain expression in cycling G1 NBs (Figure 4B). We next calculated a base
by base Spearman’s Rank correlation coefficient between ChIP-seq signal to FACS proportional
expression values of annotated loci across a 2.5 kb region either side of the TSS. This was done by
producing two vectors for all 50bp windows around the TSS’s of annotated loci — one vector for
proportional expression (either X1, X2, or Xins), and another for coverage — and then calculating a
Spearman’s rank correlation coefficient for this assayed window. The resultant graph shows a
positive correlation between the level of X1 proportional expression and the level of H3K4me3
deposition close to the TSS (Figure 8A). On the other hand, there is a negative correlation between
H3K4me3 deposition and Xins proportional expression across the same region. Thus, a high
H3K4me3 ChIP-seq signal reflects higher expression of a locus in X1 NBs, whereas lower H3K4me3
signal reflects lower X1 NB gene expression but higher expression in the differentiated Xins

compartment.

ChIP-seq plots of H3K36me3 split by FACS gene expression revealed, as predicted, a higher average
peak around X1 enriched genes when compared with the X2 and Xins FACS enrichment categories
(Figure 4C). Importantly, the average peak for X1 genes is located towards the 3’ end of genes,
whereas the smaller Xins peak is promoter-proximal by comparison. This can be explained by a
higher level of transcriptional elongation of X1 transcripts in NBs compared with Xins genes that
have a predominant expression in the differentiated compartment. When splitting X2 enriched genes
by rank order, we observe that genes with highest expression in the X2 compartment and, as a
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consequence lowest transcript abundance in NBs, have an enrichment for H3K36me3 at the
promoter-proximal end of the gene (Figure 4D). Conversely, with decreasing X2 proportional
expression and a concomitant increase in transcriptional activity in the NB compartment, the average

peak of H3K36me3 is shifted downstream of the TSS towards the 3’ ends of genes.

We also looked at the individual H3K4me3 and H3K36me3 profiles of genes known to be highly
expressed in NBs, and compared this to the signal for the suppressive marks H3K4mel and
H3K27me3 (see later). We confirmed that known metazoan genes associated with stem cell
maintenance, such as cell-cycle and replication related genes (i.e. mem2, cyclin-Bl, weel, cdtl),
RNA-binding proteins (piwi-1, ddx52), DNA-damage response (DDR) genes (errc6-like,
exonuclease 1) and epigenetic-related genes (setd8-1), all have high levels of H3K4me3 at the
promoter-proximal end and H3K36me3 in the gene body, but a comparatively low signal for the

suppressive marks H3K4mel and H3K27me3 (Figure 5).
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Figure 4. Histone marks for actively transcribed genes in X1 NBs. A. Average H3K4me3 ChIP-seq
coverage profiles across X1-, X2-, and Xins-enriched loci in X1 NBs across biological replicates
following outlier removal. The y-axis represents the difference in coverage between sample and
input, and the x-axis represents 2.5 kb upstream of and downstream from the TSS. Shaded area
around line is representative of the confidence interval for mean ChIP-seq signal. H3K4me3 signal
is highest around the promoter-proximal region close to the TSS for X1-enriched loci in NBs
consistent with the role of H3K4me3 in active transcription. B. H3K4me3 ChIP-seq profiles
following outlier removal for X2 genes ranked from high to low X2 proportional expression.
H3K4me3 signal in NBs decreases with an increase in proportion of X2 expression, indicative of
high-ranking X2 genes having a predominant role in post-mitotic progeny as opposed to NBs. C.
Average H3K36me3 ChIP-seq profile across X1-, X2-, and Xins-enriched loci in X1 NBs across
biological replicates following outlier removal. The y-axis represents the difference in coverage
between sample and input, and the x-axis represents 2.5 kb upstream of and downstream from the
TSS. Shaded area around line is representative of the confidence interval for mean ChIP-seq signal.
H3K36me3 signal is promoter-proximal for Xins genes, whereas the magnitude of signal is greater
and shifted 3' for X1 genes. D. H3K36me3 ChIP-seq profiles following outlier removal for X2 genes
from high to low X2 proportional ranking. H3K36me3 signal in NBs shifts to the 3’ end with a
decrease in X2 proportion, consistent with these lowly ranked genes having transcriptional activity
in NBs.
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Figure 5. H3K4me3 and H3K36me3 (active marks) and H3K4mel and H3K27me3 (suppressive
marks) ChIP-seq profiles for highly expressed X1 genes in NBs. The y-axis represents percentage
coverage for each mark and allows for the four epigenetic marks to be directly compared. The x-axis
represents 1.0 kb upstream of and 2.5 kb downstream from the TSS. Pie charts represent proportional
expression for each gene in X1 (dark blue), X2 (light blue), and Xins (orange).

4.4 H3K27me3 and H3K4mel levels at the TSS anti-correlate with gene expression

Utilising our optimized ChIP-seq protocol, we investigated the occurrence of two additional histone
modifications: H3K27me3, a repressive promoter mark catalysed by the PRC2 complex, and
H3K4mel, a mark mediated by the MLL3/4 family of histone methyltransferases that correlates both

with active enhancers and inactive promoter regions (Calo and Wysocka 2013; Cheng et al. 2014).

Genes that are categorized as being X1 enriched have low levels of H3K27me3 deposition at the
TSS, compared with Xins enriched genes which are silenced in NBs (Figure 6A). A positive
correlation is observed between the level of H3K27me3 and expression in the Xins compartment in
a window from the TSS to 1kb downstream. This fairly broad domain of H3K27me3 deposition is

consistent with previous studies in mammals (Hawkins et al. 2011; Pauler et al. 2009). Conversely,
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a negative correlation at the TSS is observed between H3K27me3 signal and genes with high X1
expression (Figure 8B). Consequently, the genome wide pattern for H327me3 is the opposite to that
observed for H3K4me3. When splitting X2 genes by rank we note that genes with higher
transcriptional enrichment in the post-mitotic compartment have a higher overall level of H3K27me3

at the promoter proximal region compared to genes that have G1 NB expression (Figure 6B).

The distribution of the H3K4mel mark is noticeably different compared to that observed for either
H3K27me3 or H3K4me3. Specifically, Xins loci have high levels of H3K4mel at the TSS in X1
NBs, consistent with these genes being transcriptionally silent or expressed at low levels in NBs,
whereas X1 loci have H3K4mel peaks that are on average -1kb downstream of the TSS (Figure
6C). This data suggests that the H3K4me1 signal shifts away from the TSS for genes that are actively
expressed in NBs, in agreement with previous observations in mammals (Cheng et al, 2014). Further
evidence of this peak shifting comes from analysis of X2 enriched genes sorted by rank order of
expression (Figure 6D). Highly ranked X2 genes are marked with H3K4mel at the promoter-
proximal region. As the proportion of X2 enrichment decreases, indicative of increasing expression
in the G1 NB compartment, the average H3K4mel profile becomes bimodal, eventually shifting

downstream of the TSS.

We plotted the epigenetic profiles of individual genes known to have high Xins proportional
expressions and that have validated expression patterns both by single-cell RNA sequencing data
and in situ hybridisations (Figure 7) (Fincher et al. 2018; Plass et al. 2018). These genes are
expressed almost exclusively in the muscle (COL21A41, slitl), parenchyma (glipri, tolloid-like 1),
cathepsint cells (dd961, aquaporin 1), non-ciliated neurons (tph, dd8060), and protonephridia
(Na/Ca exchanger-like), and all have high H3K27me3 signal at the TSS consistent with these genes
being silenced in NBs. Moreover, these Xins enriched genes all have a high H3K4mel signal at the
TSS that anti-correlates with H3K4me3 deposition, in support of an earlier hypothesis that H3K4mel

limits the role of H3K4me3 interacting proteins (Cheng et al. 2014). We also observe an atypical

81



placement of H3K36me3 at the TSS of individual Xins genes which supports the previous suggestion

that that H3K36me3 may silence loci when placed at a promoter-proximal region (Wu et al. 2011).
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Figure 6. Histone marks for inactive genes in X1 NBs. A. Average H3K27me3 ChIP-seq profile
across X1-, X2-, and Xins-enriched loci in X1 NBs across three biological replicates following
outlier removal. The y-axis represents the difference in coverage between sample and input, and
the x-axis represents signal 2.5 kb upstream of and downstream from the TSS. Shaded area around
line is representative of the confidence interval for mean ChlP-seq signal. B. H3K27me3 ChIP-seq
profiles following outlier removal for X2 genes from high to low X2 proportional ranking.
H3K27me3 signal increases with an increase in proportion of X2 gene expression, indicative of these
high-ranking X2 genes being transcriptionally silenced or lowly expressed in NBs. C. Average
H3K4mel ChIP-seq profiles following outlier removal across X1-, X2-, and Xins-enriched loci in
X1 NBs. The y-axis represents the difference in coverage between sample and input, and the x-axis
represents signal 2.5 kb upstream of and downstream from the TSS. Shaded area around line is
representative of the confidence interval for mean ChIP-seq signal. D. H3K4mel ChIP-seq profiles
following outlier removal for X2 genes from high to low X2 proportional ranking. Highly ranked
X2 genes have a H3K4mel signal at the promoter-proximal region, and a decrease in X2 ranking
coincides with a peak shift —1 kb downstream from the TSS.
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Figure 7. H3K4me3, H3K36me3, H3K4mel, and H3K27me3 NB ChIP-seq profiles for highly
expressed Xins genes. The y-axis scale represents percentage coverage for each mark, and the x-axis
represents 1.0 kb upstream of and 2.5 kb downstream from the TSS. Pie charts represent proportional
expression for each gene in X1 (dark blue), X2 (light blue), and Xins (orange).
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Figure 8: Spearman’s rank correlation coefficient plots between ChIP-seq signal at a particular 50bp
window around the TSS and the proportional expression value in X1, X2, and Xins. A positive
correlation value means that the higher the ChIP-seq signal, the higher the proportional expression
value. A negative correlation means that the lower the ChIP-seq signal, the higher the proportional
expression value. A. A high ChIP-seq signal for H3K4me3 at the TSS correlates with higher X1
proportional expression, whilst genes with high Xins proportional expression have a low ChIP-seq
signal for H3K4me3 at the TSS. Genes with high X2 proportional expression also, on average, have
H3K4me3 signal at the TSS, but the correlation is weaker than that for high X1 genes. B. The profile
for H3K36me3 shows that the highest signal for this mark correlated with high Xins proportional
expression. As you move downstream of the TSS there is little, or negative correlation, between
proportional expression and this mark (but we note that X1 and H3K6me3 correlation coefficient is
higher compared with Xins and H3K36me3 correlation downstream of the TSS). This may be due
to variations in exon length between genes resulting in a non-uniformly distributed H3K36me3
downstream of the TSS, thus leading to a weak correlation between X1 proportion and H3K36me3
signal. C. The profile for H3K27me3 indicates that genes with a high Xins proportional expression
have, on average, a high H3K27me3 signal at the TSS. Genes with a high X1 or X2 proportional
expression have a lower H3K27me3 signal at the TSS. D. The profile for H3K4mel indicates that
higher Xins proportional expression correlates with a high H3K4mel signal at the TSS. Genes with
higher X1 proportional expression are, on average, enriched for H3K4mel downstream of the TSS.
We observe a weak negative correlation for X2 expression and H3K4mel at the TSS, and a weak
positive signal between X2 expression and H3K4me1 downstream of the TSS. This is consistent for
the X2 compartment being an admixture of genes that are almost exclusively expressed in the X2
compartment and genes that retain NB expression.
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4.5 Correlations of H3K27me3 and H3K4me3 profiles against FACS proportions provide

evidence for promoter bivalency in NBs

Having demonstrated that known active and suppressive marks correlate with gene expression in
planarian NBs, we investigated whether promoter bivalency could act to keep genes in a poised state
prior to the onset of differentiation. Bivalent promoters are characterized by the presence of both the
activating mark H3K4me3 and repressive mark H3K27me3. The simultaneous presence of both
these marks keeps the gene in a poised transcriptional state, with low or no expression, and upon
differentiation resolves such that only one of the two marks is dominant. We reasoned that loci that
are off or have relatively low proportional expression in X1 NBs, but which are upregulated during
the differentiation process in post-mitotic progeny (high X2 expression), would be good candidates
for potential regulation by bivalent promoters in NBs. Additionally, in the absence of sequential or
co-ChIP-seq technologies for planarians, using genes with no or very low expression in NBs greatly
reduces the likelihood that any bivalent signals are due to cell heterogeneity. This is because these
genes would not be expected to have high levels of H3K4me3 in any (or at least very few cells) in

the X1 NB compartment.

We plotted the percentage of maximum coverage for both H3K4me3 and H3K27me3 for the top
1000 genes for each of the three FACS enrichment categories (Figure 9A-C). A plot for the top 1000
X1 genes shows that these genes have a higher level of H3K4me3 compared to H3K27me3 (Figure
9A), whereas the top 1000 Xins genes have on average a much higher H3K27me3 signal compared
to H3K4me3 (Figure 9C). Consistent with our hypothesis, the top 1000 X2 genes, have, on average,
peaks that are of similar magnitude for both of these functionally opposing epigenetic marks (Figure

9B).

We also plotted the epigenetic profiles of genes that are downregulated following RNAi of the
planarian homolog of the RNA-binding protein MEX3 (Zhu et al. 2015). Previously, mex3-1 has
been shown to be necessary for generating the differentiated cells of multiple lineages, and consistent
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with a role in the differentiation process we found that the downregulated genes (downregulated 2-
fold; p-value <= 0.05) had a higher average X2 proportional expression value (62.4%) compared
with that of X1 (12.5%). As expected, we found a paired H3K4me3 and H3K27me3 ChIP-seq signal

for these mex3-1 downregulated genes (Figure 9D).

One possibility is that our observations are as a result of some highly ranked X2 genes having only
the H3K4me3 mark, whereas other genes exist in a H3K27me3-only state in NBs. This would
produce an average profile that appears bivalent when many genes are looked at simultaneously. To
account for this possibility, we plotted the distribution of Pearson correlation coefficients between
H3K4me3 and H3K27me3 for the top 500 ranked X1, X2 and 285 mex3-1(RNAi) downregulated
loci. This showed a strong positive correlation between H3K4me3 and H3K27me3 for top 500 X2
loci and mex3-1 downregulated loci, compared to a weak or no average correlation for X1 loci
(Figure 9E). This is consistent with the interpretation that bivalency is present at promoters of genes

that are highly enriched for expression in the X2 compartment.
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Figure 9. A-E. Average H3K4me3 and H3K27me3 ChIP-seq profiles in X1 NBs across three
biological replicates. The y-axis is percentage coverage after normalization to input to allow both
ChIP-seq profiles to be directly compared. Shaded area around line is representative of the
confidence interval for mean ChIP-seq signal as a percentage coverage.Plots are shown for the
following: A. top 1000 ranked X1 genes by expression; B. top 1000 ranked X2 genes; C. top 1000
ranked Xins genes; and D. 285 mex3-1 down-regulated loci with greater than twofold change (P <
0.05). (E) A distribution of Pearson correlation values for the top 500 X1 expressed loci, the top 500
X2 expressed loci, and 285 loci > twofold down-regulated after mex3-1(RNAi). The Pearson
correlation coefficient was calculated between the H3K4me3 and H3K27me3 values at each 50-bp
window —1000 bp and +1500 bp around the TSS.

88



4.6 Planarian orthologues to mammalian bivalent genes are marked by H3K4me3, H3K27me3

and paused RNA Pol Il at the promoter-proximal region

RNA Polymerase II (RNAPII) pausing at genes that are highly inducible has been hypothesized to
play a pivotal role in preparing genes for rapid induction in response to environmental or
developmental stimuli. In a number of mammalian cellular contexts, bivalent genes have been shown
to have a high density of paused RNA Pol II at the promoter-proximal region compared to genes
which are actively transcribed, therefore allowing genes to be maintained in a transcriptionally
poised state (Stock et al. 2007; Ferrai et al. 2017; Liu et al. 2017). Paused RNA Pol II can be
distinguished from other forms by a phosphorylation at Ser5 (SerSP) of the YSPTSPS heptad repeat
at the C-terminus of the largest subunit of the Pol II complex. This heptad repeat is conserved across

metazoans, and is found in S. mediterranea (Corden 2013; Yang and Stiller 2014).

ChIP-seq for RNAPII-Ser5P in NBs revealed that X2 enriched genes have a higher level of paused
RNA Pol II at the promoter proximal region compared to X1 genes (Figure 10A). More significantly,
highly ranked X2 genes with high expression in post-mitotic progeny and little expression in NBs
have the highest amount of paused RNA Poll II close to the TSS, and with increasing expression in

NBs the enrichment for this mark decreases (Figure 10B).

We calculated the pausing index (PI) for all annotated genes in our genome that have a total annotated
length of > 1kb. For our particular genome annotation, we calculated the PI as the read coverage
(normalized to input) +/- 500bp either side of the annotated TSS divided by the normalized read
coverage from +500bp to +2500bp from the TSS (Figure 10C). We defined a gene as being
significantly stalled for transcription if the PI > 1. As expected, individual genes highly expressed
in the NB compartment had both a low PI score and were not enriched for RNAPII-SerSP at the
promoter-proximal region, thereby confirming our methodology was accurate at the gene level
(Figure 10D). We also found that X2 genes with high PI scores had, on average, higher Pearson

correlation coefficients between H3K4me3 and H3K27me3 (indicative of a bivalent state) compared
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with both X1 and X2 genes that have lower PI scores (Figure 11). Given this correlation, we chose
individual X2 enriched genes with high PI values and plotted the ChIP-seq profiles for H3K4me3,

H3K27me3 and RNAPII-Ser5SP as a percentage of maximum coverage for each mark.

Amongst genes enriched for these three signatures of bivalent promoters were those that have
orthology to transcription factor (TF) families and include the Hox (post2a), Nkx (nkx1-2), Even-
skipped (evx-1), Paired-like (phox2A4), T-box (tbx2) and TIx (tlx1-like) gene classes (Figure 10E).
Indeed, previous studies in both mouse ESCs (Bernstein et al. 2006) and quiescent muscle stem cells
(Liu et al. 2013) have shown that members of these gene families are typically marked by both
H3K4me3 and H3K27me3. A paired level of these marks at the TSS for these individual genes
suggests the existence of bivalent chromatin states at these conserved developmental genes and
confirms our correlational analysis of X2 loci (Figure 9E). Moreover, lineage trees made from
psuedotemporally ordered cells in single cell RNA-seq sequencing data show that these genes are
predominantly expressed in the post-mitotic cells of specific lineages, and is also consistent with few

NBs having detectable levels of expression of these genes (Figure 12) (Plass et al. 2018).

One caveat of our analyses is that the bivalent profiles of X2 enriched differentiation related genes
may, for some individual genes that appear bivalent, reflect admixture of transcriptionally active and
repressed states within the X1 NB compartment. For example, previous work has shown that the X1
compartment is highly heterogeneous with subsets of piwi-1+ NBs expressing lineage specific TFs
(Van Wolfswinkel et al. 2014). These genes, such as soxP-3 and egr-1, which are in fact X2 enriched
according to our dataset and others (Labbé et al. 2012), appear to have a paired H3K4me3 and
H3K27me3 signal (Figure 10E). Given that they are known to be expressed in a subset of cells in
the X1 compartment and are definitive markers of lineage-primed NB subsets that will go through
one more cell division (as validated by in situ hybridisation, condensin knockdown studies (Lai et
al. 2018; Van Wolfswinkel et al. 2014) and single-cell RNA-seq data (Wurtzel et al. 2015; Plass et
al. 2018; Fincher et al. 2018) no definitive conclusions concerning bivalency of these particular genes
can be reached.
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Figure 10: A. Average paused RNAPII-Ser5P ChlP-seq profile across X1- and X2-enriched loci in
X1 NBs across biological replicates following outlier removal. The y-axis represents the difference
in coverage between sample and input, and the x-axis represents signal 2.5 kb upstream of and
downstream from the TSS. Shaded area around line is representative of the confidence interval for
mean ChIP-seq signal. B. RNAPII-Ser5P ChIP-seq profiles following outlier removal for X2 genes
from high to low X2 proportional ranking. RNAPII-Ser5P signal increases with an increase in
proportion of X2 gene expression, indicative of these high-ranking X2 genes being transcriptionally
silenced but maintained in a permissive state for rapid induction. C. Calculation for pausing index
(PI) of genes >1 kb. We divided normalized coverage between £500 bp TSS by normalized coverage
+500 bp to +2.5 kb. For genes <2.5 kb, we inspected RNAPoll-Ser5P profiles visually to confirm
whether Pol II pausing was enriched at the promoter-proximal region. D. Individual profiles for
H3K4me3 and H3K27me3 of highly enriched NB X1 genes. X1 genes have a high level of
H3K4me3, and levels of H3K27me3 correspond to intron regions and are not enriched at the
promoter-proximal region. RNAPII-Ser5P signal is not enriched at the promoter-proximal region
compared with the gene body; as a result, PI <1. E. We selected highly enriched X2 genes with a PI
>1 that have both H3K4me3 and H3K27me3 enriched at the promoter-proximal region, together
with an enrichment of RNAPII-Ser5P close to the TSS. Pie charts represent proportional expression
for each gene in X1 (dark blue), X2 (light blue), and Xins (orange).

91



FACS enrichment group
X1 X2
-

Pol Il (Ser5p) profile of X1
and X2 enriched genes

X2 Rank Order

Pol Il (Ser5p) profile split
by X2 rank order

1-1500 1500-3000 3000-4500 4500-6000 6000-7500 7500-8161

Pausing Index (PI) =
Normalized Coverage 500bp +/- TSS
Normalized Coverage +500bp to +2500bp

0.4
g o3 3
N N
© ©
E-025 £y
2a 23
gs 0.2 /\ 7 878
@= Y 2 o=
3 3
O 0.15 o H H
-2000 -1000 TSS 1000 2000 -2000 -1000 TSS 1000 2000 500 TSS 500 2500
D Individual gene profiles H3K4me3 H3K27me3 RNA Pol Il (Ser5P)
- - -
—_ (" exonuclease 1 piwi-1 ctd1 setd8-1 )
" 2 (asx1.1_ox1.0.loc.19362) (asx1.1_ox1.0.10c.31395)  (asx1.1_ox1.0.l0c.00709) (asx1.1_ox1.0.loc.10088)
g ‘D Pl=0.26 Pl =0.22 PI=0.39 Pl=0.51
o3 70 60 80
o9 % 50! gg 40!
2l A % s 0 i M, AL
£%5 60 o b &0
G2 aoL @ 20 40
= E 20 ¥l a 0 0
c o 10 121 8 12
o2l A f : ! aud s
><_§ -2000 TSS 2000 4000 2000 2000 4000 02000 Tss 2000 4000 2000  TSS 2000 4000
=~ \ 21499bp 3035bp 3580bp -'“1.189bp J
E (reticulocalbin-1 (asx1.1_o0x1.0.10c.02920) egr-1 (asx1.1_ox1.0.loc.23804) tbx2 (asx1.1_ox1.0.loc.15490) )

X2 enriched genes
(high promoter pausing)

PI=1.3
16
& .
90.5 1
o A
TSS

2000 4000

28108bp
phox2a (asx1.1_ox1.0.10c.27142)
Pl =47
12/
90.2 é‘#%‘__
87 '3 i
4
9
3600 "T85 2000 4000
7327bp

soxP-3 (asx1.1_ox1.0.10c.03835)
PI=10.9

tm.a‘é 1§

—a amfa

4
-2000  TSS 2000 4000
1089bp

. PI=13
e
e ‘@ Iéu Ada

TSS 2000
—
1428bp

1
-2000 4000

nkx1.2 (asx1.1_ox1.0.loc.31751)
Pl=4.0

§ oaan )
§ adadadban

00 TSS

85.5 w

0
Nos

2000 4000

14966bp

post2a (asx1.1_ox1.0.10c.22069)
PI=1.0

12
50.7@ 1§lh‘ s
H

fAadb adhad

12
H

-2000

TSS 2000 4000
— -

3978bp

: Pl=5.2

60.7 1
‘%L.AfLé
5

3
1
-2000 4000

-
22003bp

TSS

2000

evx1 (asx1.1_ox1.0.loc.31040)
PI=4.0

52&@ IgA“ -~
H ' 1g

12

4

2000 TSS 2000 4000
" 4894bp

tix1-like (asx1.1_ox1.0.l0c.32451)
Pl=4.2
19/

49.4 %_A_,.‘_._
1

' MM L
18]‘
pil - -
2000 TSS__ 2000 4000

1029bp

92



I 2 |

e

Lowest 750 ranked X1 Highest 750 ranked 1-750 750-1500  1500-2250  2250-3000  3000-3750

o

0.5

o
w0

o

-0.5

S
w0

Pearson Correlation Coefficient
between H3K4me3 and H3K27me3
o
Pearson Correlation Coefficient
between H3K4me3 and H3K27me3

=)

loci by PI X2 loci by PI X2 loci X2 loci X2 loci X2 loci X2 loci
Mean PI Mean PI ranked by Pl ranked by PI ranked by Pl ranked by Pl  ranked by PI
=0.18 =31 Mean PI Mean PI Mean PI Mean PI Mean PI
=31 =071 =042 =024 =011
C
a Correlation Pl Correlation Pl B
ddx52 -0.45 0.16 evx-1 0.95 40
cyclinb-1 -0.3 0.07 phox2a 091 47
setd8-1 -0.15 0.51 soxP-3 0.81 109
mcm2 -0.11 0.25 tix-like 0.76 42
exonuclease-1  -0.1 0.25 thx-2 071 5.2
erréL 0.24 0.08 hoxb-9 0.68 1.0
weel 0.40 0.90 nkx1.2 0.59 4.0
ctd1 0.40 039 egr-1 0.26 13
piwi-1 0.51 0.22 reticulocalbin-1 0.3 13
- J

Figure 11: A. Distribution of Pearson correlation coefficients between H3K4me3 and H3K27me3
for lowest 750 X1 enriched loci ranked by Pausing Index (PI) versus highest 750 X2 enriched loci
ranked by PI. A Pearson correlation coefficient between H3K4me3 and HK27me3 percentage
coverage at each 50bp window between TSS and 1.75kb upstream of TSS was calculated for each
locus. A gene with high Pearson correlation coefficient would be, on average, more likely to be
bivalent. X2 enriched loci with high PI scores, on average, have higher Pearson correlation
coefficients, indicative of a bivalent state. Visual inspection of potential bivalent loci is further
required to confirm a paired H3K4me3 and H3K27me3 signal at the TSS. B. X2 enriched loci (>1kb)
split into rank order of PI. X2 enriched genes with high PI scores have, on average, higher Pearson
correlation coefficients between H3K4me3 and H3K27me3. As PI decreases, so does the Pearson
correlation coefficient. C. Individual Pearson correlation coefficients and Pausing Index scores for
X1 enriched loci (as in Figure 1) and X2 bivalent loci (as in Figure 5). Again, on average, X2 loci
have a higher Pearson correlation coefficient than X1 loci but individual gene ChIP-seq tracks must
be inspected to verify paired H3K4me3 and H3K27me3 signal as this calculation does not take into
account absolute magnitude of signal. For example, piwi-1 does not fit the expected trend owing to
H3K27me3 signal in introns (resulting in a higher than expected Pearson correlation coefficient
between H3K4me3 and H3K27me3) and reticulocalbin-1 has a broad H3K27me3 signal compared
to H3K4me3 (resulting in a lower than expected Pearson correlation coefficient).
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Figure 12: Single cell lineage trees (from https://shiny.mdc-berlin.de/psca/) of identified bivalent
genes indicates that these genes are expressed in defined cellular lineages. These are similar profiles
to other X2-enriched genes such as prog-1 that were not found to have bivalent histone modifications
in our analysis. In contrast, piwi-1 is expressed predominantly at the core of the tree which is
indicative of high NB expression. zfp-1 (marker of { NBs) is also expressed at the core of the tree,
indicative of high stem cell subset expression and a role in early NB lineage-commitment. soxP-3
and egr-1 are known to be expressed in epidermal-committed NBs, and as bivalent may reflect
heterogeneity. In these lineage plots a small amount of normalized expression is detected at the core
of the tree, but highest expression is in epidermal branch arms indicative of post-mitotic cells.




4.8 Discussion

In this chapter, we have outlined an optimized ChIP-seq protocol, and employed this to generate
robust genome-wide profiles of the active H3K4me3 and H3K36me3 marks and repressive
H3K4mel and H3K27me3 marks in planarian NBs. We find that the active marks H3K4me3 and
H3K36me3, and suppressive H3K4mel and H3K27me3 marks in X1 NBs correlate with the
proportion of total transcript expression of these loci in X1 cells, validating our NB ChIP-seq

methodology.

Moreover, these analyses showed that genes associated with stem cell differentiation, and which are
expressed at low levels in X1 population but activated at high levels in the X2 population, are marked
with both H3K4me3 and H3K27me3 marks at comparable levels at the TSS. Moreover, these genes
were also highly marked with paused RNA polymerase (RNAPII-Ser5P) at the promoter region
consistent with the definition of transcriptionally poised bivalent genes. Although we cannot entirely
rule out cell heterogeneity within the X1 NB population as a factor contributing to our observation
of promoter bivalency, our focus on genes with high X2 expression (post-mitotic NB progeny) and
orthology to vertebrate transcription factors known to have bivalent profiles provide strong evidence
that bivalent histone marks are involved in poising of genes for activation upon NB commitment and

differentiation in planarians.

The existence of promoter bivalency in invertebrates, prior to our work here, has been contentious.
For example, the mammalian orthologues of bivalent genes in Drosophila germ cells were found to
have only repressive H3K27me3 deposited at their promoters (Schuettengruber et al. 2009; Gan et
al. 2010; Lesch et al. 2016). However, in a more recent study using fly embryos, the Pc-repressive
complex 1 (PRC1) that binds to H3K27me3 was shown to co-purify with both Fsh1 (orthologue of
mammalian BRD4) that binds to acetylated histone marks and to Enok/Br140 (orthologues to
subunits of mammalian MOZ/MORF histone acetyltransferase complex). ChIP-seq identified two
groups of PRC1/Br140 genomic binding sites that were either defined by strong H3K27me3 signal
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or strong H3K27ac signal (i.e. actively transcribed genes). Both groups were also marked with
narrow peaks of H3K4me3 at the TSS (Kang et al. 2017). These recent findings also argue for the
existence of bivalent-like promoters outside of vertebrates, at least with respect to the binding of
chromatin regulatory complexes, and extends the model to suggest that acetylation may be important
in the resolution of bivalent protein complexes during development. Moreover, ChIP-seq of cercariae
of the parasitic flatworm Schistosoma mansoni indicate that loci are marked by the bivalent
H3K4me3/H3K27me3 signature. It was also shown that at this developmental stage there is very
little active transcription, and that the animal possesses very few stem cells. Consequently, this study
makes the case that bivalency does not have to be associated with pluripotency, and may be a general
methodology to keep genes in a transcriptionally poised state before transitioning into the next

developmental state (Roquis et al. 2015).

One key role of bivalent chromatin is to allow the maintenance of pluripotency in ESCs, by having
genes involved in differentiation and commitment both silent but competent to switch on if the right
signals are received. Our data suggest that this mechanism is likely to be important for pluripotency
in planarian NBs, as genes that can switch on rapidly upon differentiation appear to be the bivalent.
Indeed, these genes also included planarian orthologues to mammalian TFs that have been
documented to be bivalent in ESCs. Consequently, we are able to present a case for promoter
bivalency in planarian NBs and in doing so demonstrate that this process is not necessarily
vertebrate-specific. This novel finding adds to the growing body of evidence which suggests a deep
conservation of regulatory mechanisms involved in stem cell function (Solana et al. 2016; Juliano et
al. 2010; Solana 2013; Alié et al. 2015; Lai and Aboobaker 2018) as well as combinatorial patterns
of post-translational modifications (Schwaiger et al. 2014; Sebé-Pedros et al. 2016; Gaiti et al. 2017).
Epigenetic studies in the unicellular relative of metazoans, Capsaspora owczarzaki (Sebé-Pedros et
al. 2016) could not find any evidence of bivalency given the absence of H3K27me3, and epigenetic
studies in the sponge Amphimedon queenslandica (Gaiti et al. 2017) and the cnidarian Nematostella
vectensis (Schwaiger et al. 2014) have also not revealed any evidence for this approach to gene
regulation. Further work will be required to establish when bivalent chromatin evolved in animals.
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Overall, our development of a robust ChIP-seq protocol for use with planarian sorted NBs, together
with good coverage for four definitive and essential epigenetic marks, establishes a resource for both
future planarian studies investigating the epigenetic regulation of stem cell function as well as

comparative epigenetic studies across metazoan phyla.
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Chapter V

Deciphering the planarian stem cell regulome

Chapter V has not been reproduced elsewhere, and is a work in progress. Author contributions: Aziz
Aboobaker and Anish Dattani conceived the project, which is still evolving. Anish Dattani and Divya
Sridhar together prepared preliminary ATAC-seq libraries. Analyses were conducted by Anish

Dattani.
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Abstract

Transcriptomic approaches have allowed for the elucidation of genes involved in planarian NB
pluripotency maintenance and subsequent differentiation into the various post-mitotic lineages.
However, almost nothing is known about how transcription factor (TF) mediated cis-regulatory
mechanisms control lineage commitment both under homeostatic and regenerative conditions. In the
chapter, we document the repertoire of potential TFs in the S. mediterranea genome, and utilise
FACS proportional categorization to find those enriched in NBs. By this methodology we identify
TFs that have not been functionally characterized in planarians such as various Zinc Finger (ZNF-
C2H2) TFs and potentially novel TFs derived from DNA transposable elements (TEs). We utilise
ATAC-seq to identify regions of the genome in a state of open chromatin in the three FACS
compartments. We find that the promoters of Xins-enriched genes become more accessible upon
differentiation from the X1 NBs, consistent with their transcriptional activity in differentiated cells.
Conversely, the promoters of X1-enriched genes remain accessible throughout differentiation. We
also identify regions of the genome that are potential enhancers, and which correlate with the
expression of proximally located genes. We summarize the experiments needed to be carried out to
validate these findings, and strategies that can be employed to identify both the promoter targets and

TF mediators of these enhancers.
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5.1 Introduction

The binding of transcription factors (TFs) at cognate DNA motifs within enhancers can either
positively or negatively influence the expression of a gene (Lambert et al. 2018; Lee and Young
2013). TF-bound enhancers are able to regulate the transcription of nearby or distant genes through
physical contacts mediated by cohesin — a macromolecular complex that allows for the looping of
DNA between enhancers and their target promoters (Kagey et al. 2010). TFs that enable
transcriptional activation recruit conserved co-activators, such as p300 and the Mediator complex,
that together form a preinitiation complex at enhancer/promoter junctions and recruit RNA
Polymerase Il (Juven-Gershon and Kadonaga 2010; Malik and Roeder 2010; Sikorski and
Buratowski 2009). Once RNA Pol II initiates transcription, it typically pauses 20-50bp downstream
of the TSS, and will transition to elongation following the recruitment of elongation factors and
pause-release TFs, such as c-Myc (Adelman and Lis 2012; Rahl et al. 2010). Moreover, TFs and their
associated complexes can also recruit histone modification and nucleosome remodelling complexes
that either positively or negatively influence a gene’s transcriptional environment (Nagaich et al.

2004; Boeger et al. 2008; Voss et al. 2011; Zaret and Carroll 2011)

The importance in precisely regulating gene expression for cellular and developmental processes is
evident throughout all domains of life, but the exact TF repertoires from diverse organisms remains
unchartered. Moreover, the genomic locations of specific TF enhancer targets are difficult to predict
in silico for organisms where TF-DNA interactions have not been studied by ChIP-seq (Andersson
et al. 2014). Recent alternative efforts to identify regulatory elements have utilised nucleases such
as DNase [ and Tn5 transposases to cleave nucleosome depleted regions (Giresi et al. 2007; Thurman
et al. 2012; Stergachis et al. 2013; Buenrostro et al. 2015b). Moreover, these regulatory elements
often have transcriptional expression as a result of the production of eRNAs (de Santa et al. 2010;
Djebali et al. 2012; Murakawa et al. 2016; Andersson et al. 2014). Consequently, in different
organisms, large repertoires of regulatory elements have been identified by determining the DNA
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accessibility of different cell types and developmental stages. Association of enhancers with target
promoters can be further inferred by their proximity to first exons, or alternatively can be assayed
with Hi-C (Lieberman-Aiden et al. 2009; Schoenfelder et al. 2015a; Hughes et al. 2014; Dryden et

al. 2014).

In systems where transgenesis is possible, validation of enhancer sequences can be carried out by
enhancer-reporter constructs. For instance, ATAC-seq has been used in C. elegans to identify highly
accessible chromatin regions enriched in TF motifs that modulate their accessibility between
developmental stages and tissue types, and reporter constructs validated their tissue/developmental
stage specific expression patterns (Daugherty et al. 2017). Similarly, enhancers specific to
endothelial cells were identified in zebrafish using ATAC-seq on GFP+ nuclei of cells sorted from
dissociated whole animals expressing a transgenic reporter specific to the endothelial compartment
(Quillien et al. 2017). Evidence for putative endothelial enhancers was also provided on the basis of
ATAC-seq peaks correlating with conserved enhancer histone epigenetic marks — such as H3K4mel
and H3K27ac — from whole zebrafish ChIP-seq data. Overall, both these studies suggest that multiple
lines of independent evidence are necessary when validating the occurrence of enhancers in animal

genomes.

In this chapter, we utilize the recent S. mediterranea genome assembly for the sexual biotype that
has a N50 length of 3,854,845 bp compared with the asexual assembly that has an N50 of 77,506 bp
(Robb et al. 2007; Grohme et al. 2018). Consequently, the higher contiguity of this assembly allows
us to visualize genes and their regulatory elements in tandem on the same scaffold. We annotated
this genome using both de novo transcriptomes and an assembly made in-house using publicly
available RNA-seq datasets. Using this annotation, we identified proteins with DNA binding
domains and characterized FACS proportional expression of genes belonging to major metazoan TF
families. This enabled us to identify TFs that are enriched in the NB, post-mitotic, and differentiated

cell compartments.
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We next carried out ATAC-seq on the three FACS isolated populations of planarians — S/G2/M NBs
(X1), stem cell progeny + G1 NBs (X2), and differentiated cells (Xins) - in order to identify regions
of the genome that are in a state of open chromatin, and which are specific to the particular cell-
types. We observed that between cell-types, genes that are active in the Xins population become
more accessible at the promoter region following differentiation, consistent with their transcriptional
upregulation between stem cell and differentiated state. However, stem cell (X1) genes did not
ostensibly lose accessibility at the promoter region following differentiation, potentially indicative
of these genes being transcriptionally permissive, albeit less active, in differentiated cells. We
observed that putative enhancers are flanked by H3K4mel — a mark known to be enriched at active
and primed enhancers in other model systems (Calo and Wysocka 2013) - and make attempts to

identify elements whose accessibility positively correlates with nearby gene expression.

5.2 Identification of TF's in the planarian genome

We sought to identify the repertoire of TFs in our expression-driven annotation of the sexual S.
mediterranea genome. To generate this set of genomic annotations, we utilized a publicly-available
platform Mikado, which analyses an ensemble of transcriptomic assemblies mapped to the genomic
template and clusters overlapping transcripts based on genomic position (Venturini et al. 2018). In
our case, we mapped de novo transcriptomes, known S. mediterranea gene sets (SmedGD
UniGenes), and a transcriptome assembly made from 183 publicly available RNA-seq datasets to
the sexual genome. Representative transcripts within these Mikado processed gene clusters were
then picked using a scoring methodology based on ORF length (by TransDecoder (Haas et al. 2013)),
BLAST homology with Uniprot metazoa, and splice-junctions (using Portcullis (Mapleson et al.
2017)). Valid alternatively spliced transcripts that are non-redundant with picked transcripts were
also brought back to be included as isoforms. This process identified 29,038 genomic loci and 25,280
that potentially protein coding owing to an ORF length of =>100aa. This annotation process was
carried out prior to the release of gene models for the sexual S. mediterranea, and as such
comparisons between the two annotations should be made in the future (Rozanski et al. 2019).
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We next conducted a systematic domain annotation of our 25,280 protein-coding loci using the
InterProScan resource - which integrates a number of protein signature databases, including Pfam
and SUPERFAMILY. We generated a list of potential TFs by searching our annotation list for Pfam
terms identified by the DNA Binding Domain (DBD) v2.0 database (Wilson et al. 2008) . Moreover,
we also identified SUPERFAMILY terms that were indicative of potential TF activity. By using
both of these distinct Hidden Markov Model lists we identified 816 potential TFs in our genome
annotation (Figure 1A). This non-redundant classification included 502 genes preferentially
categorized by PFAM annotation, and a further 314 that had SUPERFAMILY annotation only. The
distribution of proteins across both Pfam and SUPERFAMILY classes revealed that most belong to
the ‘homeobox-like domain (SUPERFAMILY)’, ‘Zinc Finger, C2H2 (Pfam)’, ‘homeobox domain

(Pfam)’, ‘winged-helix (SUPERFAMILY)’, and ‘Myc-type, basic Helix Loop Helix (bHLH)’ .

We next mapped RNA-seq data from publicly available FACS RNA-seq databases, and noted that
only 682 out of 816 putative TFs had 10 reads or more mapping reads, with the remaining genes
being likely pseudogenes or lowly expressed homeodomain-containing DNA transposable elements
(TEs) (Figure 1B). Using our previously described methodology, we allocated a FACS proportional
value to each potential TF. We noted that TFs were distributed in enrichment across all three cellular
compartments, indicative of a role for TFs in maintaining NB pluripotency, driving lineage

commitment, and maintaining the differentiated tissue-specific state.
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Figure 1: A. Number of genes in TF families identified in annotations of sexual S. mediterranea
genome by InterPro utilising Pfam and selected SUPERFAMILY (Black stripes) IDs curated by the

DBD database. Counts are non-redundant, such that PFAM annotations are given preference over

SUPERFAMILY annotations in cases where genes are annotated by both. B. Ternary plot depicting
FACS expression profiles for 682/816 TFs with => 10 reads in FACS RNA-seq libraries. Colours

represent enrichment categories.



5.3 Identification of TFs enriched in planarian NBs

The contribution of TFs such as the Yamanaka factors (Oct3/4, Sox2, Kif4, and c-Myc) to the
maintenance of pluripotency and self-renewal is well documented in mammalian ESCs. However,
the role of TFs in the regulation of planarian NBs has received only minor attention. For instance,
single-cell qPCR of X1 cells revealed that the o NBs express two genes of the Sox/HMG box class
of TFs (soxP-1 and soxP-2) in addition to a SMAD family member smad6/7-1 (Van Wolfswinkel et
al. 2014). The pbx homeobox was also reported to be enriched in ¢ NBs compared to epidermal
committed { NBs, but our proportional analyses from bulk FACS RNA-seq data indicates that this
gene is enriched in the post-mitotic X2 class. Moreover, pbx has a well-established role in the
establishment of planarian AP polarity (Blassberg et al. 2013; Chen et al. 2013). Likewise, the { NBs
are characterized by a high expression of zfp-1, p53, soxP-3 (Van Wolfswinkel et al. 2014). From
these three TFs, only zfp-1 is enriched in X1 NB compartment, with the other genes having maximal
expression in the X2 compartment according to our proportional analyses. Similarly, y NBs are
distinguished by the expression of nkx2.2-like, hnf4, gata4/5/6 and prox-1, from which only prox-1
is enriched in the X1 NBs (Van Wolfswinkel et al. 2014) (Figure 2). Consequently, TFs that are
expressed, but not enriched, in NBs likely have a predominant function in late lineage commitment,

although we cannot rule out separate NB-specific functions for these genes.

The full repertoire of TFs enriched in NBs has never before been documented, and their roles in the
maintenance of NB pluripotency and/or early lineage commitment are yet to be uncovered. In order
to discover uncharacterized TFs with an enrichment of expression in planarian NBs, we manually
curated a list of potential TFs with high X1 proportional expression. From an initial list of 119 TFs
with => 50% X1 expression, we filtered down to 95 TFs by discarding genes whose orthologues are
known to have DNA-binding functions that do not involve the regulation of transcription directly
(Figure 2). For example, we removed cdc6, which has a predominant role in the maintenance of
checkpoint mechanisms during cell cycle progression, and topoisomerase Il alpha, known for
reducing the number of DNA supercoils during transcription. Moreover, we noted numerous genes
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with known functions in DNA replication and cell-cycle progression are also represented in a
previous annotation of TFs in the planarian transcriptome as a result of their DNA-binding domains,
and were not manually filtered to account for false-positives in this study (Swapna et al. 2018). It is
also likely that our putative list of 816 TFs is an overestimation of the repertoire planarians, and
further manual filtering of this list is needed for downstream functional analyses and phylogenetic

comparisons of TF number with other organisms.

Within our X1 enriched TF list, we also included information, if available, as to the specific cell-
types these TFs are expressed in according to the Drop-seq dataset by Fincher et al. 2018. This
dataset includes transcriptomic information from 50,562 cells, which were Seurat clustered cells into
44 major groups that make up 9 distinct tissue types (NB, neural, intestine, muscle, epidermis,
protonephridia, cathepsin+ cells, pharynx and muscle). From these initial major clusters, a further
>150 sub-clusters were identified with distinct gene expression, that allowed for the identification of
different specialized tissue types as well as lineage-committed smedwi-I+ NBs. Moreover, 9
potential NB sub-clusters that may be representative of the individually pluripotent cNeoblasts were
identified owing to a high level of the piwi-I NB marker and exclusion of { and y NBs (Fincher et
al. 2018) (Figure 3A). Apart from 2 subclusters (subclusters 2 and 9), each subcluster can be
distinguished by the specific expression of genes corresponding to the Dresden Transcriptome IDs:
e.g. dd 10988, dd 6998, dd 17796, SAMDIS5 (dd19710), dd 1122+, dd 13666, and PLODI
(dd3457). Importantly, we cannot posit that all cells of these 9 subclusters will be cNeoblasts, and
may in fact contain early precursors to lineage-committed NBs. It is likely, however, that these 9 NB
sub-clusters will enrich for cNeoblasts compared to the NB population as a whole. Most of our
identified X1-enriched TFs were not statistically enriched in any particular major planarian tissue
type, likely owing to a low coverage for these TFs in individual single-cell libraries, and 14/95 of
our TFs were in fact enriched in tissues other than NBs. For 26/95 TFs with enrichment in expression
in NBs, we further looked for whether they were enriched in particular piwi-1+ sub-clusters.

Interestingly, we found only 6/26 were enriched in one of the 9 potential cNeoblast clusters: soxP-
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1, soxP-2, runt-1, gcm-1, an unknown ZNF gene (Sx/ rink 2022) and unknown bZIP-containing

gene (Sx!_rink 31340) (Figure 3).

Our X1-enriched TF list uncovered a number of genes that are conserved with mammals, and which
have not been functionally studied in planarians. For instance, one of two orthologues to the glial-
cells missing (gcm) gene is highly enriched in the stem cells of planarians (X1). In Drosophila, gcm
is known to function as a binary developmental switch between assuming glial or neuronal fate,
whereas in mammals gecm genes are known to have a role in placental morphogenesis and
development of the parathyroid gland (Hosoya et al. 1995; Jones et al. 1995; Basyuk et al. 1999;
Wegner and Riethmacher 2001). In planarians, gcm-1 is statistically enriched in the high smedwi-1+
cluster dd 10988 compared to other subclusters, but there are some cells outside of this compartment
that also express this gene (Figure 3C). Given that this TF has subsumed a variety of functions
through evolutionary time, RNAi of this gene in planarians may uncover a role in stem cell
maintenance. Alternatively, the expression of this gene in the dd_10988 compartment may indicate
arole in early lineage commitment within high piwi-1+ cells to glia (a recently discovered planarian

cell type (Roberts-Galbraith et al. 2016; Wang et al. 2016)), similar to its role in flies.

Moreover, we identified a number of Zinc-finger C2H2 (C2H2-ZNF) containing genes, which have
not been previously functionally characterized. Members of this gene family are known to function
as transcriptional regulators, binding to DNA via their zinc-finger region; others, however are also
known to bind to RNA, and their exact function is yet unknown (Theunissen et al. 1992; Grondin et
al. 1996). In humans, C2H2-ZNF genes represent the largest group of TFs (747/1639) and alongside
homeodomains (196/1639) represent more than half of known TFs (Lambert et al. 2018). Some of
these C2H2-ZNF genes have well characterized functions in development and cell proliferation such
as Krox-20, snail, Glil, and Kriippel-like factors, but the vast majority have elusive functions that
are only beginning to be uncovered. For instance, recently ZNF207 was shown to bind to the
proximal enhancer of the pluripotency factor OCT4 human ESCs, and could also enhance
reprogramming efficiency of neonatal fibroblasts to iPSCs (Fang et al. 2018). Importantly, the high
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conservation of amino acids in C2H2-ZNF genes, as well as the repetitive nature of the C2H2-ZNF
domain within a single protein, means that it is often difficult to work out orthologous relationships
between genes from different animals, owing to a high baseline of sequence similarity (Knight and
Shimeld 2001). Moreover, lineage-specific expansions as a result of tandem duplications are
documented in mammals at least (Shannon 2003; Hamilton 2006; Tadepally et al. 2008) . For the
C2H2-ZNF genes enriched in planarian NBs, we performed a BLAST to human, Drosophila and C.
elegans in order to ascertain homology, if present. This provided identification for Sx1 rink 6833,
which hits bc11a in mouse and known orthologues in Drosophila (CG9650) and C. elegans (bc-11).
In the majority of cases, BLAST homology was uncertain, owing to low sequence similarity to
proteins from all three organisms, and as such we assigned the gene as ‘ZFN-unknown’. Molecular
phylogenetic analyses is therefore necessary, using a large number of taxa, to ascertain where in

metazoa these ZFN-unknown genes arose, and whether they are a unique expansion in flatworms.

Figure 2: List of TFs enriched (=> proportional 50% expression) in NBs. We also include
predictions for lineage involvement using single-cell sequencing enrichment analyses from Fincher
et al. (2018). We first checked for enrichment of genes in major clusters, representative of major
planarian tissue types. Enriched genes were identified using both a receiver operating characteristic
curve (ROCC) analysis and a likelihood ratio test (LRT) test based on zero-inflated data,
thresholding for genes that show at least a 0.25 Log2fold average difference between all other
clusters (Fincher et al. 2018). Where NB enrichment was observed for the major cluster, we
ascertained enrichment if present in the subclusters of smedwi-1+ cells (given in red). For most
genes, we do not observed an enrichment in any major cluster, which may be the result of very few
cells expressing this gene and/or this gene is lowly expressed. Where orthology is not known for the
Zinc Finger, C2H2 proteins, we have assigned this gene as “ZNF-unknown”. DNA TEs are included
in this list owing to ‘homeodomain-like’ domain hit. We highlight those TFs that have been tested
for function with RNAi or have documented expression patters as assayed by in situ hybridisation.
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Figure 3: A. Data from https://digiworm.wi.mit.edu/. Single-cell tSNE plots of piwi- 1+ cells predicts
22 sub-clusters. Circled in black are high piwi-+ NBs identified by Fincher et al. (2018) that exclude
the lineage-committed { and y NBs. B. For zfp-1 and Sx/_rink 11380, expression of these genes are
enriched in lineage-committed NBs (red circle). C. gem, soxP-1, soxP-2, runt-1, SxI_rink 31340,
and Sx!/ rink 2022 are enriched for expression in specific clusters within the 9 high piwi-1+
population. Cluster of enrichment is shown in inset.
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54 Homeodomain-containing DNA TEs are expressed in NBs

We found 128/682 putative TFs that had sufficient transcriptional coverage in our FACS RNA-seq
datasets (=> 10 read counts in a single RN A-seq library) and which were annotated by RepeatMasker
as DNA TEs. These selfish genetic elements encode a transposase within a single ORF that cuts at
inverted flanking repeat sites at either end of the element. The DNA TE then re-inserts itself into the
genome, and the previous excision site is repaired by either Homologous Recombination (generating
a copy of itself) or by Non-Homologous End Joining (NHEJ). Consequently, DNA TEs are referred

to as ‘cut-and-paste’ elements.

11 out of 19 DNA TE superfamilies (including Tc1/mariner, hAT (Hickman et al. 2005; Zhou et al.
2004) and PiggyBac (Mitra et al. 2008)) unambiguously contain an amino acid triad, consisting of
two aspartic acid residues (D) and a third glutamic acid (E) or a third D, which are brought together
in close proximity by an RNase-H-like fold to enable DNA cleavage (Haren et al. 1999; Yuan and
Wessler 2011). Moreover, DNA transposons, at least of the Tc1/Mariner and Pogo classes, also have
DNA-binding domains at their N-terminal regions that consists of a helix turn helix (HTH) (Vos and
Plasterk 1994; Colloms et al. 1994). Indeed, many eukaryotic HTH domains likely originated from
transposases, such as the paired domain of PAX6 (Feschotte 2008; Chuong et al. 2017). As a result
of their HTH motif, these DNA TEs appear in our putative TF list owing to Pfam HTH domain and
‘homeodomain-like> SUPERFAMILY signatures. In contrast to DNA TEs, retroelements copy
themselves via an RNA intermediate and as such are referred to as ‘copy and paste’ TEs. Long
Terminal Repeat (LTR) and non-LTR (e.g. LINES and SINES) TEs represent the two major classes
of retroelements and are distinguished by distinct replication mechanisms, (reviewed in (Levin and
Moran 2011)), but both require the activity of a reverse transcriptase encoded by the retroelements
itself. Although DDE motifs are present in at least the integrase enzyme encoded by the LTR TEs
(Capy et al. 1997), neither LTRs nor non-LTR retroelements have an N-terminal ‘homeodomain-

like’ DNA-binding domain. Consequently, retroelements are not found in our candidate TF lists.

111



Given that DNA TEs comprise of 15% of the planarian genome (Figure 4A and B), and 5% of
expressed genomic loci (Figure 4C and D), we sought to provide in silico evidence for whether
DNA TEs had functional activity within planarian NBs. Consequently, we looked at the normalized
average TPM levels of RepeatMasker annotated DNA TEs in our X1 FACS datasets, as well as
epigenetic marks that correlate with transcription. In particular, we generated genome-wide
epigenetic profiles for H3K9me3 in X1 NBs — a mark known to correlate with the constitutive
heterochromatin and TE silencing in animals (Martens et al. 2005; Rangan et al. 2011; Karimi et al.
2011; Bulut-Karslioglu et al. 2014). This analysis revealed low levels of H3K9me3 at DNA
transposons, but higher levels of enrichment at LINEs (and to a lesser extent LTRs), indicating that
DNA TEs avoid transcriptional suppression by host H3K9me3 modification machinery compared
with retroelements (Figure 4E). There may be, however, mechanisms other than heterochromatin
formation responsible for the silencing of active DNA TEs in the planarian genome, such as natural
RNAI (Sijen and Plasterk 2003; Piast et al. 2005). Moreover, we also observed that the presence of
H3K9me3 upstream or within an intron of genes is an indicator for the presence of retroelements

(Figure 4F).

We found that 8/10 DNA TEs had low normalized TPM expression in NBs and were naked for all
tested epigenetic marks (Figure 5A). Moreover, these DNA TEs were comparatively less evolved
from their consensus sequence (i.e. low Kimura 2-paramter genetic distances), indicating that they
may be evolutionarily younger. Consequently, these elements may represent TEs that have recently
integrated within the genome and are enriched in expression in NBs. However, for two DNA TEs
(SxI_rink 30624 and SxI rink 30626) belonging to the Tcl/Mariner superfamily, we noted high
levels of expression, together with high levels of the active H3K4me3 mark and low levels of
heterochromatin associated H3K27me3 and H3K9me3. These TEs are also divergent from their
Tcl/Mariner (ISrm11) family consensus sequence as indicated by a high Kimura 2-paramter genetic
distance (Figure 5B). Consequently, these elements may represent evolutionarily old TEs that have
accumulated mutations and, given their NB expression levels, have been co-opted to new functions

beneficial to the host. An alignment of these two planarian Tc1/Mariner (ISrm11) sequences against
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active Tcl/Mariner representatives from different animals shows that the two planarian elements
both contain the conserved DDE/D motif in the transposase domain, as well as two helix-turn-helix
motifs indicative of potential DNA binding activity (Figure 5C). We also found another NB
expressed DNA TE (SxI_rink 9792), but which lacked a RepeatMasker annotation, indicating that
it may be highly derived. Moreover, this sequence had a high level of H3K4me3 deposition, and

contained both a DDE domain as well as an N-terminus HTH motif annotated by Pfam.

Figure 4: A. Repeat content of the sexual S. mediterranea genome as identified by RepeatMasker.
B. Kimura landscape showing Kimura 2-paramater distances to consensus sequence for all
RepeatMasker annotated sites of the genome, and categorized as LINEs, LTR, DNA elements, RC
Helitron elements, or Unclassified. C. Repeat content of sexual S. mediterranea genome annotations,
which can be taken as transcriptionally active genomic loci owing to the annotation process. D.
Kimura landscape for TEs present in genome annotations. Note all TEs in general that are expressed
as evidenced by their annotation have shorter Kimura distances compared to genome-wide TEs,
indicating that they are potentially younger. E. H3K9me3 profile in X1 NBs (1 replicate) across all
RepeatMasker annotated TE sites shows that LINE and LTR elements have on average, higher levels
of H3K9me3 compared to DNA elements. Annotated loci that have been filtered for expressed TEs
(i.e. non-TE genes) have lower levels of H3K9me3 at the TSS, indicating that they are protected
against heterochromatin formation. Both upstream and downstream of non-TE genes, there are
higher levels of H3K9me3, indicative of the presence of TEs that need to be silenced (e.g. within
introns and intergenic regions). F. Example RepeatMasker TE track (black) and genome annotation
track (blue). Regions with high H3K9me3 (red) coverage correlate with the presence of TEs. TEs
shown are likely transcriptionally inactive if there is no associated genome annotation. RNA-seq
track is represented as normalized RPKM coverage using three whole worm RNA-seq libraries
(SRR867386 - SRR867388). X1 ChIP-seq library tracks are shown H3K4me3, H3K27me3 and
H3K9me3 as log2 ratio of normalization to input.
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A Epigenetic profiles of lowly expressed X1 enirched DNA TEs
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B Epigenetic profiles of two highly expressed X1 enriched DNA TEs
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Figure 5. A. NB enriched DNA TEs with low X1 TPM levels. These TEs also have low Kimura
distances from their consensus sequences, indicating that they are evolutionarily younger. These
DNA TEs have representative genome annotations owing to expression in the transcriptome
assemblies used to make the annotation. In this figure, RNA-seq track is represented as normalized
RPKM coverage using only three whole worm RNA-seq libraries (SRR867386 - SRR867388). X1
ChIP-seq library tracks are shown H3K4me3, H3K27me3 and H3K9me3 as log2 ratio of
normalization to input. ATAC-seq libraries for X1, X2, and Xins merged replicates are shown as
normalized RPKM coverage. B. Two DNA TEs, belonging to the TcMariner superfamily that are
enriched in expression in NBs. Both DNA TEs are derived as indicated by their high Kimura distance
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from consensus sequence. Both are marked with H3K4me3. C. Alignment of the two planarian DNA
TEs with protein sequences of known expressed Tcl-like DNA elements from plaice
(Genbank: CAB51372), frog (Genbank: DAA0156), C. elegans (Genbank: NP_741053) as well as
the human mariner-2 TE consensus sequence GenBank: U49974.1). Residues of the DNA binding
domain are shown in blue (2x HTH domains consisting of alpha helices H1-H3) and catalytic DDE
motifs are shown in red. The GRPR motif characteristic of many homeodomain-containing proteins
and the Tcl/mariner transposases is not found in the two S. mediterranea DNA TEs, highlighted in
yellow, indicating possible divergence of function.

5.5 ATAC-seq identifies changes in accessibility at Xins-enriched gene promoters, but does not

Xl-enriched gene promoters

The Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) can be used to identify
both promoters and enhancers that change in chromatin accessibility between cell-types, and which
broadly correlate to the transcriptional activity of associated genes. Consequently, we reasoned that
we could employ ATAC-seq for the first time in planarians to ascertain promoter-proximal cis-
regulatory elements that are active in particular FACS isolated compartments, and therefore
indicative of either a NB (X1), post-mitotic (X2), or differentiated cell-type (Xins) specific function.
This methodology relies on the incubation of a hyperactive form of Tn5 transposase, which
introduces two cuts (9bp apart) at a particular site as well as the simultaneous insertion of sequencing
adaptors within the DNA (Buenrostro et al. 2013, 2015a). Where chromatin is more accessible, there
will be a greater probability of Tn5 insertion, compared with less accessible chromatin such as in
condensed heterochromatin (Figure 6A). The fragments excised out of the DNA will be the products
of two adjacent Tn5 reactions, and will be the input to PCR amplification followed by sequencing.
Using this methodology, we were able to generate >12million uniquely mapping paired-end
fragments per library, with two replicates in each of the X1, X2 and Xins samples. Initially, we
analyzed the fragment distribution of each library and noted that the majority of fragments were
<100bp, and therefore likely correspond to nucleosome-free regions (NFR) (Figure 6B). Given that
the size of DNA wrapped around nucleosomes is around -147bp, we also observe periodicity in
fragment size, at least for our X2 and Xins samples that corresponds to the presumptive mono- and

di-nucleosome length that the Tn5 enzyme cuts around.
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We subsequently filtered out our mapped fragments to include only those that had a length of
<100bp, as we wished to only look at NFRs distributed across the genome. We used MACS2 to call
peaks from these NFR reads for each of the FACS isolated populations, in order to ascertain genomic
sites with the greatest amount of chromatin accessibility (Zhang et al. 2008). We found a total of
18,331 consensus peaks in X1 cell replicates, 32,440 peaks in X2 cells, and 22,092 peaks in Xins
cells that were present in both of replicates (Figure 6C). We utilized our annotation of the genome
to estimate that the majority of called peaks for each of the three samples were in the intergenic
regions of the genome, with comparatively fewer peaks being called at promoter-TSS annotated

sites.
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Figure 6: A. Overview of ATAC-seq methodology. B. Mapped fragment distribution sizes for
replicate ATAC-seq libraries. C. Annotation of MACS?2 called peaks (consensus between replicates)
to nearest genomic feature. D. Intersection of BED intervals for MACS2 consensus peaks of X1, X2,
Xins libraries. An overlap of 1bp or more is taken as a common overlap between peaks.

Despite attaining fragment distributions similar to those of other published ATAC-seq libraries from
other model systems, further evidence was needed to verify the quality and usability of our ATAC-
seq libraries for identifying enhancer regions. We expected that the extent of accessibility at

promoters should correlate with the transcriptional activity of corresponding genes. Given the



relative paucity of MACS2 called promoter-TSS peaks in our ATAC-seq libraries, we plotted
normalized read coverage in X1, X2, Xins ATAC-seq libraries across the top 700 genes enriched by
transcriptional expression in the X1, X2 and Xins FACS categories. We found that for genes
categorized as being X1 enriched, a high ATAC-seq coverage (<100bp fragments) was apparent
across the gene bodies of these genes, with no obvious enrichment at the promoter region (Figure
7A). Moreover, contrary to our expectations, ATAC-seq coverage increased downstream of the
promoter between X1 and Xins ATAC-seq experiments, indicative of the fact that these genes either
remained as accessible upon differentiation or increased in accessibility (Figure 7A and 7D). To
verify this, we plotted the individual ATAC-seq profiles of TFs that we identified as being X1
enriched in the preceding section (Figure 8). We further included ChlIP-seq tracks for X1 cells to
show that whilst these X1-enriched TFs have a high H3K4me3 and low H3K27me3 indicative of
active promoters in the X1 compartment, the nucleosome-free region immediately preceding
H3K4me3 enrichment did not change in the Xins compartment following differentiation. To be sure
that we were identifying promoter regions, we also plotted a RNA-seq coverage from whole worm
RNA-seq libraries, and verified that our promoter ATAC-seq peak also preceded the start of

transcriptional coverage at the 5’UTR of genes.
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Figure 7: Dark blue represents average X1 ATAC-seq libraries, light blue X2 ATAC-seq libraries
and orange Xins ATAC-seq libraries. A. Gene profiles for the 700 loci ranked by X1 proportion and
then TPM expression in X1, X2, Xins FACS ATAC-seq libraries. Note that ATAC-seq coverage is
equally distributed from the TSS to gene bodies for X1 enriched genes in all three FACS ATAC-seq
libraries. B. Gene profiles for the 700 loci ranked by X2 proportion and then TPM expression in X1,
X2, Xins FACS ATAC-seq libraries. An average peak around the TSS of X2 enriched genes is
observed that does not change in magnitude between FACS ATAC-seq libraries. C. Gene profiles
for the 700 loci ranked by Xins proportion and then TPM expression in X1, X2, Xins FACS ATAC-
seq libraries. A clear peak for Xins genes near the TSS is observed, which is greater in magnitude in
the Xins FACS library compared to X1 and X2 ATAC-seq libraries. D. Log2 ratio between the
coverage in Xins versus X1 ATAC-seq libraries. There is an average increase in the accessibility of
Xins genes close to the TSS in the Xins ATAC-seq libraries compared to X1. The accessibility of
X1 genes also increases, but is downstream of the TSS in comparison.
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Figure 8: A selection of individual genes enriched in X1 NBs that have promoters (highlighted blue
box) which do not obviously change in accessibility in the Xins FACS compartment as assayed by
ATAC-seq. RNA-seq track is represented as normalized RPKM coverage using whole worm RNA-
seq libraries (SRR867386 - SRR867388). X1 ChlIP-seq library tracks for H3K4me3, H3K27me3 and
H3K4mel is shown as a log2 ratio of normalization to input. ATAC-seq libraries for X1, X2, and
Xins merged replicates is shown as normalized RPKM coverage.

Conversely, for Xins enriched genes we noted an increase in accessibility at the promoter-proximal
region between X1 and Xins ATAC-seq (Figure 7C). This is consistent with these genes gaining
accessibility upon differentiation from the stem cell compartment. Indeed, the individual profiles of

genes known to be exclusively expressed in differentiated cells corroborated this result. For example,

both calmodulin and myosin heavy chain-1 are known to be expressed in the muscle, with little or
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no expression in NBs, and read coverage at the promoter region of these genes is greatest in Xins,
compared with a much lower coverage in X1 ATAC-seq samples (Figure 9). We also noted that
some Xins enriched genes (such as Zinc finger 609a, calmodulin, myosin heavy chain 1) may become
permissive to transcription during the differentiation process from stem cell, as indicated by an
increased read coverage at the promoters of these genes in the X2 ATAC-seq samples compared
with the X1 ATAC-seq samples. Given that X2 is a highly heterogeneous compartment, these
promoter peaks may represent late differentiating cells transitioning to the Xins compartment, and

which are permissive to RNA-Pol II docking and transcription.
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Figure 9: A selection of individual genes enriched in differentiated cells that have promoters
(highlighted blue box) which increase in accessibility in the Xins FACS compartment compared to
X1 as assayed by ATAC-seq. Note that for genes such as calmodulin, LPPRS5, and myosin-heavy
chain 1, chromatin accessibility begins in the X2 compartment even though these genes have little
transcriptional representation in X2 compartment. This may reflect that these genes are beginning to
become permissive to the transcriptional machinery during differentiation. RNA-seq track is
represented as normalized RPKM coverage using whole worm RNA-seq libraries (SRR867386 -
SRR867388). X1 ChIP-seq library tracks for H3K4me3, H3K27me3 and H3K4mel are shown as
log2 ratio of normalization to input. ATAC-seq libraries for X1, X2, and Xins merged replicates is

shown as normalized RPKM coverage.
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5.6 ATAC-seq identifies potential enhancers that correspond with neighbouring gene expression

changes

In the absence of transgenic reporters in planarians to verify the cellular co-localization of enhancer
and target gene expression, we reasoned that one way in which we can provide evidence for the
existence of enhancers is to correlate their accessibility with target gene expression, inferring target
genes simply by their proximity. We therefore filtered our list of MACS2 called consensus peaks for
each FACS category to contain only intronic peaks, and intergenic peaks that were within 7.5kb of
the nearest gene. By this methodology, we were able to find 889 promoter-proximal X1 peaks, 3547
promoter-proximal X2 peaks, and 1471 promoter-proximal Xins peaks. From these FACS cell-type
specific peaks only a small proportion positively correlated with neighbouring gene expression: e.g.
146/889 (16.4%) of X1-specific peaks had neighbouring genes that were X1 enriched, 269/3547
(7.6%) represented X2-specific peaks that neighbored X2 enriched genes, and 503/1471 (34%) Xins
peaks neighbored genes with Xins enrichment. The remaining peaks may be indicative of regions
accessible to negative regulators, or false-positives called by MACS2. We looked at likelihood of
nucleosome occupancy (inferred by the NucleoATAC using reads from all 3 FACS samples) either
side of the MACS?2 called peak regions as well as the density of H3K4me1 normalized read coverage
(Figure 10A). We found that these putative enhancer regions have a strong nucleosome positioning
either side of the -100bp open chromatin window, and these flanking nucleosomes are likely to be
marked with H3K4mel (Figure 10B and 10C). In general, the presence of H3K4mel is generally
used to distinguish enhancers from proximal promoters (Heintzman et al. 2007; Ernst and Kellis
2015; Kharchenko et al. 2011; Daugherty et al. 2017; Janes et al. 2018), and as such our open-

chromatin regions are likely planarian regulatory elements.

Given the small number of peaks predicted to be positive enhancers of genes, we also manually
looked at the ATAC-read distribution across individual scaffolds. For instance, the planarian
orthologue of SPSB-1 (SPRY domain-containing SOCS box protein 1) is enriched for expression in
the X2 compartment, and additionally contains an X2-specific MACS2 called peak in its intron

(Figure 11). There is, however, a smaller density of fragments mapping to this same region in the
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X1 and Xins ATAC-seq libraries. Intriguingly, SPSB-1 is also marked by H3K4me3 in X1 cells and
together with the absence of H3K27me3 at the promoter-proximal region is indicative of a
transcriptional output in NBs. The expression of SPSB-1 may be modulated by the highlighted
putative enhancer to increase expression upon differentiation in the X2 compartment. Similarly, a
planarian solute carrier gene, slc2a-2, is highly expressed in the Xins compartment, consistent with
its single-cell profile of neuronal enrichment, and also contains a highly accessible distal intronic
region in Xins cells, but which is less accessible in the X1 and X2 cell types (Figure 11). An example
of a putative enhancer regulating expression in NBs is highlighted in the intronic region of BAG6-
like - a gene enriched for expression in X1 and X2 FACS compartments, and whose orthologue in
humans is responsible for DDR signaling and damage-induced cell death. In all of our highlighted

examples, we observed an enrichment of H3K4mel around these putative enhancer regions.
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Figure 10: (A) Density of nucleosome free reads (<100bp) in MACS?2 called ATAC peaks indicates
that peaks are generally narrow (-100bp) and not concentrated in broad ‘open-chromatin’ regions.
(B) NucleoATAC was used to discern likelihood of nucleosome occupancy (on scale of 0-1) around
ATAC-peaks. Open chromatin regions are on average flanked by nucleosomes either side. (C)
H3K4mel normalized coverage to input indicates a higher coverage either site of ATAC-seq peaks.
In all three heat maps, X-axis represents distance from ATAC-seq peak center.

126



Putative enhancers that correlate FACS enrichment  mmm X1

gene accessibility group B X2
[ Xins
. s
A R B A TR R T R i A e s T T T Y T T O Y W
RNA-seq - N Ak RaaBiing,, [0-1356] ul M [0-397]
XIHIAMED | ie s skl [0-5:00] | nebtas “ amee .. ... [0-5.00]
X1HIK2ImeS . A _.N - [0-300] . .4 v hiae haan ad aa0-3.00]
X1 H3KAmel L oo PRRTRPYY TV W TP .mZQ'.m] VDY PN A U TYI0 DN YV [Q'Q‘QQL
X1 ATAC 0-110 -70
X2ATAC P 0-110] -70
XinsATAC I [0-110 aand o abean. 0 J070]
T —— —— 1 — "o

@ BAGS RAB5A @
RNA-seq 'Yl TH [0-177] e [O-}GOZ&‘
X1 H3KAME3, | s s a1 [q-pogln TN Y YRR PG NPT [9- Rt
XY H3K27meR, || | ) Wb i bt [0:3&0]. N IR VU SPITTY NPT Y S T Io-3gq] i
X1 HaKkame kil adl b kbbbl iidadi sttibin . [0-3400) Lt n b ihanaeid ks ok s d, 2.00-3-001,
X1ATAC | ) [0-70] L N 0-160]
X2ATAC | n N [0-70] L b R 0-160
Xins ATAC [0-70] L . - N 0-160

M c— e—— =
@ Unknown hormone SPSPB-1 @
receptor

. o | o 1 T I “q 1 " ! a9 | )
RNASE i, w357 k [0-233]

X1 I'ljSAKtrr:eﬂ. T W IPISR TV W T TR o1 ORI W P ) [1013:0_0"1.. PR TPOTITY ST TN DRI B TITSUPT R URPRRT) B [P SO B U Y nIQ'fLQpl

XTI btk ik ik ot W90 ki i il bl il it b b ailad £0-3-Q0L

X1 HaKantel Ak i b ot o in e aiid A ¢ uulul.h..‘*q-h:?‘pygfl Ak bt adial o bt sk ook 1 v b £973-00)
0-120 [0-70

X1 ATAC
Ahaa,

XeATAG T T 0120 [0570]
Xins ATAC 0-120] 0-70
- £

@ SLA2A3 Innexin @

Figure 11: A selection of distal open chromatin regions (either within introns or 10kb intergenic
distance from promoter) that correlate with nearby gene expression (highlighted pink box) as assayed
by ATAC-seq. These regions are putative enhancers. RNA-seq track is represented as normalized
RPKM coverage using whole worm RNA-seq libraries (SRR867386 - SRR867388). X1 ChIP-seq
library tracks for H3K4me3, H3K27me3 and H3K4mel are shown as as log2 ratio of normalization
to input. ATAC-seq libraries for X1, X2, and Xins merged replicates is shown as normalized RPKM
coverage.
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We also searched for potential TF target motifs in our consensus MACS2 called peaks specific for
the X1, X2 and Xins populations. We performed a search of known motifs of TFs in the HOMER
database, with the majority of motifs being inferred from publicly available ChIP-seq data from
mammals. HOMER discovered an enrichment for the Sox3 human motif (p<0.01) in the 4478 X1-
specific peaks, utilizing the 7149 Xins-specific peaks as background peaks. All metazoan Sox genes
are known to bind to a highly conserved WWCAAW (W=T or A) motif, and target gene selectivity
can be achieved through differential affinity for flanking residues (Harley et al. 1994; Wegner 2010).
Given that Sox3 has no obvious orthologue in planarians, the detection of an enriched Sox3 motif
may simply be reflective of Sox motifs in general. Given that 4 planarian Sox genes (soxP-5, soxP-
1, soxP-2, soxBI-1) are enriched in the X1 compartment of S. mediterranea, we reasoned that any
of these genes can potentially bind to the Sox motifin X1 NBs. We found that the 239 Sox-containing
X1-specific peaks may reflect the function of these 4 TFs in NBs. However, only 78 of these X1-
specific peaks lie within an intron or 10kb distance of a gene, and from these 15/78 are X1-enriched
genes (Figure 12A). Consequently, planarian Sox genes may act as negative regulators of target
genes, and as such open chromatin regions containing Sox motifs will be more open in NBs to allow
for this function. Moreover, motif detection by homology with mammalian ChIP-seq data may

simply not allow for the detection of planarian TFs.

Given that there are four NB enriched Sox TFs, we cannot easily tease out the unique targets of these
genes, and neither are we sure whether their predominant functions are as activators or repressors.
Consequently, we realized that the bHLH TF, Collier/Olfactory-1/Early B-cell factor (COE), has
only one orthologue in invertebrates, whereas vertebrates contain four paralogues. In planarians, in
situ hybridization has shown that coe is expressed in a small population of neural committed NBs,
and is necessary for the expression of genes involved in the maintenance and identity of neuronal
subtypes (i.e. neurotransmitters, ion channels, and neuropeptide-encoding genes) (Cowles et al.
2014). We therefore looked for the EBF1 motif, the target for COE TF in humans, in our planarian

peak dataset across all three FACS compartments. Only 37 peaks were identified with an underlying
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COE motif, and we used the single-cell database to find only 9 peaks whose closest gene (within

10kb) was enriched in expression during neuronal differentiation and commitment (Figure 12B).
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Figure 12: (A) mndl and trml0c are X1 enriched genes with Sox3 motifs within X1-specific
MACS?2 called peaks highlighted in red. (B) chrna2 and sclc38-4 are both genes expressed in
neuronal subtypes as shown by the lineage tree generated by Plass et al. 2018. Both of these genes
have an intronic peak with a motif for Early B factor (EBF) whose orthologue in planarian is coe —
a gene known necessary for neurogenesis. The peak called for cArnaZ is in the Xins ATAC-seq
libraries, whereas the peak for sc/38-4 is X2 specific.
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5.7 Discussion

We wish to understand the TF-mediated cis-regulatory elements and broader gene regulatory
networks (GRNs) that enable NB maintenance and differentiation, and this chapter has made a

preliminary attempt towards achieving this ultimate goal.

Firstly, we have documented the potential TFs present expressed in planarian cells, using an
expression-based annotation of the highly contiguous sexual S. mediterranea genome. In particular,
we have for the first time identified NB-enriched TFs that play a presumptive role in either
maintaining NB pluripotency or early lineage commitment. Interestingly, we found a number of
uncharacterized genes, such as those belonging to the C2H2-ZNF family, which will be targets for
downstream in vivo experiments that include in situ hybridization (to verify stem cell expression),
and RNAI (to ascertain whether the NB population or lineage-committed NB subsets are affected).
Moreover, we identify TEs that are active within the NB population, and show that at least two of
these elements are highly derived, and display high levels of the active H3K4me3 and low levels of
suppressive H3K9me3/H3K27me3 marks, indicative of the planarian epigenetic machinery actively
maintaining their expression. In the future, molecular phylogenetic analyses will establish the
evolutionary origin of these ‘unknown’ ZNFs and active TEs, and whether or not they are flatworm

specific.

Secondly, we have presented preliminary results for ATAC-seq on the three FACS-isolated
populations of planarians. We achieve the expected result in terms of the size distribution of ATAC-
seq paired-end fragments, and for the X2 and Xins replicate libraries these display a clear periodicity
indicative of Tn5 insertion between mono- and di-nucleosomes. There is, however, a distinct lack of
an obvious nucleosome peak in the X1 replicate libraries. We separated out nucleosome-free
fragments from our samples and used MACS2 to call peaks to ascertain regions of the genome that
are highly accessible to Tn5 insertion and therefore are likely to be regions of open chromatin. We
obtained the highest number of MACS2-called peaks in our X2 samples (32,440) compared with
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Xins (22,092) and X1 (18,331). In biological terms, this may relate to the fact that cells undergoing
lineage commitment have more many more accessible regulatory sites compared to stem cells.
However, for most putative enhancers in all FACS populations, the expression dynamics of these
elements did not correlate with the expression of the nearest gene promoters, perhaps indicative of

more distal gene regulation.

Given the poor periodicity in our X1 libraries, relative to X2 and Xins, together with comparatively
fewer called peaks by MACS2, we can posit that our X1 libraries are over-tagmented. If this were
true, we would expect there to be many more ‘false-positive’ fragments that do not originate from
nucleosome-free regions (NFR), but which instead are generated from the over-tagmentation of
larger nucleosome-spanning fragments. This would increase the overall level of fragment noise
surrounding truly enriched ATAC-seq regions, and as such MACS2 would have difficulty in calling
peaks. This would also explain the smoothness and lack of distinct nucleosome peak observed in the
fragment distribution pattern for the X1 libraries. In order to test this possibility, in the future, we
will vary the time of incubation of Tn5 as well as utilize different cell numbers in case NBs are more

sensitive to tagmentation compared to post-mitotic cell types.

Additionally, it is known that chromatin configurations change during the cell-cycle (in particular,
in S-phase during DNA replication, and in mitosis as chromatin condenses). Given that X1 FACS
isolated planarian cells reflect a heterogeneous population of cell-cycle stages, our ATAC-seq results
for X1 NBs may simply be a reflection of an average of distinct chromatin configurations that occur
at specific cell cycle phases (Hogan et al. 2006). Indeed, MNase-seq derived nucleosome maps in
S. cerevisiae showed that nucleosome ‘fuzziness’ increases around the TSS in S and M phase as a

result of the nucleosome sliding along the DNA during these cell-cycle stages (Deniz et al. 2016).

In order to validate that our ATAC-seq methodology can detect open-chromatin regions that change
dynamically according to cell-type, we first correlated the accessibility of promoters with the

transcriptional activity of associated genes in each FACS compartment. We noted that for Xins-
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enriched genes, chromatin accessibility at the promoter increased during differentiation, consistent
with these genes becoming transcriptionally active in differentiated cells. However,
counterintuitively, we observed that X1 genes, remained accessible at the promoter region during
differentiation, and in some cases even increased accessibility. One intriguing explanation is that
X1-enriched genes remain permissive to transcription at the promoter region, but enhancers for these
genes are not active thus reducing overall transcription in the differentiated cell compartments.
However, this may simply by an artefact of the X1 ATAC-libraries being a collection of cells in
different stages of the cell-cycle — thus, the ‘open-ness’ of NB gene promoters is not fairly
represented. It is clear, therefore, that single-cell ATAC-seq on the X1 compartment would help in
partitioning out the heterogeneity originating from cells being in different cell-cycle stages.
Moreover, single-cell ATAC-seq would also help to discern the accessibility landscape of lineage-

committed NB subsets, as well as different cell-types in the animal as a whole.

We were able to make attempts to identify putative intergenic and intronic enhancers that were
located within 10kb of a gene promoter, and which correlated with this gene’s activity. However,
the majority of called peaks by MACS2 did not correlate with neighbouring gene expression, either
because these putative non-coding ‘open-chromatin’ regions are transcriptional repressors or they
may be involved in the activation of distally located genes. It is clear that further replicates of ATAC-
seq need to be attempted, most likely utilizing a range of Tn5 incubation times, to be sure that our
findings are not simply artefacts of technical bias. We can also utilize alternative methodologies such
as DNase-seq, which, has been documented to identify a far greater number of open promoters and
gene bodies, but which requires a higher cell starting material (Clark et al. 2018). Moreover,
enhancers can also be identified by ChIP-seq against the transcriptional cofactor p300, which has
been shown to be a ubiquitously expressed component of protein assemblies at enhancers in animals
including C. elegans and the sea anemone Nematostella vectensis (Visel et al. 2009; May et al. 2012;
Schwaiger et al. 2014; Ho et al. 2017). Indeed, using complementary methodologies would support

our identification of putative enhancers in the planarian genome.

132



Once we have consistently identified enhancers in planarian NBs that correlate with the activity of
proximal promoters, there is an overt challenge in verifying their function and targets given that
transgenic reporters are not available. Searching for TF binding motifs under individual ATAC-seq
peaks is one way of identifying potential TF interactors, but these motifs will be inferred from ChIP-
seq datasets from other animals, likely mammals. However, as is the case for the Sox gene family,
TFs will be divergent between species, and only potential candidates can be inferred. For instance,
the identification of Sox3 motifs under X1 ATAC-seq peaks enables us to narrow down our list of
potential TF mediators to soxP-5, soxP-1, soxP-2 and soxBI-1, as these genes are all expressed in
the X1 compartment. If either of these TFs is a pioneer factor, RNAi knock-down of one of these
TFs can potentially alter the chromatin configuration of corresponding ATAC-seq peak, and as such
will be less accessible to Tn5. Consequently, we would be able to infer a putative gene regulatory
network (GRN) in planarian NBs, by identifying a NB-specific TF and its epigenetic and
transcriptional effect on target genes. More broadly, as discussed in Chapter VI, we can identify
potential promoter-enhancer interactions using techniques such as promoter-capture HiC

(Schoenfelder et al. 2015a) and single-cell ATAC-seq (Pliner et al. 2018).
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Chapter VI

Thesis Discussion and Future Directions
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6.1 Building a landscape map of histone modifications in planarian cell types

In this thesis, we have shown that ChIP-seq of planarian NBs works robustly to generate histone
modification profiles for genes that also correlate with their transcriptional output. We have utilised
the marks for H3K4me3 and H3K36me3, which correlate with active NB gene expression, as well
as the marks for H3K27me3, H3K4mel, and H3K9me3 that correlate with transcriptional
suppression and heterochromatin. In the future, this can also be extended to performing ChIP-seq for
both post-mitotic progeny (X2) and differentiated (Xins) cells. However, both the X2 and Xins
compartments are highly heterogeneous, and so the data arising from such experiments will likely
not be biologically informative. For instance, signal arising from the presence of specific histone
modifications for genes expressed in the neuronal lineage will be masked by opposing histone
modifications for the same genes in cells of the gut. Given that single-cell ChIP-seq technologies are
still in their infancy (Rotem et al. 2015), conducting ChIP-seq experiments on the X1 compartment
seem our only reasonable avenue to yield usable epigenetic information in planarians, as
unambiguous conclusions can be reached about genes known to be expressed in NBs and those with

minimal expression in this compartment.

However, the presence of lineage-committed NBs in the X1 compartment, means that genes can be
marked by opposing histone modifications if they play a role in early NB commitment and are X1-
enriched, such as in the case of zfp-1 which is specific to the { NBs. The recent discovery and
production of an antibody against a cell surface marker, TSPAN-1, has been shown to enrich for
individually pluripotent cNBs (Zeng et al. 2018), and may be an attractive solution to circumventing
the issues associated with NB heterogeneity. By prospectively isolating NBs using the TSPAN-1
antibody, a truer and more direct representation of histone modification landscape of pluripotent NBs

can be gained, without contamination of lineage-committed NBs.
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Given the recent release of the highly contiguous sexual S. mediterranea genome, it would be worth
re-mapping our ChIP-seq data to the new genome assembly and making this information accessible
to the planarian community via the online UCSC genome browser (Grohme et al. 2018; Rozanski et
al. 2019)(http://planmine.mpi-cbg.de/planmine/genome.do). We have accomplished this in part in
Chapter VI, but allowing this information to be available as an online resource, together with a
curated set of genomic annotations, will undoubtedly help planarian biologists easily ascertain the
epigenetic status of their genes of interest without requiring specific bioinformatics expertise. We
have shown that RNA-seq data from FACS compartments can be variable between different labs,
and we predict that this will also be the case for ChIP-seq - an assay known to be intrinsically noisier
and variable than RNA-seq. Therefore, efforts must be made to ensure consistency of both RNA-
seq and ChIP-seq results in the future, if planarians are to be used as a model system for genomics-
based research. Eventually, given the generation of more datasets, an ENCODE styled curation will
be necessary to establish a consensus status of both epigenetic and transcriptomic information of

cells in the three planarian FACS compartments (Landt et al. 2012; Ecker et al. 2012).

6.2 Investigating the function of bivalent histone modifications in planarian cells

We have shown that genes involved in the differentiation process, and as such enriched in the X2
compartment, are marked by bivalent histone modifications allowing them to be kept in a poised
transcriptional state in NBs. We have shown that these genes have a preponderance of paused RNA-
Pol II at their promoter-proximal regions, and that these genes have little or no transcription in NBs
as assayed by both bulk-cell and single-cell methodologies. We did attempt to prove this definitively,
performing re-ChIP on NB cells — whereby chromatin was sequentially passaged through
immunoprecipitations for the opposing H3K4me3 and H3K27me3 marks. The resultant DNA
concentrations from our elutes were too small to be sequenced without additional PCR
amplifications, and our resultant libraries indicated high read duplication and low coverage across
the genome. Given that mammalian re-ChIP protocols, including the one we followed (Weiner et al.
2016), typically use at least 60x greater input chromatin material than that of our planarian single-
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ChIP-seq experiments, future attempts to carry this out should be weary of requiring a colossal

number of worms and dedicated FACS time in the order of weeks.

We can, however, begin to perform RNAi knockdowns against genes known to mediate both the
H3K4me3 and H3K27me3 marks on bivalent promoters in other model systems. For instance, a
crucial component of silencing bivalent genes in ESCs is the Polycomb repressive complex 2 (PRC2)
and analysis of cells lacking the Eed subunit of PRC2 showed that the deficiency results in an almost
complete absence of H3K27me3 genome-wide, as well as the activation of several genes with
H3K4me3 deposition at promoters (Azuara et al. 2006). Moreover, RNAI of the histone deacetylase
HDAC-1 has shown to result in differentiation defects in planarians, and this phenotype may be the
result of premature activation of bivalent loci owing to the incomplete conversion of H3K27ac to
H3K27me3 (Reynolds et al. 2012b; Robb and Alvarado 2014). Similarly, knockout of the methyl-
transferase complex MLL2 in mouse ESCs (mESCs) led to a depletion of H3K4me3 on promoters
that have very little transcriptional output and that are also typically marked by H3K27me3 in wild-
type mESCs. Interestingly, MLL1/2 RNAi knockdown in planarians results in the premature
expression of cilia-related genes in NBs (Duncan et al. 2015). Given our knowledge of the likely
existence of bivalent promoters in planarians, we can hypothesize cilia-related genes at least are
maintained in a poised transcriptional state by bivalent histone modifications and are de-silenced
following MLL1/2 knockdown. It would be informative for us to replicate the MLL1/2 phenotype
and perform ChIP-seq on sorted NBs against the H3K4me3 and H3K27me3 marks, to investigate

whether bivalent domains are affected and whether these domains are specific to cilia-related loci.

Moreover, if the FACS isolation of distinct planarians differentiated cellular subtypes becomes a
possibility in the future, probing for the existence of bivalent domains beyond the NB compartment
will be interesting. For instance, bivalent promoters, occupied by both PRC2 and paused RNA Pol
IT have been observed on non-neuronal TFs in neuronal cells (Ferrai et al. 2017). These bivalently
marked genes are proposed to act as the major drivers of trans-differentiation towards non-neuronal
fates (e.g. heart, bone, muscle). Thus, transcriptional poising in neuronal cells may be important in
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the regulation of trans-differentiation to non-neuronal cellular fates. Indeed, bivalent histone
modifications may also be important for the trans-differentiation of hindgut cells in C. elegans into
motor neurons (Zuryn et al. 2014). It is generally difficult to prove the existence of trans-
differentiation between differentiated cell types without transgenic reporters, but the existence of
bivalent domains in differentiated planarian cell-types can provide a window in lending evidence for

this.

6.3 Identifving gene regulatory networks in planarian cell types

As yet we have little understanding of the role regulatory elements presumably play in controlling
the temporal expression of genes in different planarian cell-types. Consequently, in Chapter V, we
describe preliminary efforts to identify ‘open-chromatin’ regions of the genome that have the
potential to be enhancers using ATAC-seq. In the future, alternative methodologies such as DNase-
seq and ChIP-seq against p300 will independently verify their existence. The aim would then be to
elucidate the TFs that bind to these enhancers, and the target genes whose expression is controlled

by them.

Firstly, one way of identifying TF binding sites it to perform ChIP-seq using monoclonal antibodies
to specific planarian TFs. For example, ChIP-seq mapping profiles generated for the C. elegans TF
EOR-1, were used to determine its dimeric GAGA DNA-binding motif. This motif was then found
to significantly enriched in ATAC-seq peaks at the L3 developmental stage, where it is hypothesized
to play a role in opening up chromatin configurations by the recruitment of the SWI/SNF and RSC
chromatin remodeling complexes (Daugherty et al. 2017). The generation of planarian specific
antibodies against TFs would allow for the unambiguous identification of cognate DNA motifs,
which we would then search for in our ATAC-seq peaks. Alternatively, Protein Binding Microarrays
(PBMs) can also be used to identify in vitro DNA binding sites of cloned and expressed putative
TFs, by detecting the level of hybridization between TF protein and alternative k-mers of a defined
length (Berger et al. 2006; Narasimhan et al. 2015). As a result, we would be able to correlate the
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activity of specific TFs with the accessibility of their enhancers over the course of differentiation.
Moreover, we would be able to test specific hypotheses concerning the evolution of enhancers in the
planarian genome. Given that the genome is replete with TEs, one attractive theory explaining their
retention in large numbers would be that they are contributing TF binding sites, therefore
contributing to building complex gene regulatory networks that may relate to their stem cell biology
and regenerative capacity (Britten et al. 1988; Bannert and Kurth 2004). In mammalian genomes,
there is evidence that promoters and enhancers have been born out of this exaptation (Cordaux and
Batzer 2009). For instance, primate specific LTRs contribute >30% of p53 binding sites found from
a genomic analysis of p53 human ChIP-seq data (Wang et al. 2007), and, more broadly, a total of
20% of binding sites for 26 TFs found in mice and humans are embedded within TE sequences

(Sundaram et al. 2014) .

Enhancers can be found at considerable distances away from their target gene promoters, and may
not necessarily control their nearest genes (Spitz et al. 2003; Sagai 2005; Freire-Pritchett et al. 2017,
Novo et al. 2018). It is generally accepted that long-range enhancer-promoter interactions are
facilitated by DNA-looping interactions mediated by cohesin (Kagey et al. 2010; Dowen et al. 2014).
However, the nature of the molecular determinants of chromosomal interactions are not well-
understood, and in silico predictions of regulatory interactions are nontrivial. Moreover, multiple

enhancers may affect a single gene target.

To facilitate the identification of enhancer targets, chromosome confirmation capture (3C) and
derivatives of this technique have enabled the biochemical mapping of these DNA looping
interactions (Dekker et al. 2002; Richmond et al. 2006). In 3C, chromatin is cross-linked with
formaldehyde, then digested, and re-ligated in such a way that only DNA fragments that are
covalently linked together form ligation products. The ligation products therefore not only contain
information of where they originated in the genome, but also where in the 3D organization of the
genome they reside, and as such enables the identification of topologically associated domains
(TADs) (de Wit and de Laat 2012). In HiC, a modification is included in the 3C protocol such that
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biotin is included in the ligation junction, which is then pulled-down with streptavidin beads, thus
enabling selective purification of the chimeric DNA ligation junctions of TADs. Given the fact that
HiC will identify all genome-wide DNA interactions, sequencing to sufficient depths (over -1billion
reads for the human genome) is necessary to gain appropriate coverage to identify statistically
significant TADs. To get around this shortcoming, biotinylated RNA probes complementary to
annotated promoters in the genome of interest can be used to enrich for promoter-containing
fragments in HiC libraries (Schoenfelder et al. 2015b; Mifsud et al. 2015; Schoenfelder et al. 2015a).
In this way, the enhancers located both distally and more proximally can be linked to their target
promoters. Utilizing Promoter Capture Hi-C as a complementary methodology to ATAC-seq can
identify, with statistical significance, all promoter-enhancer interactions in FACS isolated

populations in planarians.

6.4 Using single cell technologies to unpick regulatory interactions in_heterogeneous cell

populations

Single cell technologies in planarians have allowed gene expression to be better resolved at the cell-
type level, rather than being reliant on the broad definitions offered by bulk FACS isolation. For
instance, single-cell gJPCR and RNA-seq has identified a large degree of cellular heterogeneity within
the NB population, and more recently, Drop-seq has further elucidated that NBs can differentiate

into at least 23 independent cell lineages (Plass et al. 2018).

Outside of planarians, single-cell ATAC-seq (scATAC-seq) has resolved the regulatory landscape
of individual cells in various tissues as well as in entire animals (Buenrostro et al. 2015b; Cusanovich
etal. 2015, 2018Db; Pliner et al. 2018; Cao et al. 2018). These experiments are reliant on combinatorial
indexing strategies that allow for thousands of nuclei to be uniquely barcoded, whilst not requiring
the physical isolation of cells during the library construction process. Using traditional clustering
methodologies, cells with similar accessibility profiles can be grouped and subsequently identified
on the basis of known gene promoters being accessible. Moreover, Cicero — a recently developed

140



scATAC-seq analysis package implemented in R - can be used to identify promoter-enhancer
interactions in individual cells (Pliner et al. 2018; Cusanovich et al. 2018a). Essentially, Cicero
reports a co-accessibility score based on how correlated two sites are in the cells comprising distinct
clusters. Moreover, the presence of a particular motif at a promoter can serve as a predictor for the
presence of another motif at a Cicero-linked distally located enhancer. In this way, both individual
enhancer-promoter interactions as well as interactions between TFs can be identified within the gene

regulatory networks of single cells.

Consequently, we propose that the regulatory landscape of single planarian cells can be ascertained
using the aforementioned scATAC-seq methodologies. This will yield better insights into the
regulatory logic underlying the transcriptional heterogeneity within the NB cluster, by the
identification, for example, of GRNs specific to different lineage-committed subsets. Moreover,
scATAC-seq can be used to identify regulatory differences between closely related cell types (i.e.
between neuronal subtypes) and when these regulatory differences arise during cellular commitment.
Given that planarians represent an in vivo stem cell system, a range of experimental paradigms can
be imagined in which to both observe and perturb the regulatory logic of individual cells including
during regeneration, starvation, growth, and disease (Gonzalez-Estévez et al. 2012; Mangel et al.

2016; Mihaylova et al. 2018)

141



Chapter VII

Materials and Methods
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7.1 Generation of reference annotations for asexual S. mediterranea genome

Previous transcriptome assemblies - Oxford (ox Smed v2), Dresden (dd smed v4), SmedGD
Asexual Transcriptome and Smed GD Unigenes - were downloaded from and PlanMine (Brandl et
al. 2016) and Smed GD 2.0 (Robb et al. 2015). NCBI complete CDS sequences for Schmidtea
mediterranea were also downloaded. Sequences were aligned to the SmedGD Asexual 1.1 genome
with GMAP (Wu and Watanabe 2005) and consolidated with PASA. An independent reference
assembly was also performed by mapping 164 available RNA-seq datasets with HISAT2 (Sirén et
al. 2014) and assembly was performed with StringTie. The PASA consolidated and StringTie

annotations were merged with StringTie.

An intron jaccard score (intersection of introns / union of introns) was calculated for all overlapping
transcripts. Pair-wise jaccard similarity scores of 0.9 or greater were used to create a graph of similar
annotations. From the resultant cliques of transcripts, one was chosen to be the representative

transcript for the locus, by prioritizing transcript length, ORF length, and BLAST homology.

Strand information for annotations was assigned by utilizing strand-specific RNA-seq libraries
generated by the Aboobaker lab, BLAST homology, and longest ORF length. TransDecoder was run
utilizing Pfam and Uniprot as ORF retention criteria, to identify protein-coding transcripts in the

annotations.

iPython notebook  pertaining to asexual genome annotation is available at

https://github.com/anishdattanil2/Planarian-ChIP-seg-iPython-Notebooks/ and is contained in

SupplementalFile2.html
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7.2 Generation of reference annotations for sexual S. mediterranea genome

The new assembly of the S. mediterranea sexual genome was shared with us prior to its publication
and associated annotations (Jochen Rink, personal communication). The Oxford (ox Smed v2),
Dresden (dd_smed v4), SmedGD Sexual Transcriptome, and Smed GD Unigenes were individually
mapped to the sexual genome assembly with GMAP. Additionally, 183 publicly available RNA-seq
datasets were mapped to the sexual genome assembly using hisat2, and assembled into potential
transcripts and merged with StringTie. Additionally, 4 strand-specific libraries, generated by the
Aboobaker lab, were used also separately mapped and assembled intro transcripts. The GTF/GFF
files generated from the above processes were used as input into Mikado, which used a novel
algorithm to generate genome annotations from multiple transcriptome assemblies, as well as
leveraging additional data such as the position of ORFs and reliable splice junctions. We generated
a BED file containing information on splice junctions using Portcullis on 11 mapped RNA-seq
libraries. TransDecoder was used on the mapped de novo transcriptome assemblies to obtain ORF
information. These multiple files were used to create a SQLite database to feed into the Mikado
pipeline, whose output is to pick the best transcript models for a particular gene locus, and
additionally bring back splice variants compatible with the primary isoform. A custom python script

was used to rename loci in the output gff file.

We selected the longest isoform using the Perl script gff3 sp keep longest isoform.pl in the

Genome Assembly Annotation Service (GAAS) (https:/github.com/NBISweden/GAAS).

Representative transcripts were then used as the input to TransDecoder to select for protein coding-
genes with >100aa length. These candidate proteins served as the input to a local copy of

InterProScan to search for protein signatures and associated GO terms.
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7.3 Repeat Masker annotation of genome and generation of Kimura histograms

In order to provide information about repeats, Schmidtea mediterranea both de novo and known
repeats were searched for in the dd Smed g4 assembly. RepeatModeler 1.0.11 was run using
standard parameters in order to assemble de novo repetitive elements using the results from RECON,
RepeatScout and Tandem Repeats Finder (TRF). The consensi.fa.classified output file was
concatenated with a S. mediterranea repeat library downloaded from RepBase to produce a
combined repeat library. This served as the input query to the RepeatMasker to identify
corresponding repeats in the sexual genome assembly. A perl script, parseRM.pl (available at
https://github.com/4ureliek/Parsing-RepeatMasker-Outputs), was used to parse the raw alignment
outputs from RepeatMasker (.align files) that contains the Kimura 2-paramater divergence metric
(accounting for the extremely high rate of mutations at CpG sites). In case of overlaps (when a
position could be aligned to more than one consensus sequence), the smallest percentage divergence
is chosen for that position. This process allowed us to use the corrected percentage of divergence of
each copy to the consensus from .alignfiles, and allowed us to split Kimura distance values into bins

and plot based on TE type.

7.4 FACS proportional expression values generated for annotated loci

Kallisto (Bray et al. 2016) was used to pseudo-align RNA-seq libraries originating from four labs
(Onal et al. 2012; Labbé et al. 2012; Van Wolfswinkel et al. 2014; Zhu et al. 2015; Duncan et al.
2015) to our expression-based annotation of the asexual S. mediterranea asexual and sexual
genomes. This generated TPM values for each annotated locus. Sleuth was used to calculate a
normalization factor for each library. For each locus, the TPM values of member transcripts
(potential isoforms) were summed to generate a consensus TPM value and then normalized

accordingly. Replicates within each lab dataset were then averaged.

145



Normalized TPM values for each lab dataset were converted to a proportional value as a
representation of expression in FACS categories. We next calculated three sets of pairwise ratios
(X1:X2, X1:Xins, X2:Xins) using these proportional values. Given two of the three ratios, a third
ratio can be ‘predicted’. Consequently, we calculated 3 ‘observed’ ratios and 3 ‘predicted ratios’. A
good Spearman’s rank correlation was observed for the X2:Xins ratio and as such we kept these

observed proportions, and calculated an inferred X1 proportion.

iPython notebook pertaining to FACS proportional analysis pipeline is available at

https://github.com/anishdattanil2/Planarian-ChIP-seg-iPython-Notebooks/ and is contained in

SupplementalFile3.html

7.5 FACS isolation of planarian cell types

Prior to dissociation, 10x CMF (25.6 mM NaH,P04. H,O, 142.8 mM NaCl, 102.1 mM KCl, 94.2
mM NaHCOs) and CMFHE?*" (1x CMF, 3 mM EDTA pH 8.0, 0.5% Glucose, 15 mM Hepes pH 7.5)
were prepared. Briefly, planarian cells were dissociated in batches of 40 worms. Worms (at least 7
mm in length) were placed on foil-covered petri-dish full with ice. All instant ocean residues were
removed and worms were cut finely, trying to achieve a slurry. Worm pieces were transferred to a
DNA lo-binding tube with the addition of 400 ul CMFHE?*". An equal volume of papain digestion
solution (30 U/ml) was added to the tube, and left to incubate at 25°C for 1 hr. Following incubation,
worm pieces were mechanically dissociated to a cell suspension with a pipette. Suspension was
centrifuged at 4°C for 5 mins at 500 g to pellet cells, and supernatant was replaced with 1ml of
CMFHE?". One further wash ensured complete removal of papain solution. Following re-suspension,
solution was passed sequentially through a 100 um and 35 um mesh to a pre-cooled tube. 50 ul of
Hoechst 34580 (1 mg/ml) was added to a 1ml cell suspension, adjusting the concentration depending
on visual inspection of cell density. 1 pul of calcein (0.2ug/ml) was added to a 1ml cell suspension,
and incubated for 1hr at least in the dark. Prior to FACS analysis, 1pl of Propidium lodide (10 pg/ml)

was added prior to FACS gating on the FACS ARIA III equipped with violet laser for sorting. BD
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FACS DIVA software was used for the sequential gating of cell populations as outlined in (Romero

et al. 2012).

7.6 ChIP-seq and library preparation

For each experimental replicate, 600,000-700,000 planarian X1 cells were isolated, (sufficient for
ChIP-seq of 3 histone marks and an input control) by utilisation of a published FACS protocol. We
dissociated cells from an equal number of head, pharyngeal, and tail pieces from 3-day regenerating

planarians or whole worms. All animals were starved for 2 weeks prior to dissociation.

Following FACS, cells were pelleted. The pellet was re-suspended in Nuclei Extraction Buffer (0.5%
NP-40, 0.25% Triton X-100, 10 mM Tris-Cl pH 7.5, 3 mM CaCl,, 0.25 mM Sucrose, 1 mM DTT,
phosphatase cocktail inhibitor 2, phosphatase cocktail inhibitor 3). A 3% Drosophila S2 cell spike-
in was added at this point. This was followed by 1% formaldehyde fixation for 7 mins, which was
quenched with the addition of glycine to a final 125 mM concentration. The nuclei pellet was re-
suspended in SDS lysis buffer (1% SDS, 50 mM Tris-CI pHS8.0, 10 mM EDTA) and incubated on
ice, followed by the addition of ChIP dilution buffer. Samples were sonicated and 1/10" volume of
Triton X-100 was added to dilute SDS in the solution. Samples were pelleted, and supernatant was
collected that contained the sonicated chromatin. Test de-crosslinking was performed on 1/8™ of the
sonicated chromatin, and analysed using a TapeStation DNA HS tape to verify the DNA fragment
range was between 100-500bp. If S2 cells had not been added earlier before chromatin preparation,
a commercial Drosophila S2 chromatin (Active Motif 53083) spike-in was added at this point (at

3% of the amount of amount of S. mediterranea prepared chromatin)

Protein A-covered Dynabeads were used for immunoprecipitation (IP). 50 ul of Dynabeads were
incubated overnight at 4°C with 7 pg of antibody (H3K4me3 Abcam ab8580; H3K36me3 Abcam
ab9050; H3K4mel Abcam ab8895; H3K27me3 Abcam ab6002; RNAPII-Ser5P ab5131) diluted in

0.5% BSA/PBS. Following incubation, Dynabeads were washed with 0.5 % BSA/PBS, and % of the
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total isolated chromatin was added per IP. Following overnight incubation, washes were performed
6 times with RIPA buffer (50 mM HEPES-KOH pH 8.0, 500 mM LiCl, 1 mM EDTA, 1% NP-40,
0.7% DOC, protease inhibitors). Dynabeads were washed with TE buffer and re-suspended in
Elution Buffer (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 1% SDS). Protein was separated from
Dynabeads by incubating for 15 mins at 65°C on a shaking heating block at 1400rpm. Eluates were
de-crosslinked at 65°C overnight. Input chromatin (1/8" of the total chromatin amount) was also de-
crosslinked at this point. Following incubation, RNaseA (0.2 ug) and Proteinase K (0.2 ug) was
added to each sample and incubated for 1 hr. DNA was purified with phenol:chloroform extraction
followed by ethanol precipitation. DNA is re-suspended in TE and quantified with Qubit dsSDNA HS
kit. A NEB Ultra II kit was used for library preparation, and clean-up was performed with Agencourt

AMPure XP beads. Samples were paired-end sequenced on the Illumina NextSeq.

7.7 ATAC-seq library preparation

For each experimental replicate, approximately 120,000-250,000 planarian X1, X2 or Xins cells
were isolated by FACS. The primary protocol was based on the Buenrostro et al. (2013) paper. We
first washed collected cells in 1X PBS and centrifuged at 1200 RPM, and supernatant was discarded.
For cells undergoing lysis we added 50 pl of cold lysis buffer and pipetted up and down to re-suspend
the cells (for 10 mM Tri-Cl (pH7.5), 10 mM NaCl, 3 mM MgCl,, 0.1% NP-40). For lysed cells we
centrifuged at SO0RPM for 10 mins at 4°C. We discarded the cytoplasmic content within the
supernatant and kept the nuclei pellet (very faint white dot, so we were careful not to remove all
supernatant). For cells undergoing transposition without lysis, we centrifuged in PBS and removed
supernatant, keeping the cell pellet. We next added 25 ul 2X TD Buffer, 2.5 ul Tn5 Transposase and
22.5 ul of nuclease-free H,O. We mixed the solution up and down to re-suspend the pellets/nuclei
and incubated at 37°C for 60 mins. We next isolated the DNA using a Zymogen Clean and
Concentrator Kit, and eluted the transposed DNA in 10 ul of EB buffer. At this point we stored at -
20°C or proceeded to PCR amplification and library purification. For each sample, we combined 10
ul of purified transposed DNA, 10 pl of nuclease-free water, 15 pl Nextera PCR Master Mix, 5 pl of
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PCR primer cocktail, and 5 pl Index Primer 1, 5 pl Index Primer 2. We amplified samples with 14
PCR cycles (72°C 3 mins, 98°C 30 secs, [98°C 10 secs, 63°C 30 secs, 72°C 1 min]). We performed
cleanup of libraries by AMPure bead purification. Briefly, we transferred the PCR sample to an
Eppendorf tube, and added 1.8X volume of Agencourt AMPure XP beads by pipetting up and down
10X to mix thoroughly. We placed PCR-bead mixture on magnetic rack for 5 mins, discarded
supernatant, and washed once with 200 ul 80% EtOH. After drying on rack, to ensure all EtOH
removal, we re-suspended in 20 ul H>O. We then checked for appropriate fragmentation patterns on
the TapeStation (Agilent). Given this is a protocol that may need further adjustments, Figure 1A
shows is an example of optimum fragmentation patterns obtained for the X2 FACS cells, and
FigurelB shows a sub-optimal (but the best we can achieve thus far) tagmentation for the X1 FACS

1solated cells.

A: X2 Whole Cells (approximately 219K)

£ w000

£ 0

B: X1 Whole Cells (approximately 130K)

2000

A / \—\\R\A‘ J\\

Figure 1: A. TapeStation profile of tagmented DNA library for approximately 219K FACS isolated
X2 cells. Peak size takes into account the addition of a 135bp adapter sequence. Profile shows clear
nucleosome phasing. B. TapeStation profile of tagmented DNA library for approximately 130K
FACS isolated X1 cells. Peak size takes into account the addition of a 135bp adapter sequence.
Profile for X1 cells shows weaker nucleosome phasing.
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7.8 ChlP-seq analysis

Reads were trimmed with Trimmomatic (Bolger et al. 2014) and aligned to a concatenated file
containing both the asexual Schmidtea mediterranea genome as well as the Drosophila
melanogaster release 6 reference genome using BWA-MEM (Li and Durbin 2010) . Only uniquely
mapping reads were considered further and those with a mapping score of greater than 10. Paired
reads that map to both species were also removed. Picard tools-1.115
(https://broadinstitute.github.io/picard/) was used to remove duplicate reads. Reads were separated
into sets that mapped to Drosophila or S. mediterranea using custom Python scripts. The number of
reads aligning to the Drosophila genome were calculated for use in normalization calculations. For
each paired or single map read, coordinates representing 100 bp at the center of the sequence were

parsed and written to a BED file.

The genomecov function was used in BEDTools 2.27.0 (Quinlan and Hall 2010) to generate
coverage tracks in bedgraph format. The resultant bedgraph file was converted to bigwig format
using UCSC's bedgraphtoBigWig tool (Kent et al. 2002). deepTools2's computeMatrix was used to
extract coverage around 2.5 kb or 5 kb either side of the annotated TSS for each annotated locus in
50 bp windows for each sample and corresponding input (Ramirez et al. 2016). A normalization
factor was calculated using the number of mapped reads corresponding to the Drosophila spike-in
to control for between IP technical variation (Orlando et al. 2014). A scaling factor for input ChIP-
seq libraries was calculated (Diaz et al. 2012)using the deepTools2 Python API that uses the SES
method. The mean normalized coverage was calculated for each sample and input. The normalized
input coverage was subtracted from the normalized sample coverage to generate a final coverage

track for downstream visualization and analyses.

To calculate the correlation of ChIP-seq signal coverage to proportional FACS expression, two
vector values were calculated. The first vector was proportional FACS expression for all genomic

loci. The second vector was ChIP-seq coverage at each 50 bp position 2.5 kb either side of the TSS.
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A Spearman's rank correlation was performed on both vectors yielding a correlation value for the
assayed position. The correlation value for each non-overlapping 50-bp window was then plotted on

a graph.

For comparison of profiles between different epigenetic marks, a percentage coverage was calculated
for each mark. The maximum coverage was found across all 5- or 10-kb regions for all loci. Absolute
normalized coverage for each 50-bp window was then divided by the maximum coverage observed

for that mark in the genome, resulting in a percentage coverage in each 50-bp window for each mark.

For calculation of a pausing index for individual genes, we divided normalized coverage to input
500 bp either side of the annotated TSS by the coverage between 500 bp and 2.5 kb downstream

from the TSS.

iPython notebook pertaining to ChIP-seq analysis pipeline is available at

https://github.com/anishdattanil2/Planarian-ChIP-seg-iPython-Notebooks/ and is contained in

SupplementalFile4.html

7.9 ATAC-seq peak calling and IGV visualization

Paired-end reads were trimmed with Trimmomatic 0.32 (Bolger et al. 2014) and mapped to the
sexual genome assembly with BWA-MEM (Li and Durbin 2010). Only uniquely mapped reads and
those with a quality score of greater than 10 were considered further. Duplicates were removed using
Picard tools-1.115 (https://broadinstitute.github.io/picard/). The resultant BAM file was filtered to

include reads of a user-defined size using samjdk.jar (http://lindenb.github.io/jvarkit/SamJdk.html).

MACS?2 was used to call peaks using the following option to find enriched Tn5 ‘cutting sites’, and
also to extend 5’ends of sequenced reads in both directions to smooth pile-up signals in a window of
200bps: --nomodel —shift -100 —extsize 200. Shared bed intervals between peak files of replicates
were identified using bedtools’s IntersectBed and unique and common intervals between FACS
isolated libraries were identified using Intervene (Khan and Mathelier 2017). The bamCoverage tool

in deepTools2 (Ramirez et al. 2016) was used to calculate coverage using a genome binsize of 10bp,

151



normalizing to RPKM, and with a smoot length of 50 bp. Resultant bigwig files were visualized in

IGV. Motif and enrichment analysis was conducted with Homer (Benner et al. 2017).

7.10  Western Blot

To test the reactivity of conserved histone modification epitopes against commercial antibodies, a
western blot was always carried out. 10 asexual planarians (5—7 mm) were thoroughly rinsed, the
water removed, before addition of 90 uL. PBS. 4 uL phenylmethylsulfonyl fluoride (PMSF) and 4puL
50x complete protease inhibitor (Roche) were added and the animals homogenized with a Kontes
pellet pestle motor. 100 pL 2x Laemmli sample buffer (Sigma) and 10 pL Dithiothreitol (DTT) were
added, the sample boiled at 100°C for 5 minutes, and then centrifuged at 13000 g for 5 minutes.
Membranes were blocked in 5% dry skimmed milk in PBS with 0.05% Tween-20 for 1 h, and
incubated with antibodies (usually at a concentration of 1:5000, or according to manufacturer’s

recommendations). Bands were detected using the SuperSignal West Pico kit (ThermoFisher).

7.11  In situ hybridisation

Whole mount in situ hybridization was performed as described by King and Newark (2013).
Alkaline phosphatase or Peroxidase coupled anti-DIG/anti-FITC antibodies were diluted in blocking
solution (1:200) and incubated at 4 °C overnight. Development was performed using either a NBT-

BCIP (colorimetric) or TSA (fluorescent) reaction. Nuclei were stained with Hoechst 33342 (Sigma).

7.12  Immunochemistry for TUD-1

As in the King and Newmark (2013) protocol above, animals were washed with dH,O, and incubated
in 7.5% N-acetyl-L-cysteine PBS solution for 10 mins. Animals were then fixed in 4% formaldehyde
solution and dehydrated in MeOH. Next, animals were bleached using 5% H,0./MeOH for 20h.
Animals were rehydrated with consecutive washes with 75%, 50%, and 25% MeOH/PBSTx.
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Following 2x 10min washes with PBSTx, animals were blocked with 1% Bovine serum albumin
(BSA)/ PBSTx for 2 h at room temperature. Anti-SmedTUD-1 (rabbit polyclonal 1:200) was diluted
in blocking solution and incubated at 4 °C overnight. Following 7-8hr washed with PBSTX,
secondary antibodies were added diluted in blocking solution. Goat anti-rabbit IgG Alexa Fluor®
488 coupled (ThermoFisher) (1:400) was used for anti-SmedTUDI1. Nuclei were stained with

Hoechst 33342 (Sigma).
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