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Abstract

lonizing radiation threatens cellular survival, a property strategically exploited in
radiotherapy to eradicate cancer cells. However, the efficacy of radiotherapy is impeded by
two co-existing challenges: the presence of radiotolerant cancer stem cells capable of
withstanding treatment and subsequently driving cancer recurrence; coupled with collateral
damage to normal stem cells, which are typically radiosensitive. Despite the pressing
demand for radiotherapy, the underlying mechanisms governing radiosensitivity in normal
stem cells and radiotolerance in cancer stem cells remain enigmatic, particularly within an in
vivo setting. Here, we leverage the planarian Schmidtea mediterranea, which harbours
abundant populations of experimentally tractable adult stem cells, as an in vivo model
system to investigate stem cell radiation response and recovery. Employing a functional
genomics approach, we aim to assess the transcriptional response of planarian stem cells to
gamma radiation at both bulk and single-cell levels, as well as to uncover novel genes crucial

for planarian radiotolerance.

We generated SPLiT-Seq libraries from irradiated planarians to explore their
response to acute gamma radiation at the single-cell level. Our single-cell atlas delineates
distinct stem cell clusters exhibiting varying sensitivity to gamma radiation. RNA velocity
analyses further reveal dose and time-dependent changes in cell fate trajectories following
irradiation. By integrating marker patterns and cell fate trajectories, we proposed a model
linking radiosensitivity to cell cycle phase, with stem cells in S/G2/M phases exhibiting

heightened sensitivity to gamma radiation.

Guided by insights from our single-cell and previous bulk RNA-sequencing data, we
conducted an RNAi screen to identify novel regulators of planarian radiotolerance. We
silenced the expression of 105 candidate genes and exposed animals to a sub-lethal dose of
gamma radiation. Our screen unveiled six genes, namely SImap, Kin-17, Dkc, Rab32, Rasl-12,
and DMXL-1, as essential regulators of planarian radiotolerance in vivo. An additional 20
single-gene knockdowns were observed to significantly delay the post-irradiation stem cell
recovery process, although these knockdowns alone were insufficient to cause animal

mortality. Multiple members of the FHL gene family were amongst the single knockdowns



causing this delay phenotype. To account for potential redundancies, we knocked down the
FHL family members in all possible combinatorial pairs, revealing distinct RNAI pairs that

rendered planarians sensitive to gamma radiation.

We then examined the in vivo functions of Simap, Kin-17, Dkc, Rab32, Rasl-12, and
DMXL-1 in the regulation of planarian radiotolerance. We determined that following sub-
lethal irradiation, the residual surviving stem cells in SImap, Kin-17, and Dkc RNAi-treated
animals were proliferation incompetent. In contrast, RNAi of Rab32, Rasl-12, and DMXL-1
led to an abnormally prolonged state of cell-cycle arrest in the remaining stem cells.
Whether it was complete abolition of stem cell recovery in the former set of gene
knockdowns or partial recovery in the latter, the knockdown-induced impairments
prevented animal survival following exposure to sub-lethal irradiation. Among these six

genes, we identified Dkc as a key player for DNA strand break repair in planarians.

In the wider framework, the genes demonstrated in this study to be vital for
planarian radiotolerance could be tested in other model organisms, potentially uncovering
novel and conserved mechanisms employed by adult stem cells to counteract the
deleterious effects of ionizing radiation. The potential conservation of these mechanisms in
mammals may also hold biomedical relevance, as targeting these genes could be explored
for imparting radioprotection to normal stem cells, or to sensitize cancer stem cells to

radiotherapy.
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Chapter 1: Introduction




1.1 DNA Damage and The DNA Damage Response

In the late 1920s, a series of pioneering studies demonstrated the deleterious effects
of X-ray-induced DNA damage (Muller, 1927; Muller, 1928; Gager and Blakeslee, 1927).
These observations preceded the set of landmark experiments which unveiled DNA as the
blueprint of life (Avery et al., 1944; Hershey and Chase, 1952). Currently, it is widely
acknowledged that the preservation of genomic integrity is crucial for cellular function, and
the faithful transmission of genetic material to the next generation. The accomplishment of
this task, however, is complicated by the constant attack on a cell’s DNA by a myriad of both
endogenous and exogenous factors. For instance, reactive oxygen species (ROS) generated
from biochemical reactions such as oxidative respiration; transposition of repetitive
elements; replication errors; and even spontaneous hydrolysis of nucleotides are amongst
the recognized causes of mutagenesis from endogenous sources (Hakem, 2008; Marnett
and Plastaras, 2001). Exogenous threats to genomic integrity primarily include solar
ultraviolet radiation, and increasingly from various human-made compounds (Chatterjee
and Walker, 2017). Due to the deleterious consequences of these mutagens, cells have
evolved a plethora of countermeasures that act as a barrier to protect their genomes
against damage. To name a few, pigments such as melanin protect cells against ultraviolet
radiation (Brenner and Hearing, 2008), ROS scavenging systems protect cells against
oxidative damage (Pizzino et al., 2017), proofreading polymerases check for replication
errors (Preston et al., 2010), and transposable element silencing mechanisms (Aravin et al.,

2017) may all work in concert to ensure genome fidelity.

Despite the presence of these primary defence mechanisms, damage to a cell’s
genome remains highly pervasive. In humans, it is predicted that each of our cells receive an
average of 10° genotoxic insults per day (Lindahl and Barnes, 2000). If the damage to a cell’s
genome is left unchecked or repaired incorrectly, mutations ranging from single base-pair
alterations up to large-scale chromosomal aberrations may result, compromising cell
function and viability, which in turn may cause defects on a tissue or even an organismal
scale. Moreover, failure to correctly repair DNA damage may lead to genomic instability,

predisposing cells to oncogenic transformation (O’Driscoll and Jeggo, 2006).



To counteract the threats posed by DNA damage, cells have evolved multiple, largely
distinct but interconnected pathways, which are collectively referred to as the DNA damage
response [DDR] (Harper and Elledge, 2007). These pathways detect, flag the presence of,
and mediate the repair of the diverse types of DNA lesions that can arise. The major DNA
repair pathways within the DDR network include mismatch repair, base-excision repair,
nucleotide excision repair, homologous recombination, and non-homologous end-joining
(Harper and Elledge, 2007; Chatterjee and Walker, 2017). Most components within this
network exhibit strong conservation throughout eukaryotes (Polo and Jackson, 2011),
reflecting the importance of genomic stability on cellular fitness. The existence of multiple
repair pathways also reflects the heterogeneity of DNA-damaging agents and the

corresponding range of genetic lesions.

The nature of the DDR is influenced by the type of DNA damage incurred. For
instance, mismatch repair efficiently corrects mis-paired bases arising from replication
errors; the base-excision repair pathway removes erroneous chemical alterations to DNA
bases; while nucleotide-excision repair specializes in resolving bulky, helix-distorting lesions
(Chatterjee and Walker, 2017). Most genetic lesions that occur will typically be cleared by
one of these three pathways. These pathways, however, are incapable of repairing DNA
double-stranded breaks, a form of damage that is considered the most toxic and difficult-to-
repair (Cannan and Pederson, 2015). One cause of DNA double-stranded break formation is
exposure of cells to ionizing radiation, to which cells may call upon the homologous
recombination pathway or the non-homologous end-joining pathway for repair (Khanna and
Jackson, 2001). It is important to acknowledge that double-stranded break generation is an
intermediary step required to facilitate normal, physiological processes such as
recombination during meiosis, V(D)J recombination during lymphocyte maturation, and
class-switch recombination in activated B-cells. In these processes, double-stranded breaks
occur in well-defined regions of the genome in a controlled manner (Petes, 2001; Dudley et
al., 2005). In comparison, double-stranded breaks amongst other deleterious lesions caused
by ionizing radiation exposure are typically clustered, uncontrolled, and stochastic in nature
(Nikjoo et al., 1997; Nikjoo et al., 2001; Nikjoo et al., 2002; Watanabe et al., 2015; Hill, 2018;
Mavragani et al., 2019).



1.2 Cellular responses to the damaging effects of ionizing radiation

lonizing radiation is defined as radiation that has sufficient energy to liberate
electrons from atoms as it passes through a medium (National Research Council, 2006).
Gamma rays and X-rays, which reside on the high frequency end of the electromagnetic
spectrum, are forms of radiation that fall into this category. Both these forms of radiation
are highly penetrating and highly energetic, with gamma rays to a greater degree than X-
rays. Unlike solar ultraviolet radiation, a form of non-ionizing radiation, X-rays and more so
gamma rays are capable of inducing double-stranded breaks to a cell’s DNA, either directly
or indirectly (Morgan and Sowa, 2005; Rastogi et al., 2010; Reisz et al., 2014; Singh and
Singh, 1982).

In the direct route, high-energy radioactive particles directly collide with DNA,
displacing electrons and disrupting bonds, which ultimately alters the molecular structure of
DNA (Reisz et al., 2014). In the indirect route, DNA damage is induced by toxic by-products
from the radiolysis of water. This phenomenon involves the radiation-induced excitation of
water molecules, leading to the formation of a multitude of unstable intermediates, which
are collectively known as reactive oxygen species [ROS] (Cadet and Wagner, 2013). Such
molecules include hydroxyl radicals (*OH), ionized water (H20*), superoxides (02*’), and the
more stable hydrogen peroxide (H,0,). Acute exposure to ionizing radiation can cause an
abrupt spike in intracellular ROS levels, overwhelming the cell’s primary ROS scavenging
mechanisms, and wreaking havoc on biological molecules by virtue of their potent oxidative
effects (Desouky et al., 2015; Cadet and Wagner, 2013). Overall, it is estimated that most
cell types in GO/G1 phase suffer between 25-40 double-stranded breaks per Gray (Gy) of
ionizing radiation absorbed (Olive, 1998; Mori et al., 2018)

In response to the damage caused by ionizing radiation exposure, cells commonly
exhibit three cellular outcomes — repair, death, or senescence (Maier et al., 2016). When
cells deem the damage reparable, they may temporarily arrest the cell-cycle, allowing for
repair. The cell may then re-enter the cell cycle once repair is completed and DDR signalling
is attenuated. In the cases of irreparable damage, cells may undergo senescence or be

eliminated via apoptosis to prevent genomic instability and to avoid the spread of mutations



to their progeny (Maier et al., 2016). In mammals, the tumour suppressor p53 plays a
central role in a cell’s decision process, with low or high levels of p53 preferentially inducing

cell-cycle arrest or apoptosis respectively (Aylon and Oren, 2007).

Repair

Immediately following the induction of a double-stranded break, sensor proteins
such as the MRE11-RAD50-NBS1 (MRN) complex assemble at the break site. These sensors
then recruit and activate transducers in the DDR network such as Ataxia Telangiectasia
Mutated (ATM), Ataxia Telangiectasia and Rad3-related (ATR) and DNA-dependent Protein
Kinase (DNA-PK). Once activated, these three apical kinases co-ordinately phosphorylate a
wide array of targets to modulate the DDR. In the case of reparable damage, typically when
the frequency and complexity of double-stranded breaks are low, ATM activation is
relatively mild. Mild ATM activity translates to relatively low levels of p53 activity, as ATM
acts as an upstream activator of p53 (Saito et al., 2002; Lakin and Jackson, 1999). In this
state, p53 activates the cyclin-dependent kinase (CDK) inhibitor, p21. p21-mediated
inhibition of CDK4 and CDK6 leads to G1 arrest (Weinberg and Denning, 2002). For cells that
receive damage in S or G2 phase, p21 can also target the CDK1-CyclinB complex, resulting in
G2 arrest (Smits et al., 2000). During this period when the cell cycle is paused, repair takes
place. The two canonical double-strand break repair pathways in eukaryotes are non-
homologous end-joining (Lieber, 2010), and homologous recombination (San Filippo et al.,
2008). In the non-homologous end-joining pathway, DNA ends at the break sites are tightly
bound by Ku70/80 heterodimers, which act as a docking site for core components of the
pathway. End-processing exonucleases such as Artemis are then recruited to trim away
damaged bases or secondary structures that may prevent ligation (Ma et al., 2002).
Subsequently, polymerases such as those from the pol X family may be recruited to fill the
gaps left by the nucleases (Ramsden, 2011). The nuclease and polymerase activities
generate compatible ends for blunt-ended ligation, to which the XRCC4-DNA Ligase IV-XLF
ligation complex completes the process. Non-homologous end-joining is known to be error
prone, as the nuclease and polymerase activities in the process may lead to indel mutations

(Lieber, 2010).



In comparison, double-stranded break repair via homologous recombination is
precise and error-free. However, repair by homologous recombination is restricted to S/G2
phases of the cell cycle, after DNA replication has taken place. This is because homologous
recombination requires an undamaged repair template in the form of a sister chromatid
(San Filippo et al., 2008). In this pathway, the MRN complex in combination with CtIP
initiates strand resection from the 5’ to 3’ direction, leading to the formation of single-
stranded 3’ overhangs on both sides of the break (Chen et al., 2008). The overhangs will first
be coated and protected by replication protein A (RPA), but RPA will eventually be replaced
by Rad51 with the help of BRCA2 (Shiviji et al., 2006). The RAD51-coated overhangs can
invade homologous duplex DNA, where DNA polymerases can begin synthesis to replace the
missing bases in a template-dependent manner (San Filippo et al., 2008). Once synthesis is
complete, the heteroduplex structures known as Holliday junctions are uncoupled in a

process mediated by resolvase enzymes such as Gen1l in humans (Chan and West, 2015).

Death

When the frequency and complexity of double-stranded breaks are high, ATM
activation is strong and prolonged. This in turn leads to a strong and prolonged activation of
p53. In this state, p53 can activate an array of pro-apoptotic genes such as BAX (BCL-2
associated X protein), PUMA (p53-upregulated modulator of apoptosis), and the protein
NOXA, triggering apoptosis of the cell via the intrinsic apoptosis pathway (Kuribayashi et al.,
2011; Oda et al., 2000). Hence, p53 has dual functions dependent on its activation level. The
underlying mechanism driving this dynamic is thought to be caused by p53 having high
promoter-binding affinities for pro-arrest genes including p21, but lower affinities for pro-

apoptotic genes (Horvath et al., 2007).

Other modes of radiation-induced apoptosis have also been documented. Cell death
may occur via the extrinsic apoptotic pathway, which is also dependent on p53 activity
(Sheard, 2001). Furthermore, cells exposed to ionizing radiation may die via the membrane
stress apoptotic pathway, which is independent of DNA damage and does not depend on
p53 activity (Maier et al., 2016). It is important to acknowledge that ionizing radiation can

also inflict direct or indirect damage to other key biological molecules. Lipid peroxidation



may occur in response to radiation-induced ROS (Reisz et al., 2014), disrupting the structure
and function of cell membranes, eventually leading to cell death via the aforementioned

membrane stress pathway. Exposure to higher doses of ionizing radiation may even lead to
immediate cell death by necrosis, due to acute and widespread damage to membranes and

proteins (Reisz et al., 2014).

Another route leading to radiation-induced cell death is through mitotic catastrophe.
Mitotic catastrophe is characterized by the abnormal arrest of cells in metaphase due to
defects in spindle formation, which in turn signals apoptosis via the intrinsic pathway
(Castedo et al., 2004). Mitotic catastrophe can occur when DNA damage takes place during
M phase, or when cells prematurely attempt mitosis despite the presence of unrepaired

damage (Vakifahmetoglu et al., 2008).

Senescence

In a similar fashion to the previously described repair pathway, cellular senescence
initially begins with a p53-p21-mediated reversible cell cycle arrest. During this transient
arrest period, the CDK inhibitor, p16, is activated (Maier et al., 2016). p16 inhibits CDK4/6,
thus preventing the phosphorylation and activation of Retinoblastoma-1 (Serrano et al.,
1993), a key driver of progression into S phase. Senescence, which is characterized as a
permanent and irreversible withdrawal from the cell cycle, may be induced because of
prolonged p21 signalling. Prolonged p21 signalling can lead to the accumulation p16, which
unlike the former, is capable of constitutive activation and hence the maintenance of cell-
cycle arrest, despite the attenuation of DDR signalling (Beausejour, 2003; Rayess et al.,
2011). In many cases, senescent cells remain metabolically active, and are still able to
contribute some if not all of their normal biological functions. Similar to apoptosis,
undergoing senescence following radiation exposure may be a programmed response to

protect individuals from carcinogenesis.
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Figure 1. Cellular outcomes of ionizing radiation exposure.

What factors influence the cell’s decision to repair, senesce, or undergo apoptosis in
response to ionizing radiation? A simplistic perspective would be that the cellular outcome
is primarily dependent on the dose received, and correspondingly the level of DNA damage
sustained (Figure 1). In this scenario, cells are predicted to survive and repair at low doses,
undergo senescence at intermediate doses due to prolonged p21 signalling, and die at high
doses due to strong p53 activity. However, the reality is much more complex and multi-
dimensional, evident by the observation that the degree of radiotolerance can vary
significantly between different cell types. For instance, most human haematopoietic stem
cells were found to undergo apoptosis after treatment with only 0.8 Gy of ionizing radiation
(Heylmann et al., 2014). In comparison, the vast majority of human astrocytes in vitro were
capable of repair and subsequent re-entry into the cell cycle after 10 Gy of acute ionizing
radiation exposure, with no incidence of apoptosis (Bylicky et al., 2018). The thresholds of
damage that permit repair or force a cell into senescence or apoptosis are cell-type specific
and may vary significantly between cell types. The factors that establish these thresholds
remain poorly understood. Predicting the aftermath of ionizing radiation exposure is further
complicated by the incidence of alternative outcomes beyond the three canonical fates
described. This is underscored by observations of radiation-induced premature neural stem
cell differentiation in both vertebrate and invertebrate systems (Monje et al., 2002;

Schneider et al., 2013; Konifova et al., 2019; Wagle and Song, 2020).



1.3 Radiation response in mammalian stem cells

Bona fide stem cells are characterized by the ability for long-term self-renewal and
the capacity to differentiate into one or multiple specialized cell types (Weissman, 2000).
Hierarchical models have been established for various tissues, with adult stem cells,
typically multipotent, self-renewing and giving rise to all other cell-types within the
hierarchy (Derényi and Szoll&si, 2017; Dingli et al., 2007; Tumbar et al., 2004; Potten et al.,
2009). Even within the same tissue lineage, varying levels of tolerance to ionizing radiation
exist. In mammals, stem cells are typically more sensitive to ionizing radiation in comparison
to their post-mitotic progeny, although exceptions to this rule exist (Fabbrizi et al., 2018a).
Studies on various mammalian stem cell types suggest that stem cells exposed to ionizing
radiation are highly prone to favour apoptosis over repair and survival (Katoh et al., 1995;
Jacobs et al., 2016; Meyer et al., 2016; Sokolov and Neumann, 2012; Acharya et al., 2010;
Becker et al., 2009).

This phenomenon may initially seem paradoxical, considering the reported
mechanisms of enhanced DNA damage surveillance and repair in human embryonic stem
cells (Maynard et al., 2008), as well as adult stem cells of hematopoietic (Bracker et al.,
2006), muscle (Narciso et al., 2007), and mesenchymal lineages (Chen et al., 2006), in
relation to their respective differentiated progeny. The presence of robust genome-
protective mechanisms in stem cells are reasonable, given that adult stem cells are typically
rare in number yet are responsible for the critical role of replenishing cells lost due to
homeostatic turnover (Reya et al., 2001). Robust genome protective mechanisms would
promote long-term stem cell survival, which in turn would be imperative for tissue
maintenance and organismal function. Furthermore, the maintenance of genomic integrity
in stem cells would be especially important to prevent oncogenic transformation, as the
typical long lifespans of stem cells render them susceptible to accumulate cancer-causing
mutations over time. In the case of germline stem cells, genome-protective mechanisms
would be favourable to prevent the transmission of mutations to the next generation, which

may carry an evolutionary significance.



Despite evidence of effective mechanisms promoting genomic stability in stem cells,
stem cells on the contrary display significantly higher levels of sensitivity to ionizing
radiation when compared to their differentiated progeny (Katoh et al., 1995; Jacobs et al.,
2016; Meyer et al., 2016; Sokolov and Neumann, 2012; Acharya et al., 2010; Becker et al.,
2009). This paradox may be explained by the fact that while stem cells have evolved
countermeasures against naturally occurring genotoxic stressors, acute exposure to high
levels of ionizing radiation is unnatural and only achieved via artificial means. Hence, cells
are not naturally equipped with tools to negate the sudden onset of complex and
widespread damage as a consequence of acute ionizing radiation exposure. Nevertheless,
understanding how stem cells respond to acute ionizing radiation is currently of high
biomedical significance, as many diagnostic and treatment procedures result in cells

exposed to such levels of radiation (Bhargavan, 2008).

One of the most radio-hypersensitive cell types in mammals are pluripotent
embryonic stem cells, with acute exposure to 1 Gy gamma radiation being sufficient to
trigger robust apoptotic responses in cultured human embryonic stem cells [hESCs] (Sokolov
and Neumann, 2012). The sensitivity of hESCs to radiation is not limited to ionizing forms, as
they were also shown to exhibit hypersensitivity to non-ionizing UV radiation (Qin et al.,
2007). Transcriptional profiling of irradiated hESCs revealed a significant upregulation of
pro-apoptotic genes 2 hours after 1 Gy irradiation relative to unirradiated controls,
corroborating the observed apoptotic response to ionizing radiation (Sokolov et al., 2011).
In a separate study, Wilson and colleagues also demonstrated an apoptotic gene expression
profile in hESCs after varying doses of ionizing radiation, although the core set of
pluripotency factors remained unchanged post-treatment with up to a 4 Gy dose (Wilson et
al., 2010). Interestingly, the surviving cell fractions at all doses tested were found to retain
pluripotency and proliferative competency, as teratomas, tumours containing cells
derivative from all three germ layers, could be formed when the surviving hESCs were
transplanted into immunocompromised mice (Wilson et al., 2010). It is postulated that
hESCs may be primed to undergo apoptosis by sequestering high levels of the pro-apoptotic
protein BAX in its active conformation at the Golgi, which can then be rapidly released in

response to genotoxic insult amongst other stresses (Dumitru et al., 2012). This harbouring
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of active BAX at the Golgi was no longer observed upon embryonic stem cell differentiation

(Dumitru et al., 2012)

Unlike rapidly dividing embryonic stem cells, tissue-resident adult stem cells in
mammals are predominantly quiescent (Cheung and Rando, 2013). Adult stem cells typically
reside in specialized niches, dividing asymmetrically on occasion to self-renew, and to give
rise to a fast-dividing daughter cell that is commonly termed a transit-amplifying cell. Both
adult stem cells and their transit-amplifying progeny generally exhibit markedly heightened
levels of sensitivity to ionizing radiation relative to the differentiated cells further along their
respective tissue hierarchies. This phenomenon has been observed in hematopoietic (Katoh
et al., 1995; Becker et al., 2009), neural (Acharya et al., 2010), intestine (Jacobs et al., 2016),
testes (Jacobs et al., 2016), and skin (Martin et al., 2016) cell lineages studied in the context

of ionizing radiation exposure.

The genetic factors that influence stem cell radiosensitivity beyond the conserved
DNA damage response network remain poorly understood, partly due to the lack of omics-
based approaches specifically focused on radiation response in stem cells. However, one
gene that is well-characterized to confer radiosensitivity across multiple mouse and human
stem cell-types is the gene Phosphoprotein Phosphatase 2A (PP2A). PP2A was identified to
be selectively expressed in stem cells but not differentiated cells via DNA microarray
(Fabbrizi et al., 2018b). Mechanistically, PP2A was proposed to inhibit repair signalling whilst
promoting apoptosis in irradiated stem cells, and the transient suppression of PP2A was

found to impart a radioprotective effect on stem cells in vitro (Fabbrizi et al., 2018b).

Most of the known factors underlying the differences in radiotolerance between
stem and non-stem cells were attributed to be at the epigenetic level, which is
comprehensible given the known distinctions in epigenetic landscapes between stem and
non-stem cells. One important histone modification that aids in double-stranded break
repair is phosphorylation on serine-139 of the histone variant H2AX (Burma et al., 2001).
This modification is termed yH2AX, which binds chromatin around the double-stranded
break, and functions as a docking site for downstream repair factors (Paull et al., 2000). In a

study by Jacobs and colleagues, stem cells in the mouse brain, intestine, and testis were
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found to possess heavily diminished yH2AX signals relative to non-stem cells after
irradiation in vivo (Jacobs et al., 2016). Underlying this phenomenon may be the failure of
stem cells, but not differentiated cells, to dephosphorylate tyrosine-142 on the same
histone H2AX (H2AX-pY142) upon the induction of DNA damage (Jacobs et al., 2016). This
may have negative implications on the outcome of irradiated stem cells, as H2AX-pY142 is a
modification that is proposed to simultaneously impair double-stranded break repair by
sterically hindering the formation of yH2AX, and may directly promote apoptosis by

stimulating the activation of various pro-apoptotic factors (Cook et al., 2009).

Other stem-cell-specific epigenetic modifications that were shown to confer
sensitivity to ionizing radiation in mammals are Histone-3-lysine-56 acetylation (H3K56ac),
and Histone-3-lysine-9 acetylation (H3K9ac). Both these marks were found to be enriched in
embryonic stem cells, and their footprints decreased sharply upon differentiation (Jacobs et
al., 2016; Meyer et al., 2016). Both modifications were found to be refractory for DNA repair
in vitro (Jacobs et al., 2016; Meyer et al., 2016). The former is believed to impair the repair
process by hindering the induction of yH2AX at the break-sites (Jacobs et al., 2016). The
latter is believed to obstruct the establishment of Histone-3-lysine-9 trimethylation
(H3K9me3) at sites of damage (Meyer et al., 2016), which impairs repair, as H3K9me3 was
previously found to accumulate at break sites of differentiated cells to facilitate repair
(Ayrapetov et al., 2014). Validating their roles, transient depletion of H3K56ac and H3K9ac
via siRNA knockdowns of their writers, the acetyltransferase p300, and the acetyltransferase
Monocytic Leukemia Zinc Finger protein (MOZ), respectively, were both found to impart
radioprotective effects onto mouse embryonic stem cells in vitro (Jacobs et al., 2016; Meyer

et al., 2016).

While most mammalian stem cell-types were observed to display radiosensitivity,
one exception is the radiotolerant mesenchymal stem cell. Human mesenchymal stem cells
were observed to tolerate acute exposures of up to 20 Gy of ionizing radiation, with minimal
evidence of apoptotic death in vitro (Cmielova et al., 2012; Sokolov and Neumann, 2010).
Nevertheless, the function of these stem cells would be ablated since majority of the
irradiated cells underwent radiation-induced senescence. Although double-stranded breaks

were found to be efficiently repaired in mesenchymal stem cells, even to a better degree
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than its differentiated progeny (Oliver et al., 2013), DNA damage response signalling was
persistent. p53 activity remained elevated even after 6 days post-treatment, driving the

execution of the senescence programme (Cmielova et al., 2012).

1.4 Radiation tolerance in cancer stem cells

Unlike normal stem cells, cancer stem cells commonly exhibit resistance to ionizing
radiation. The cancer stem cell theory postulates that tumours, heterogenous in nature, are
initiated and sustained by a rare population of cancer stem cells, which possess the capacity
for long-term self-renewal and multi-lineage differentiation (Reya et al., 2001). A common
trait that confers radiotolerance in cancer stem cells is the heightened ability to protect
their genomes from radiation-induced ROS. This is achieved through the constitutive
upregulation of ROS scavengers observed in cancer stem cells from various origins (Diehn et
al., 2009; Skvortsov et al., 2011; Skvortsov et al., 2014; Zhang and Martin, 2014; Chang et
al., 2014). Consequently, the number of double-stranded breaks that occur in irradiated
cancer stem cells may be reduced due to the diminished contributions of indirect effects.

This may in turn prompt cells to elect pro-repair pathways over senescence or apoptosis.

Protection against ROS is often coupled with enhanced DNA repair capacities in
cancer stem cells. Overexpression of NBS-1, a component of the double-stranded break-
sensing MRN complex, is reported in various cancer stem cell types (Yang et al., 2006; Yang
et al., 2007; Chen et al., 2005; Cheng et al., 2011; Skvortsov et al., 2015), and may
contribute to their increased radiotolerance. Furthermore, elevated activity of DNA damage
response transducers such as ATM, ATR, and their two downstream checkpoint kinases,
Chk1 and Chk2, are also believed to contribute to improved DNA repair in cancer stem cells
(Vitale et al., 2017; Bao et al., 2006; Bartucci et al., 2014; Carruthers et al., 2014; Ahmed et
al., 2015; Schulz et al., 2019). While enhanced DNA repair is commonly observed in various
cancer stem cell types, it is important to acknowledge that exceptions exist as contradictory

observations have been reported (Lundholm et al., 2013; McCord et al., 2009).
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Akin to normal stem cells, cancer stem cells are also believed to be quiescent in
nature (Moore and Lyle, 2011). In radiotherapy, most fast-dividing cancer cells can be killed
by ionizing radiation, as they often lack functional DNA damage checkpoints and hence die
in M-phase via mitotic catastrophe when they attempt mitosis despite the presence of
unrepaired DNA damage (Vakifahmetoglu et al., 2008). However, the quiescent nature of
cancer stem cells increases the likelihood that DNA repair is completed before the eventual
entry into M phase, avoiding mitotic catastrophe and enabling them to persist after

treatment.

Contrary to normal stem cells, cancer stem cells possess multiple mechanisms to
circumvent apoptosis despite sustaining genetic lesions due to ionizing radiation. A
dysregulated bias towards pro-survival signalling is commonly associated with cancer stem
cell resistance to radiation amongst other therapeutic agents (Chang et al., 2016).
Attenuated p53 signalling has also been reported in some cancer stem cell types which
impairs the induction of apoptosis (Chen et al., 2012; Schulz et al., 2019). Upregulated
expression of anti-apoptotic proteins, such as those from the inhibitor of apoptosis (IAP)
family, has also been found in various cancer stem cell types (Schimmer, 2004; Ji et al.,
2018; Vellanki et al., 2009). Overall, these mechanisms may collectively promote cancer
stem cell survival upon treatment with ionizing radiation, often allowing cells to persist
despite the accumulation of genetic lesions. Over time, this promotes intra-tumoral

heterogeneity, contributing to cancer evolution and typically resulting in poor prognoses.

Taken together, many parallels can be drawn between tissue-resident adult stem
cells and cancer stem cells in their properties as well as their roles in their respective
hierarchies. However, a stark difference between normal stem cells and their malignant
counterparts that is currently of major clinical significance is their differential responses to
ionizing radiation. Efficacious use of radiotherapy in cancer eradication is hampered by the
presence of radiotolerant cancer stem cells that can withstand treatment and expand via
self-renewal to cause recurrence. In extreme cases, the recurrence rates of mid-staged
ovarian cancer (Corrado et al., 2017) and glioblastoma (Nabors et al.,2013) approaches
100%. At the same time, radiotherapy may result in debilitating side-effects such as

cognitive impairment (Duffner, 2014), epithelial erosion (Smith and DeCosse, 1986; Wei et

14



al., 2019), and infertility (Ash, 1980; Biedka et al., 2016) due the ablation of radiosensitive
adult stem cells. Therefore, an improved understanding of how normal and cancer stem
cells differentially respond to ionizing radiation would be imperative for the development of
therapeutic strategies aimed to impart radioprotection to normal tissues and to sensitize

cancer stem cells to radiotherapy, reducing the likelihood of recurrence.

1.5 Radiation tolerance across the animal kingdom

Mice and humans have been the primary subjects of research on the topic of cellular
responses to ionizing radiation. In recent years, high throughput genetic screens have been
employed to investigate the factors that influence cellular radiotolerance in various normal
as well as cancerous mammalian cell lines (Wang et al., 2019; Herr et al., 2015; Zhu et al.,
2021; Zhou et al., 2023; Hayman et al., 2021; Yu et al., 2021; Han et al., 2020; reviewed in
Tamaddondoust et al., 2022). Several studies have identified novel factors important for
cellular radiotolerance in vitro, but only a handful of these regulators were functionally
examined in vivo (Wang et al., 2019; Hayman et al., 2021). Conducting in vivo experiments
in mammalian systems remains challenging due to a multitude of pragmatic and ethical
constraints, particularly when studying adult stem cells, which are extremely rare in number
and are often elusive in vivo. These limitations restrict most studies on mammalian
radiation response to cell lines in vitro. However, observations of radiation response made
in vitro may not be a full representation of events in vivo, as cells in vitro experience an
artificial cellular environment and are subjected to passage number effects. Hence, research
using alternative model organisms, especially those with radiotolerant properties, may hold
significant biomedical value. Understanding what makes these organisms radiotolerant may
potentially allow us to uncover conserved regulators of radiation response, which in turn
may translate to novel therapeutic targets aimed to safeguard normal stem cells, or to

sensitize cancer stem cells to radiotherapy.
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Organisms across the animal kingdom exhibit significant variations in their levels of
radiotolerance. Humans, along with other mammals, represent one of the most
radiosensitive classes of organisms. Across various mammalian species, the 30-day median
lethal dose (LD50/304ays) from acute whole-body ionizing radiation exposure ranges
between 2.4 Gy to 10 Gy (DiCarlo et al., 2013). The hematopoietic syndrome, resulting from
the selective ablation of radiosensitive hematopoietic stem and precursor cells, is a common
cause of death at these doses (Macia i Garau et al., 2011). On the opposite side of the
spectrum, animals such as tardigrades and some nematodes exhibit remarkable tolerance to
ionizing radiation, as they have been observed to survive acute whole-body ionizing
radiation exposures exceeding 1000 Gy without the incidence of morbidity or mortality.
Table 1 provides a summary of the observed tolerance to acute ionizing radiation in adult-
stage organisms across different animal phyla. For chordates and arthropods, only selected
organisms are listed here as representatives, as the tolerance to acute ionizing radiation in
mammals (DiCarlo et al., 2013), amphibians (Conger and Clinton, 1973; Fuma et al., 2012),
birds (Mellinger et al., 1975), insects (Paithankar et al., 2021), and crustaceans (Dallas et al.,
2012; Fuller et al., 2015) have been reviewed previously. Table 1 also incorporates studies
that investigated the transcriptional response of adults exposed to acute ionizing radiation,
where available, as omics-based approaches may serve as an invaluable tool to uncover
novel and conserved mechanisms that different animals employ to counteract the

detrimental effects of ionizing radiation.
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Table 1. Summary of mortality and transcriptomic studies across metazoans in the context of
acute ionizing radiation exposure.

Phylum Availability | Species Maximum tolerable dose | Availability of Reference(s)
of IR- or median lethal dose post-irradiation
re""‘t_Ed where applicable transcriptome
studies profile
Ctenophora No N/A N/A N/A
Porifera Yes Tethya >600 Gy X-rays, maximum | Yes (RNA-seq 24 Fortunato et
wilhelma tolerable dose unknown. hours, 7 days, al., 2021a
17/21 animals remained and 21 days after
alive one year post 600 Gy | 600 Gy X-ray
X-ray treatment. exposure)
Placozoa Yes Trichoplax 5% survival 8 days post Yes (2 hours post | Fortunato et
adhaerens 218.6 Gy X-ray treatment. | 218.6 Gy X-ray al., 2021b
Surviving individuals exposure)
capable of culture
repopulation.
Cnidaria Yes Hydractinia Between 300 to 500 Gy No* Bradshaw et
echinata gamma radiation. (Data al., 2015
Surviving and functional unpublished)
stem cells detected after
300 Gy gamma radiation,
but not after exposure to
500 Gy gamma radiation.
Xenoturbellida | No N/A N/A N/A
Acoela Yes Isodiametra <60 Gy X-rays. Rare No De Mulder et
pulchra surviving and proliferation- al., 2009
competent stem cells were
observed after 60 Gy X-ray
irradiation but failed to
sustain the animal.
Hemichordata No N/A N/A N/A
Echinodermata Yes Arbacia LDso/30days = 389 Gy gamma | No White and
punctulata radiation Angelovic,
1966
Chordata Yes Uromastyx LDso/30days = 40 Gy gamma No Ahmed and
hardwickii radiation Taqawi, 1978
Mus LDso/30days across 10 Yes. Studies Storer, 1966;
musculus different female lab- referenced
mouse strains range from | involve total RNA | Jaferetal,,
5.85 Gy to 7.74 Gy X-rays extraction from 2020 (various
specific tissues tissues);
after irradiation
of adults in vivo. | Leducetal,,
2021 (skin);
Yin et al.,
2003 (brain)
Danio rerio LDso/30days = 25 to 30 Gy Yes — Microarray | Traveretal.,
gamma radiation analyses of adults | 2004

4 hours after 0.1
and 1 Gy gamma
radiation

Jaafar et al,,
2013
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Chordata Bufo fowleri LDso/30days = 23 Gy gamma No Landreth et
(continued) radiation al., 1974
LDso/50days = 18 Gy gamma
radiaiton
Gallus gallus LDso/30days = 7-11 Gy No Stearner and
domesticus gamma radiation Christian,
(juveniles). No data on 1972
adults found.
Chaetognatha No N/A N/A N/A
Rotifera Yes Adineta vaga >1120 Gy gamma radiation | Yes (0,4,24,48,72 | Gladyshev
(100% survival at two hours post 1000 and
weeks after 1120 Gy Gy X-ray Meselson,
gamma ray exposure, irradiation) 2008
maximum tolerable dose Nicolas et al.,
unknown) 2023
(transcriptome)
Philodina >1120 Gy gamma radiation | No Gladyshev
roseola (100% survival after two and
weeks, maximum tolerable Meselson,
dose unknown) 2008
Brachionus LDso = 2900 Gy gamma No Won et al.,
koreanus radiation (24-hour survival) 2016
LDso = 2300 Gy gamma
radiation (96-hour survival)
Gnathostomulida | No N/A N/A N/A
Gastrotricha No N/A N/A N/A
Platyhelminthes | Yes Macrostomum | 10% of subjects survived Yes (12,24,72 De Mulder et
lignano long-term after 105 Gy hours post 210 al., 2010;
fractionated gamma Gy fractionated*
radiation. Zero long-term | gamma radiation) | Grudniewska
survivors post 150 Gy etal, 2016
fractionated dose despite | *three pulses of (transcriptome)
observations of stem cell 70 Gy gamma
recovery. Elimination of radiation
stem cell function and administered
100% mf)rtality after 210 within 1 day.
Gy fractionated dose.
Dugesia Range of 4.4—8.8 Gy X-rays | No Kobayashi et
ryukyuensis (strain-specific) al., 2008
Dugesia 15 Gy X-ray irradiation led | Yes (Microarray Salvetti et al.,
Jjaponica to 70% mortality after 4 analyses 1to 7 2009;
weeks, some long-term days after 5 Gy
survivors developed and 30 Gy X-ray Rossi et al.,
tumours. 30 Gy irradiation | irradiation) 2007
led to 100% mortality after (microarray)
4 weeks post-exposure.
Schmidtea 100% survival post 15 Gy Present study. Sahu et al.,
mediterranea | acute gamma radiation. Previous studies | 2021

100% mortality by 40 days
after 20 Gy acute gamma
radiation.

referenced in-
text.
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Bryozoa No N/A N/A N/A
Entoprocta No N/A N/A N/A
Nemertea No N/A N/A N/A
Brachiopoda No N/A N/A N/A
Phoronida No N/A N/A N/A
Annelida Yes Lumbricus LDso/30days = 680 Gy gamma | No Reichle et al.,
terrestris radiation 1972
Eisenia fetida LDso/30days = 650 Gy gamma | No Suzuki and
radiation Egami, 1983
Neanthes No death up to 60 days No Anderson et
arenacoedenta | post 500 Gy acute gamma al., 1990
radiation. Steep decline in
survival between day 60 to
day 100 post irradiation.
For animals irradiated at
1000 Gy, death occurred
between day 20-50.
Mollusca Yes Biomphalaria | No adult lethality observed | No De Freitas
glabrata after 20 Gy gamma Tallarico et
irradiation. Maximum al., 2004
tolerable dose unknown.
Crassostrea LDso/30days = 1000 Gy No Mix and
gigas gamma radiation Sparks, 1970
Lymnaea LDso/7days = 200 Gy X-rays No Bonham and
japonica Palumbo,
1951
Nassarius LDso/30days = 375 Gy gamma | No White and
obsoletus radiation Angelovic,
1966
Nucella LDso/7days = 200 Gy X-rays No Bonham and
lamellosa Palumbo,
1951
Physa acuta LDso/30days = 400 Gy gamma | No Fujita and
radiation Egami, 1984
Urosalpinx LDso/30days = 380 Gy gamma | No White and
cinerea radiation Angelovic,
1966
Kinorhyncha No N/A N/A N/A
Priapulida No N/A N/A N/A
Nematomorpha No N/A N/A N/A
Nematoda Yes Caenorhabditis | >1000 Gy gamma Yes (1 hour after | Johnson and
elegans radiation. Maximum 200 Gy and 400 Hartman,
tolerable dose unknown Gy X-ray 1988;
exposure. Post-
irradiation Xuetal.,
proteome is also | 2019
available.

Dubois et al.,
2019
(proteome)
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Nematoda Neoaplectana | LDso/30days = 6000 Gy No Gaugler and
(continued) carpocapsae gamma radiation Boush, 1979
Bursaphelenchus | Lethal dose between 6000 | No Eichholz et
xylophilus to 8000 Gy gamma al., 1991
radiation
Arthropoda Yes Drosophila LDso/30days = 400 Gy gamma | Yes (2,10 and 20 | Antosh et al.,
melanogaster | radiation days after 0.1, 10, | 2014
50, 100, 200 Gy
gamma radiation)
Tigriopus LDso/7days = Between 400 No Hanetal.,
japonicus and 600 Gy gamma 2014
radiation
Calliopius LDso/21days = 160 Gy X-rays No Bonham and
laeviusculus LDso/35days = 90 Gy X-rays Palumbo, 1951
Allorchestes LDso/21days = 160 Gy X-rays | No Bonham and
Augustus LDso/35days = 90 Gy X-rays Palumbo, 1951
Tetranychus LDso/10days = 1000 Gy No Nelson and
urticae gamma radiation Stafford,
1972
Callinectes LDso/30days = 510 Gy gamma | No Engel, 1967
sapidus radiation
Artemia salina | LDso/sdays = 910 Gy X-rays No Bonham and
Palumbo, 1951
Palaemonetes LDso/30days = 15 Gy gamma No Rees, 1962
pugio radiation
Onychophora No N/A N/A N/A
Tardigrada Yes Milnesium LDso/4aghours = 5000 Gy No Horikawa et
tardigradum | gamma radiation al., 2006
Richtersius LDso/18hours = 4700 Gy No Jonsson et al.,
coronifer gamma radiation 2005
LDso/30days = 2500 Gy
gamma radiation
No observable difference
in survival and lifecycle of
animals irradiated at 1000
Gy or below relative to
unirradiated controls.
Hypsibius LDso/aghours = 4180 Gy No Beltran-Pardo
dujardini gamma radiation etal., 2015
Ramazzottius LDso/aghours > 4000 Gy Yes (RNA-seq at Horikawa,
varieornatus gamma radiation. 0,4,6,9,612,15, | 2008
Maximum tolerable dose 18, 21, and 24
unknown. hours post 500 Yoshida et al.,
Gy gamma 2021
radiation) (transcriptome)
Echiniscoides LDso/7days = 1449 Gy No Jonsson et al.,
sigismundi gamma radiation 2016
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Although many studies have provided invaluable mortality data in animals across
diverse phyla, experimental characterization of the effects of ionizing radiation exposure
remains challenging and hence limited to only a few organisms. Among them is the
nematode Caenorhabditis elegans, which was used as a model organism to investigate
radiation-induced bystander effects in vivo (Guo et al., 2013). This phenomenon is currently
of clinical significance due to undesired effects on unirradiated cells around the zone
targeted for radiotherapy. Additionally, Drosophila melanogaster was used to demonstrate
the occurrence of radiation-induced premature differentiation of neural stem cells and its
developmental consequences (Wagle and Song, 2020). These two well-established model
organisms were also used as in vivo models to understand the role of conserved radiation-
response genes, such as spindle assembly checkpoint regulators, Bub-3 and Mad-3, in C.
elegans (Bertolini et al., 2017); and the H4K16-acetyltransferase, Males absent on the First
(MOF), in Drosophila (Bhadra et al., 2011). High throughput genetic screens have also been
employed in both C. elegans (van Haaften et al., 2004; van Haaften et al., 2006) and
Drosophila (Vaisnav et al., 2014), revealing genes that influence radiation response on a
global scale. Recently, perturbing the DREAM complex was reported to promote DNA repair
in C. elegans somatic cells, conferring DNA damage resistance in the animals (Bujarrabal-

Dueso et al., 2023).

In addition, rotifers and tardigrades have been used as models to understand how
some animals withstand acute treatment with extreme levels of ionizing radiation. A major
component conferring radiotolerance in the bdelloid rotifer, Adineta vaga, is a highly
efficient antioxidant system shown to have a significant proteome-protective role when
challenged with ionizing radiation. Interestingly, the genome-protective role of the same

antioxidant system was found to be negligible (Krisko et al., 2012).

In various tardigrade species, which are extremophiles by nature, a contributing
factor to their extreme radiotolerance is a low rate of adult cell proliferation, due to low
rates of cell turnover under homeostatic conditions (Gross et al., 2018; Poprawa et al., 2014;
Czernekova and Jonsson, 2016). Additionally, genome analysis of the tardigrade
Ramazzottius varieornatus revealed a copy number expansion of stress-related genes that

putatively function in the mitigation of oxidative damage (Hashimoto et al., 2016). In the
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same study, a loss of multiple regulators linking genotoxic and oxidative damage to the
induction of autophagy were reported. This is hypothesized to benefit the organism under
extreme conditions by allowing partially damaged biomolecules to persist (Hashimoto et al.,

2016).

Studies involving rotifers and tardigrades have highlighted the potential of non-
classical model systems in uncovering novel radiation-related genes with biomedical
relevance. This was first exemplified by the discovery of Dsup, a tardigrade-specific DNA-
binding protein, whose ectopic expression successfully imparted radiotolerance to human
cells in vitro (Hashimoto et al., 2016). Ectopic Dsup is proposed to act by directly binding and
shielding the human genome from radiation-induced damage (Chavez et al., 2019). More
recently, the ectopic expression of another tardigrade-specific DNA-binding protein,
Tardigrade DNA damage Response 1 (TDR1), was observed to protect human U20S cells
against double-stranded breaks (Anoud et al., 2024). A rotifer DNA ligase E, AvLigE, was also
capable of imparting X-ray tolerance to human HEK-293T cells upon its ectopic expression

(Nicolas et al., 2023).

The use of both classical and non-classical model organisms has advanced our
molecular understanding of radiotolerance at the organismal level. Despite this, the in vivo
mechanisms governing adult stem cell radiosensitivity remain enigmatic. Interpretation of
survival curves associated with radiation-induced mortality studies, as presented in Table 1,
indicate a consistent theme of enhanced stem cell sensitivity to ionizing radiation across
metazoans. This is because most animals exposed to lethal doses of ionizing radiation
typically exhibit initial survival without significant reports of changes in morphology or
behaviour. A steep decline in survival then occurs typically days or weeks after exposure,
symbolic of death by progressive tissue degradation due to compromised stem cell function.
While many of the organisms described are powerful model systems in their own right,
investigating stem-cell-specific responses to gamma radiation in an in vivo setting remains
extremely challenging. This is because adult stem cells remain elusive in many organisms,
and may even be completely non-existent in some lineages. Here, we leverage the unique
characteristics of the flatworm Schmidtea mediterranea to circumvent certain limitations

associated with traditional model organisms. By employing Schmidtea mediterranea as our
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model system, we aim to shed novel insight into how adult stem cells respond to and

potentially withstand exposure to gamma radiation in vivo.

1.6 Schmidtea mediterranea — an attractive in vivo model system for the
study of stem cell radiation response and tolerance

The planarian Schmidtea mediterranea is a freshwater flatworm assigned to the
phylum Platyhelminthes. Planarians possess a triploblastic body plan exhibiting bilateral
symmetry, and are best known for their remarkable regenerative capacities (Reddien and
Sanchez-Alvarado, 2004; Salo, 2006; Agata, 2003). This includes the ability to regenerate the
whole body, inclusive of all cell-types in the correct proportions, from fragments as small as
1/279% of the original size (Morgan, 1901); and the ability to regenerate a fully functional
central nervous system de-novo within 7 days upon head amputation (Cebria et al., 2002).
Planarian regeneration is powered by a large pool of mitotically-active adult stem cells that
are known as neoblasts (Reddien and Sanchez-Alvarado, 2004; Salo, 2006; Agata, 2003;
Aboobaker, 2011). A small subset of adult stem cells in planarians are believed to possess
pluripotency, as single-cell transplantation of a rare number of neoblasts was successful in
rescuing host animals that had been purged of all stem cells using lethal irradiation (Wagner
et al., 2011; Zeng et al., 2018). Furthermore, neoblasts represent the sole proliferative cell-
type within the body of adult planarians (Newmark and Sanchez-Alvarado, 2000), and their
mitotic activity serves the continuous replenishment of all differentiated cell types lost
during normal turnover processes (Pellettieri and Sanchez-Alvarado, 2007; Pellettieri et al.,
2010). Stringent control mechanisms regulate the rates of neoblast proliferation and
differentiation, and the intricate balance between these two processes can be modulated
by environmental signals such as nutrient availability and response to injury (Baguna and
Romero, 1981; Oviedo et al., 2003; Takeda et al., 2009; Gonzdlez-Estévez et al., 2012;
Forsthoefel et al., 2011; Reddien, 2018).
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Figure 2. Regenerative capacity of the planarian S. mediterranea. (A) Stages of regeneration

after anterior decapitation. (B) Regenerative capacity is driven by an abundant population of
adult stem cells, labelled by the stem cell marker, Smedwi-1, using whole-mount in situ

hybridization.
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S. mediterranea possesses several compelling features making it an attractive model
for in vivo studies on stem cell biology. Most notably, while adult stem cells are typically
scarce in many animals employed as experimental models, each planarian possesses
abundant numbers of adult stem cells that are experimentally tractable in vivo. Testament
to the fact, adult stem cells can make up to 20-30% of all cells within the body of an adult
planarian (Baguna et al., 1989). These stem cells are spatially distributed throughout the
planarian mesenchyme, absent only in the pharynx, brain, and the anterior tip of the animal
[Figure 2] (Reddien and Sanchez-Alvarado, 2004). Akin to other organisms across the animal
kingdom, planarian stem cells also exhibit enhanced sensitivity to ionizing radiation in
comparison to their differentiated progeny. The radiosensitivity of stem and non-stem cells
in planarians differ by a significant margin, to the extent that neoblasts can be selectively
ablated by doses of ionizing radiation that do not cause any direct lethality to their
differentiated progeny (Hayashi et al., 2006; Peiris et al., 2016a). Exploiting this property,
ionizing radiation is routinely incorporated in experimental designs within the planarian
research community, yielding novel insights into planarian stem cell function, which in turn
may have broader implications for human stem cell biology. For instance, ionizing radiation
has been used in various studies to deplete stem cells within host animals in preparation for
cell transplantation from donors (Wagner et al., 2011; Zeng et al., 2018, Raz et al., 2021;
Wang et al., 2018). Lethal doses of gamma radiation have also been employed to identify
genes that are enriched in stem cells or their progeny (Eisenhoffer et al., 2008), with the
rationale that neoblast genes would be downregulated at the earliest instance as a direct
result of their depletion following radiation exposure. Genes enriched in stem cell progeny
were also identified in the same study, as progeny cells differentiate without replenishment,
causing their numbers to decline shortly after the depletion of stem cells (Eisenhoffer et al.,
2008). Sub-lethal doses of radiation, which permit a small number of stem cells to evade
lethality, have also been used in studies investigating the stem cell repopulation process
(Wagner et al.,, 2012; Lei at al., 2016; Zhu et al., 2015; Rossi et al., 2014; Raz et al., 2021;
Wang et al., 2018).

Moreover, diligent and collaborative efforts have led to the generation of numerous
genomic and transcriptomic resources that facilitate molecular-scale studies of planarian

biology. Firstly, the genome of S. mediterranea had been sequenced and deposited in a
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readily accessible format through the SmedGD platform (Robb et al., 2008). Recent
advances have further improved the S. mediterranea genome assembly (Grohme et al.,
2018), alongside with improvements in genome annotation (Dattani et al., 2018; Neiro et

al., 2022).

In addition to the sequenced genome, multiple S. mediterranea transcriptome
assemblies have also been generated and are curated in readily accessible formats (Brandl
et al., 2016; Rozanski et al., 2019). Furthermore, the generation of ChIP-seq (Dattani et al.,
2018; Mihaylova et al., 2018; Duncan et al., 2015; Zeng et al., 2013) and ATAC-seq (Neiro et
al., 2022; Pascual-Carreras et al., 2023) datasets, which investigate DNA-protein interactions
and chromatin accessibility respectively, provides further insights into the complex
regulation of planarian gene expression. Last but not least, an expansion in single-cell RNA-
sequencing studies in the past decade has facilitated the generation of organism-wide and
tissue-specific single-cell atlases of planarians (Fincher et al., 2018; Plass et al., 2018; van
Wolfswinkel et al., 2014; Wurtzel et al., 2015; Zeng et al., 2018; Benham-Pyle et al., 2021,
Garcia-Castro et al., 2021). By examining gene expression at the single-cell level, these
studies reveal novel cell-types, enable lineage reconstruction in silico, and further unveil the
heterogeneity that exists within the planarian stem cell compartment. Single-cell studies in

planarians are further explored in Chapter 3.

Single-cell approaches, combined with an array of molecular studies, have provided
evidence of functional heterogeneity within the planarian stem cell compartment. For
instance, a single-cell multiplexed qPCR approach identified three prominent neoblast
expression classes termed the sigma, zeta, and gamma states (van Wolfswinkel et al., 2014).
Sigma neoblasts were inferred to be multipotent (van Wolfswinkel et al., 2014) and capable
of long-term self-renewal (Lai et al., 2018). These sigma neoblasts were hypothesized to give
rise to the epidermal-committed zeta neoblasts and the intestinal-committed gamma
neoblasts (van Wolfswinkel et al, 2014). Each of these subclasses are characterized by the
expression of unique transcription factors that are reproducible in vivo (van Wolfswinkel et
al., 2014; Zhu et al., 2015; Lai et al., 2018; Mihaylova et al., 2018). Such transcription factors
include Soxp1/2 which mark the sigma state, Zfp-1 and Soxp3 which mark the zeta state; as

well as Gata4/5/6 and Hnf4 which mark the gamma state.
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Molecular studies have uncovered additional lineage-specified neoblast states
poised to differentiate into mature cells of various tissues. These include the eye (Lapan and
Reddien, 2011; Lapan and Reddien, 2012), pharynx (Adler et al., 2014), nervous system
(Currie and Pearson, 2013; Cowles et al., 2013; Scimone et al., 2014; Roberts-Galbraith et
al., 2016; Molinaro and Pearson, 2016), excretory system (Scimone et al., 2011), pigment
cells (Wang et al., 2016; He et al., 2017) and muscle (Scimone et al., 2017; Scimone et al.,
2018). These investigations have also unveiled distinct fate-specifying transcription factors
(FSTFs) associated with different neoblast classes. The expression of distinct FSTFs instructs
stem cell differentiation into specific cell lineages. Examples of FSTFs include Zfp-1, required
for epidermal specification (van Wolfswinkel et al., 2014; Tu et al., 2015), ovo, required for
eye specification (Lapan and Reddien, 2012), albino, required for pigment cell formation
(Wang et al., 2016), and foxA, required for differentiation into pharyngeal cells (Adler et al.,
2014).

Overall, the studies described have contributed to the establishment of the neoblast
fate restriction model (term coined in Reddien, 2022). According to this model, neoblasts
are organized into a hierarchy based on their differentiation potential. The model suggests
that at the top of the hierarchy reside the naive stem cells, which potentially include the
putatively pluripotent cNeoblast (Wagner et al., 2011), or the more recently proposed
pluripotent state marked by high Tetraspanin-1 protein expression (Zeng et al., 2018). The
model also posits a progressive restriction in differentiation potency along the hierarchy,
where naive stem cells give rise to fate-specialized neoblasts, which in-turn go on to

differentiate into various mature cell-types (Figure 3A).
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Figure 3. Suggested models of fate specification and potency in planarian stem cells.
(A) Hierarchical fate-restriction model of neoblast specialization and potency.
(B) Non-hierarchical single-step fate model of neoblast specialization and potency. The

illustrations have been simplified to feature selected lineages as representatives.
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An emerging view that challenges the conventional fate restriction model is the
single-step fate model (Figure 3B) proposed by Raz and colleagues (Raz et al., 2021). The
authors first demonstrated a close association between FSTF expression and cell-cycle
stage. FSTF expression was notably enriched in S/G2 phase neoblasts, with limited
expression in G1 phase. During asymmetric cell division, markers of stemness and FSTFs are
disproportionally inherited, yielding an FSTF"&"/Smedwi-1'°" daughter that withdraws from
stemness and undergoes differentiation; and an FSTF'®“/Smedwi-1"&" daughter that retains
stemness and reverts to a naive state. This model proposes that pluripotency is not
restricted to any specific neoblast subclass; rather, plasticity exists, allowing neoblast fates
to be reversed after asymmetric cell division. Support for this model comes from single-cell
transplantation assays into lethally irradiated hosts, showing that distinct lineage-specified
stem cells could give rise to stem cells of different classes, ultimately rescuing the irradiated
hosts (Raz et al., 2021). Despite these findings, it is crucial to acknowledge that the observed
phenomenon of fate-switching has only been documented under stressful conditions,
where stem cells are required to rapidly proliferate to rescue irradiated hosts. Whether
fate-switching occurs under homeostatic conditions requires further investigation. Further
efforts to investigate the influence of epigenetic fate memory on this model would also be
important for understanding planarian pluripotency, which in turn may provide broader

insights into pluripotency across metazoans.

Nevertheless, coupling the unique properties of planarians with the recent advances
in sequencing and molecular biology, the mechanistic basis behind many biological
processes can be readily investigated in vivo. Robust protocols had been developed for
gene-specific knockdown in planarians using RNA-interference (RNAI) [Sanchez-Alvarado
and Newmark, 1999). RNAi has been employed in many systematic screens to delineate the
key players in biological processes such as gut development (Forsthoefel et al., 2012), germ
cell development (Wang et al., 2010) and central nervous system regeneration (Roberts-
Galbraith et al., 2016) amongst many others. In addition, protocols for tissue fixation, in situ
hybridization and immunostaining in planarians have been established (King and Newmark,
2013; Forsthoefel et al., 2018). This, coupled with the ever-growing list of cell-type specific
markers, allows researchers to quantitatively assess changes to specific cell types or tissues

at the molecular level. Moreover, whole animals can be dissociated into single-cells, and
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neoblasts can subsequently be enriched from a heterogeneous cell population using
fluorescence activated cell-sorting (Hayashi et al., 2006). Without the need for cell-type
specific markers, cells in planarians can be categorically sorted into three subgroups: X1, X2
and Xins, based on their nuclear-to-cytoplasmic ratios. The X1 cell population, characterized
by high (>2C) DNA content, small cell size, and sensitivity to ionizing radiation, is comprised
of cycling stem cells in S/G2/M phases; the X2 fraction is comprised of non-cycling stem cells
(in GO/G1) and immediate stem cell progenies; while the Xins compartment is comprised
almost entirely of radiation insensitive differentiated cell-types (Eisenhoffer et al., 2008).
Cohorts of genes enriched in each of the sorted cell fractions have also been identified

(Eisenhoffer et al., 2008).

Despite the array of tools described, it is crucial to acknowledge the current
experimental limitations of the planarian model system. For instance, tools for genome
editing and transgenesis are currently unavailable in S. mediterranea. Besides, while loss-of-
function experiments using RNAi can be reliably conducted in vivo, tools for ectopic
expression or overexpression of genes are currently unavailable. This is because the delivery
of exogenous mMRNAs and DNA cassettes into planarian cells remains a major challenge.
Although recent efforts have demonstrated successful delivery of exogenous mRNA into
planarian cells via transfection (Hall et al., 2022), robust and reproducible transfection
protocols have yet to be established. Hence informative studies involving gain-of-function
experiments remain inaccessible in planaria. While the advances in omics-based techniques
and the availability of RNAi makes planarians a powerful system for reverse genetics, low
fecundity in sexual strains and the complete absence of fecundity in obligate asexual strains
limit the application of forward genetics in planarians. Furthermore, the development of
culture systems for the in vitro maintenance of neoblasts is still in its infancy phase (Lei et
al., 2023), as the methodologies for long-term culture and clonal expansion of neoblasts in
vitro have yet to be robustly established. By leveraging the strengths of the planarian model
system while being mindful of its shortcomings (Table 2), planarians remain an exciting tool
that can be used to broaden our understanding on how adult stem cells respond to, and

potentially withstand exposures to ionizing radiation.
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Table 2. Current strengths and limitations of the planarian model system in research.

Strengths Limitations

Easy of husbandry Ectopic gene expression unavailable
Cost efficient to maintain Overexpression of genes unavailable
Genome has been sequenced No established stem cell culture system

Transcriptome datasets readily accessible Tools for transgenesis unavailable

Possess a large number of adult stem cells | Asexual strains have zero fecundity, sexual
(20%-30% of adult body comprised of stem | strains have relatively low fecundity

cells)

Stem cells can be purified by FACS

Many cell-type specific markers identified
Robust protocols for gene-specific
knockdown using RNA-interference

Stem cells experimentally tractable in vivo
Possess elevated radiotolerance in contrast
to humans

1.7 The DNA damage response and outcomes of ionizing radiation exposure
in S. mediterranea

To dissect the dose of acute gamma radiation that is lethal to S. mediterranea,
previous work in our group examined the survival of individuals exposed to varying gamma
radiation doses (Sahu et al., 2021). We observed that S. mediterranea can withstand whole-
body treatments with up to a 15 Gy dose of acute gamma radiation without the occurrence
of any long-term physiological defect (100% survival). However, acute gamma radiation
doses equal to or exceeding 20 Gy led to 100% mortality among the irradiated individuals
[Figure 4A]. While no morphological defect was observed in sub-lethally irradiated animals,
individuals exposed to lethal doses exhibited morphological changes stereotypical of a loss-
in-stem-cell-function phenotype, attributed by anterior regression that usually starts
between 20 — 30 days post-exposure (dose-dependent), followed by ventral curling and

eventual tissue lysis [Figure 4B] (Bardeen and Baetjer, 1904; Reddien et al., 2005a).

31



In the same study, we also investigated the temporal changes in neoblast numbers in
vivo after planarians were subjected to various doses of acute gamma radiation [Figure 4E]
(Sahu et al., 2021). Initially, we observed that across all doses, neoblast numbers remain at
wild-type levels as of 3 hours post-irradiation. This is ensued by a dose-dependent decline in
the number of neoblasts, finally reaching a minima at 3 days post irradiation. When
planarians were exposed to sub-lethal doses of up to 15 Gy, some, if not all of the surviving
stem cells were capable of retaining proliferative competency. The surviving stem cells were
able to re-enter the cell cycle, proliferate, and repopulate the stem cell compartment of the
animal. Ultimately, sub-lethally irradiated animals were able to restore full physiological
function, as they could persist long-term and are able to continuously produce offspring
without an observable defect. Subsequently, we investigated the recovery kinetics of
mitotic cells over a time course after various doses of gamma radiation [Figure 4F]. Since
neoblasts are the only cell-type within planarians capable of proliferation, immunostaining
against the mitotic marker, Phospho-Histone H3 (H3P), would be a direct proxy for stem cell
activity. In animals exposed to sublethal doses of up to 15 Gy, we observed that surviving
neoblasts initially deploy a proliferative block, likely allocated for DNA repair, with the
duration of this mitotic arrest being dose-dependent. Mitotic cells then gradually
reappeared in sub-lethally irradiated animals, eventually returning to wild-type levels
(Figure 4F). This phenomenon of dose-dependency in the rates of mitotic cell recovery and
stem cell repopulation is relatable to observations in the more radiotolerant flatworm,

Macrostomum lignano (Pfister et al., 2007; De Mulder et al., 2010).
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Figure 4. Outcomes of sublethal and lethal irradiation in planarians. (A) Survival curve of
planarians exposed to a sublethal (15 Gy) dose or lethal (20 Gy and 30 Gy) doses of acute
gamma radiation. (B) Brightfield images of planarians 30 days post-exposure to varying doses
of acute gamma radiation. (C) In situ hybridization for stem cell marker Smedwi-1 over time
post-exposure to sublethal 15 Gy acute gamma radiation. (D) Anti-H3P immunofluorescence
for mitotic marker H3P over time post-exposure to sublethal 15 Gy acute gamma radiation.
(E) Recovery kinetics of Smedwi-1* cells in planarians exposed to varying doses of acute
gamma radiation. (F) Recovery kinetics of mitotic cells in planarians exposed to varying doses

of acute gamma radiation. Figure adapted from Sahu et al., 2021.

When planarians were exposed to lethal doses such as 20 Gy and 30 Gy, residual
surviving stem cells could still be detected between 3 to 7 days after radiation exposure.
However, these stem cells were rendered proliferation incompetent, thus failing to rescue
the animal, as evidenced by the absence of detectable mitotic cell recovery in individuals

irradiated with such doses (Sahu et al., 2021).

The molecular mechanisms enabling planarians to survive radiation doses as high as
15 Gy remain poorly understood. It is unlikely that tolerance to acute gamma radiation has
evolved in planarians due to direct selection pressure from the environment. This is because
planarians naturally inhabit the base of freshwater streams or ponds, with many biotic and
abiotic components associated with the habitat that provide protection against all forms of
radiation. On the contrary, we hypothesize that radiotolerance in planarians may exist as a
by-product of adaptation against other genotoxic stressors naturally encountered in the
planarian life history, or it may be an emergent characteristic resulting from their highly

regenerative life history.

Highly regenerative planarians can bypass the phenomenon of biological aging
(Pearson and Sanchez-Alvarado, 2008; Tan et al., 2012; Sahu et al. 2017). Given this
property, asexual strains of planarians have been termed somatically immortal (Sahu et al.,
2017). Unlike mammalian stem cells, which are typically quiescent (Cheung and Rando,

2013), a quiescent stem cell state has yet to be characterized in planarians. Rather,

34



planarian stem cells cycle actively under homeostatic conditions to balance the high rates of
cell turnover (Pellettieri and Sanchez-Alvarado, 2007; Pellettieri et al., 2010; Rink, 2013).
These studies investigating cell turnover in planarians report that all cells within their bodies
may be completely renewed in just a matter of weeks. Even the central nervous system,
which is commonly subjected to age-related pathologies in mammals due to poor renewal
and repair (Huebner and Strittmatter, 2009), is fully renewed in planarians in just 28 days
(Brown and Pearson, 2017; Currie et al., 2016). Given the high levels of activity, planarian
stem cells may have evolved efficient DNA damage surveillance and repair mechanisms to
counteract the various forms of replication-induced DNA damage. Besides, even though
planarians possess theoretically immortal lifespans, naturally occurring planarian cancers
are believed to be extremely rare (Pearson and Sanchez-Alvarado, 2009; Sahu et al., 2017;
Oviedo and Beane, 2017; Barghouth et al., 2019). This may also imply that mechanisms to
maintain genomic fidelity actively function in planarians to limit tumorigenesis over
extensive periods of time. Correspondingly, the same machinery driving the properties of
anti-aging and tumour suppression may be called upon when the animals are challenged

with ionizing radiation.

To better understand the planarian response to ionizing radiation, our group
investigated the conservation of core DNA damage response genes in S. mediterranea.
Through in silico analysis of the planarian genome, it was found that most genes within the
canonical DNA damage response network are also conserved in planarians, although some
notable exceptions exist. For instance, the crucial regulator of eukaryotic cell senescence,
p21; the pro-apoptotic protein, BAX; and multiple XRCC family genes involved in DNA strand
break repair, are absent from the planarian genome. Our findings corroborated a prior study
by Barghouth and colleagues investigating the conservation of DNA damage response genes
in planarians (Barghouth et al., 2019). The loss of these genes could potentially be a
causation or consequence of the planarian’s supposed immortal life history, prompting stem
cells to favour survival over p21-mediated senescence or BAX-mediated apoptosis for
instance. While these genes play key roles in radiation-induced cellular outcomes observed
in mammals (Maier et al., 2016), how the loss of these genes in planarians influence the

neoblast response to ionizing radiation remains unclear.
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Next, our group investigated the function of various DNA damage response genes in
the context of planarian radiotolerance. We observed that RNAi-mediated silencing of
various components within this network rendered planarians sensitive to gamma radiation
(Figure 5). This illustrates that many of these genes, known to be essential for DNA repair
across diverse phyla, may also have conserved roles in planarians. However, an exception is
the canonical non-homologous end-joining pathway, which appears to be dispensable for
planarian survival after radiation exposure. This is because single knockdowns of canonical
end-joining components — Ku70, Ku80, Artemis, and Lig4 failed to sensitize planarians to

sublethal irradiation (Peiris et al., 2016c; Shiroor et al., 2023).
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Figure 5. RNAi of evolutionarily conserved DNA repair genes sensitizes planarians to sublethal
irradiation. (A) and (B) Survival curves of various RNAi-treated planarians exposed to sublethal
irradiation. (C) Assessment of neoblast recovery after irradiation in various RNAi backgrounds by
in situ hybridization targeting the stem cell marker, Smedwi-1, at 7 days post 15 Gy irradiation.

Figure adapted from Sahu et al., 2021.
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At present, one gene within the conserved DNA damage response network that is of
functional ambiguity in planarians is the apical kinase ATM. In our group, we observed that
RNAi-mediated knockdown of ATM caused animals to succumb to a normally sublethal 15
Gy dose of acute gamma radiation, despite some degree of stem cell recovery being
observed after knockdown and irradiation (Figure 5C). This observation contradicts two
findings in the literature, where ATM RNAI appeared to confer radioprotection to planarian
stem cells instead. Namely, Peiris and colleagues observed that ATM RNAI accelerated the
stem cell recovery process in animals irradiated with a sublethal 12 Gy dose of acute gamma
radiation (Peiris et al., 2016c); while Shiroor and colleagues reported that ATM RNAi
increased the overall radiotolerance of individuals, enabling them to survive a 20 Gy acute
dose of gamma radiation (Shiroor et al., 2023), a dose that is normally lethal to untreated
planarians. Shiroor and colleagues theorized that this radioprotective role may be due to
divergence of ATM function in planarians, with the loss of the N-terminal solenoid in the
planarian ATM orthologue potentially causing the protein to lose its pro-repair functions,
whilst retaining its pro-apoptotic roles. However, due to the lack of assays measuring DNA
repair in ATM knockdown animals, the function of planarian ATM in the context of DNA
repair remains inconclusive and cannot be ruled out. It remains plausible that ATM
possesses dual functionalities in planarians dependent on its activation level, as it is in
mammals, with low levels of ATM activity facilitating repair, and high levels of ATM activity
driving p53-induced apoptosis (Khanna et al., 2001; Jeggo and Lobrich, 2006; Zhang et al.,
2011; Enoch and Norbury, 1995; Banin et al., 1998; Canman et al., 1998). The disparities
between our observations and those reported in the literature may be attributed to
differences in dosimetry, and pragmatic limitations of RNAi, namely the incompleteness and
variability in the extent of gene silencing. Variances in the extent of gene silencing between
our study and the study by Shiroor and colleagues may have arisen due to the different
methods of double-stranded RNA (dsRNA) delivery employed, with the use of microinjection
in the former and feeding in the latter. The higher precision and payload of microinjection
may have allowed us to abrogate both ATM’s apoptotic and repair roles. In contrast, the
feeding method opted by Shiroor and colleagues may have yielded sufficient gene silencing
to disable the apoptotic functions of ATM, but residual activity of the gene may permit

sufficient pro-repair effects to aid in the radiation recovery process. Further investigations
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involving assays measuring DNA repair would be imperative to better understand the

function of ATM in planarians both under homeostatic and irradiated conditions.

While several genes within the DNA damage response network were found to be
important for planarian radiotolerance, our knowledge of factors beyond this network that
influence the planarian radiation response remains in its infancy phase. Recently, animals
wounded before or immediately after exposure to gamma radiation were found to be more
resilient against radiation-induced lethality (Shiroor et al., 2020). The act of wounding may
prime the animals to better withstand ionizing radiation, as the same pro-survival pathways
activated upon wounding may be re-allocated to combat the damaging effects of radiation
exposure. Furthermore, conserved tumour suppressors such as PTEN, Akt, Rb, and p53,
have all been shown to possess important roles in regulating planarian tissue homeostasis
and regeneration (Oviedo et al., 2008; Pearson and Sanchez-Alvarado, 2010; Peiris et al.,
2016b; Zhu and Pearson, 2013). However, their contribution to the planarian radiation

response remains unexplored.

In summary, S. mediterranea can tolerate acute whole-body exposures of up to a 15
Gy dose of gamma radiation. This dose permits a small number of stem cells to evade the
initial phase of radiation-induced lethality. Some, if not all of the surviving stem cells, are
capable of DNA repair, cell-cycle re-entry, and subsequent clonal expansion to rescue the
irradiated animal. In contrast to humans, planarians display a five-fold greater tolerance to
acute gamma radiation, as a 3 Gy dose is sufficient to cause lethality in adult humans
without medical intervention (Shao et al., 2014; Waselenko et al., 2004). The relatively
higher radiotolerance of planarian stem cells compared to humans, combined with their
abundance and tractability in vivo, makes planarians a promising model system to identify
novel and conserved regulators influencing radiation response and tolerance in stem cells.
While progress has been made in our understanding of conserved DNA repair genes and
their contributions to planarian radiotolerance, many intriguing questions remain
unanswered. For instance, do the neoblasts that survive treatment with gamma radiation
occur at random, or are there inherent properties unique to the survivors that render them
more resilient towards radiation-induced apoptosis, such as seen in a rare number of cancer

stem cells after radiotherapy? What are the factors outside of the DNA damage response

38



network that contribute to planarian radiotolerance? In this study, we adopt a functional
genomics approach with the overarching goal of increasing our mechanistic understanding
of planarian stem cell radiation response and tolerance, which may in turn be broadly

informative for our understanding of radiation response in human stem cells.
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1.8 Research objectives and overview of results chapters

The two main research objectives are to investigate the transcriptional response of
planarian stem cells following exposure to gamma radiation at both bulk and single-cell

levels, and subsequently to uncover novel genes crucial for driving planarian radiotolerance.

In Chapter 3, we constructed single-cell gene expression atlases of irradiated planarians. By
assessing changes in the single-cell atlases, we identified distinct stem cell populations
exhibiting differential sensitivities to gamma radiation. Utilizing RNA velocity, we discerned
dose and time-dependent shifts in cell fate trajectories post-irradiation. By investigating the
markers enriched in each neoblast cluster and integrating these findings with the inferred
cell fate transitions, we proposed a model linking stem cell radiosensitivity to cell-cycle

phase.

In Chapter 4, we investigated genes exhibiting differential expression in the bulk X1 cell
fraction in response to acute gamma radiation exposure. Coupling insights from both our
single-cell and bulk RNA-sequencing efforts, we selected candidate genes for a primary RNAi
screen aimed to uncover important regulators of planarian radiotolerance. Our screen
encompassed the silencing of 105 single genes, revealing six pivotal genes conferring
radiotolerance to planarians in vivo. We identified an additional 20 single-gene knockdowns
that significantly delayed the post-irradiation stem cell recovery process, although these

knockdowns alone were insufficient to cause animal mortality.

In Chapter 5, the six hits from our primary RNAi screen were functionally characterized in
vivo. We evaluated DNA strand break repair capacity, neoblast cell-cycle re-entry kinetics, as
well as the kinetics of stem cell proliferation and differentiation in animals subjected to
targeted gene RNAI in tandem with sublethal irradiation. Our objective was to pinpoint the
specific stage(s) of recovery impacted by each gene knockdown. Our findings indicate
significantly impaired post-irradiation stem cell recovery upon target gene knockdown. We
also identified one gene, Dkc, as a novel contributor to post-irradiation DNA strand break

repair in planarians.
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Chapter 2: Materials and Methods
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1. Planarian culture

Asexual freshwater Schmidtea mediterranea were used throughout this study. Planarians
were housed in food-grade containers with 0.5 g/L of Instant Ocean (Aquarium Systems)
and cultured in the dark at 20°C. The animals were fed organic calf liver twice a week, with

water replaced after each feed. Planarians were starved 7 days prior to each experiment.

2. Gamma irradiation

Animals received acute whole-body gamma radiation from a 137 Cs source using a GSR D1
GsM gamma irradiator (Gamma-service Medical GmbH) at a dose rate of 1.75 Gy/min.
During irradiation, animals were kept in 30 mm diameter plastic petri dishes with a thin
layer of Instant Ocean solution, enough to cover their bodies and prevent desiccation.
Irradiated planarians were subsequently housed in 100 mm diameter plastic petri dishes

throughout the course of each experiment, with water changes performed every 48 hours.

3. Gene cloning

3.1 Total RNA isolation

To enrich for radiation-responsive transcripts, total RNA was extracted from animals 24
hours post-exposure to 5 Gy gamma radiation. In each reaction, 2 irradiated worms (~5 mm
in length) were placed in a microcentrifuge tube, treated with 500 ul of TRIzol (Invitrogen)
and snap frozen in dry ice for 1 hour. The tissue was homogenized and incubated at -20°C
for 15 minutes. 100 pl of chloroform was added, and samples were vortexed vigorously for
15 seconds before incubation at room temperature for 5 minutes. The sample was then
centrifuged at 12000 rcf for 15 minutes at 4°C and the aqueous fraction was carefully
harvested. The sample was then treated with 250 ul of 100% isopropanol for 15 minutes at
-20°C. Samples were centrifuged again at 12000 rcf for 15 minutes at 4°C, followed by the
addition of pre-chilled 70% ethanol and centrifuged at 7500 rcf for 7 minutes at 4°C. The
supernatant was discarded, and the pellet was air-dried to remove residual ethanol before
resuspension in nuclease-free water. The quality and quantity of RNA were assessed using a

nanodrop and by agarose gel electrophoresis before long-term storage at -80°C.
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3.2 cDNA synthesis

1 ug of total RNA was used for each cDNA synthesis reaction using Oligo(dT)1s primers
(Invitrogen) and the SuperScript Reverse Transcriptase Il kit (Invitrogen). 1 pug of total RNA,
1 pl of 50 uM Oligo(dT)1s primers, 1 pl of dNTP mix (containing 10 mM of each dNTP), and
nuclease-free water to a total volume of 13 pl, were first incubated at 65°C to help denature
RNA secondary structures and to pre-anneal the dT primers to polyA tails. A mixture
containing 4 ul 5X first-strand buffer mix (Invitrogen), 1 ul 0.1 M DTT and 2 ul of 200 U/ul
SuperScript Reverse Transcriptase Il (Invitrogen) was then added to the reaction mix and
incubated at 50°C for 90 minutes. Enzymes were heat-inactivated at 80°C for 20 minutes.
RNAse H (NEB) was then added at a working concentration of 1 U/ul and the reaction mix
was incubated at 37°C for 20 minutes. The resulting cDNA was kept at -20°C for long-term

storage.

3.3 Amplification of target genes from cDNA

Transcript sequences of target genes were retrieved from the PlanMine 3.0 database
(Rozanski et al., 2019). Gene-specific primers were designed using Primer3Plus (Untergasser
et al., 2012) with the following specifications: product size range 500-800 bp, GC content
50-55%, Tm: 57-60°C, and conserved regions were avoided to prevent non-specific
amplification. Primer sequences for the cloned genes can be found in Appendix Table 7. For
each primer set, the following adapter sequences, complementary to the bases flanking the

vector insertion site, were incorporated:

Forward primer adapter: >*CATTACCATCCCG?

Reverse primer adapter: >*CCAATTCTACCCG?

Target gene fragments were amplified from cDNA using a PCR-reaction mix containing 1-3 pl
of cDNA (to be optimized on a gene-by-gene basis), 25 ul OneTaq 2X Master Mix (NEB), 0.5
1M of each forward and reverse primer, and water to a total volume of 50 ul. PCR cycling
parameters used were as follows: initial denaturation at 95°C for 3 minutes, 35 cycles of
denaturation at 95°C for 45 seconds, annealing at 58°C for 30 seconds, extension at 72°C for

1 minute, and a final extension at 72°C for 5 minutes. PCR products were evaluated by
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electrophoresis on a 1% agarose gel, followed by gel extraction using the MinElute Gel

Extraction Kit (Qiagen) as per manufacturer’s instructions.

3.4 Cloning into PPR-T4P Vector

The purified PCR products, containing the target insert flanked by specific adapters, were
cloned into PPR-T4P vectors (kind gift from Dr. Jochen Rink, Max Planck Institute). 1 pg of
PPR-T4P plasmid was first linearized using the Smal restriction enzyme kit (NEB) as per
manufacturer’s instructions. The digested plasmids were gel extracted using the MinElute
Gel Extraction Kit (Qiagen). Both the linearized vector and purified inserts (refer to section
3.3) were individually diluted with nuclease-free water to achieve 300 ng of product in a
volume of 8 pl in preparation for digestion using T4 DNA polymerase. To the inserts, 0.5 pl
50 mM dCTP was added, and to the vector, 0.5 pl of 50 mM dGTP was added. Subsequently,
1 pl 10X NEBuffer r2.1 (NEB) and 0.5 ul of 3 U/ul T4 DNA polymerase (NEB) were added to
both reactions. The mixtures were incubated at 22°C for 30 minutes followed by heat
inactivation at 75°C for 20 minutes. The T4 DNA polymerase-treated inserts and vectors
were combined at an insert-to-vector molar ratio of 5:1 at room temperature for 1 hour to
facilitate ligation. The ligation products were then transformed into competent DH5a cells
(ThermoFisher) by adding 5 pl of the ligation mix to 50 pl aliquots of competent cells for 2
minutes on ice, followed by heat-shock at 42°C for 30 seconds. The cells were incubated on
ice for 2 minutes for recovery before 250 pl of Luria-Bertani (LB) medium was added. The
culture was incubated at 37°C for 1 hour in a shaking incubator. The culture was then spread
on LB-agar plates containing kanamycin at a working concentration of 50 ug/ml and
incubated at 37°C overnight. Colonies were screened using colony PCR and positive colonies
were validated by Sanger Sequencing (service by Source Bioscience). The final plasmid
product contains the target insert flanked by opposing T7 promoter sites, facilitating the
PCR-synthesis of DNA templates using specific primer sets to either include both promoters
(to generate dsRNA for RNAI), or only the promoter on the anti-sense strand (to generate

riboprobes for in situ hybridization).
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4. Synthesis of dsRNA and riboprobes

100 ng of cloned plasmids (refer to section 3.4) were used as templates for PCR to generate
the DNA templates for in vitro transcription. For dsRNA synthesis, M13 forward and reverse
primers were used, while AA18 and PPR244 primer sets were used for riboprobe synthesis.

Primer sequences are as follows:

M13 Forward: °TGTAAAACGACGGCCAGT?

M13 Reverse: °CAGGAAACAGCTATGACC®

PPR244: > GGCCCCAAGGGGTTATGTGG?

AA18: °CCACCGGTTCCATGGCTAGC?Y

The PCR reaction mix comprised 100 ng plasmid, 0.5 uM of each appropriate forward and
reverse primer, 25 pl OneTaqg 2X Master Mix (NEB), and water to a total volume of 50 pl.
PCR cycling parameters were as follows: initial denaturation at 95°C for 3 minutes, 40 cycles
of denaturation at 95°C for 45 seconds, annealing at 58°C for 30 seconds, extension at 72°C
for 1 minute, and a final extension at 72°C for 5 minutes. PCR products were evaluated by
electrophoresis on a 1% agarose gel to ensure the absence of non-specific amplicons and

substantial primer dimers, and were purified using the QIAquick PCR Purification Kit

(Qiagen) as per manufacturer’s instructions.

For dsRNA synthesis, in vitro transcription was performed using 500 ng of the purified PCR
products as templates. The reaction mixture included 3 pl of 50 U/ul T7 RNA polymerase
(NEB), 4 ul 10X RNAPol buffer (NEB), 4 pl rNTP mix (containing 20 mM of each rNTP) and
nuclease-free water to a total volume of 40 pl. The mixture was incubated for 6 hours at
37°C, then treated with 2 pl of 2 U/ul TURBO DNAse (Invitrogen) for 30 minutes at 37°C to
remove residual DNA. The products were precipitated using sodium acetate (0.3 M final
concentration, pH 5.2) dissolved in 500 ul pre-chilled 100% ethanol for 16 hours at -20°C.
The samples were then centrifuged at 13000 rcf for 20 minutes at 4°C. Resulting pellets
were washed with pre-chilled 70% ethanol and centrifuged at 13000 rcf for 20 minutes at
4°C. Final pellets were air-dried, and RNA was eluted in nuclease-free water. The eluted RNA
was incubated at 68°C for 15 minutes, followed by incubation at 37°C for 30 minutes to
anneal dsRNA. dsRNA quality and yield were assessed by electrophoresis on a 1% agarose

gel, and dsRNA was kept at -80°C for long-term storage.
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Riboprobes were synthesized via in vitro transcription in a reaction containing 500 ng of the
purified PCR products as templates, 2 ul of 50 U/ul T7 RNA polymerase (NEB), 2 ul 10X
RNAPol reaction buffer (NEB), 2 pl of either 10X DIG RNA-labelling mix (Roche) or 10X FITC
RNA-labelling mix (Roche) and nuclease-free water to a total volume of 20 pl. The mixture
was incubated for 3 hours at 37°C, then treated with 2 pul of 2 U/ul TURBO DNAse (Ambion)
for 30 minutes at 37°C to remove residual DNA. The products were precipitated by using
lithium chloride (0.5 M final concentration) dissolved in 500 pul of 100% ethanol for 16 hours
at -20°C. Riboprobes were pelleted and eluted following the same procedure described for
dsRNA synthesis. The eluted riboprobes were incubated at 68°C for 15 minutes, followed by

quality assessment and storage, as outlined in the dsRNA synthesis process.

5. RNAi for gene knockdown in planarians

dsRNA was administered directly into the planarian gut via microinjection using a Nanoject Il
(Drummond Scientific) with 3.5” glass capillaries (Harvard Apparatus) pulled into fine
needles using a PC-100 micropipette puller (Narishige). Each worm received 96 nl of dsRNA,
calibrated to a concentration of 1 pug/ul, on each injection day. The injection schedule
involved six days of injections over a period of ten days, with injections on three consecutive
days, followed by a four-day rest-period, and injections on another three consecutive days.

Irradiations were conducted 24 hours after the last injection where required.

The morphology and behaviour of RNAi-treated animals were assessed daily until day 50
post-irradiation (or equivalent for unirradiated animals) using a Zeiss SteREO Discovery V8
microscope. Bright-field images of the animals were taken with a Canon E0S1200D digital
camera attached to the same microscope. Scale bars were allocated using Fiji software

(Schindelin et al., 2013).

6. Validation of knockdown efficacy by RT-qPCR

RNAi-treated animals received 5 Gy acute whole-body gamma radiation 24 hours after the
final injection dose. Total RNA was extracted from these animals 24 hours post-irradiation
following the protocol outlined in section 3.1. For each RNAi condition, RNA was extracted

from three biological replicates, each consisting of two RNAi-treated animals. 1 ug of RNA
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was reverse transcribed into cDNA as described in section 3.2. Each qPCR reaction mix
contained 1 pl cDNA, 25 pl 2X One-Taq master mix, forward and reverse primers at a final
concentration of 300 nM, 2.5 ul 20X EvaGreen dye (Biotium) and nuclease-free water to a

total volume of 50 ul. Primers used were as follows:

Forward — Slmap: ¥ ATCGACAAAGTGAAATGTCC?
Kin-17: *CTGGCGTTTAAATCAGAAACY
Dkc: °TCCTCCTATTGATGGATCTGY
Rab32: “TTGGGAATCAAAAGTCTACG?®
Rasl-12: CATCAGAGCTCGGAATTTAC®
DMXL-1: ¥*GTTGATATCGTGCAACAATG

Reverse — Slmap: > TGTCATTTCCAATCCTTCTC*

Kin-17: “GTTCCAGTTTCATTTGTTCCY

Dkc: > CTACGACTTCATGGGAAGAG®

Rab32: >AACGTTTACATAGGGCAGAG?

Rasl-12: ¥CAACCGGCTTATTGTTAGTC®

DMXL-1: ¥ ATCTTATGCCACAATCATCC®
gPCR cycling parameters were as follows: initial denaturation at 95°C for 3 minutes, 35
cycles of denaturation at 95°C for 30 seconds, annealing at 58°C for 20 seconds, extension at
72°C for 20 seconds. To normalize gene expression levels, GAPDH was used as the reference
gene using primer sequences that were previously designed (Eisenhoffer et al., 2008). A no-

template control for each RNAIi condition was run to validate the absence of primer-dimer

formation.

7. Fluorescence in situ hybridization

Whole mount fluorescence in situ hybridization was conducted following the established
protocol by King and Newmark (King and Newmark, 2013), with minor adaptations. Animals
were treated with freshly prepared 5% N-acetyl cysteine solution for 5 minutes to remove
mucus, then fixed using freshly prepared 4% formaldehyde solution for 25 minutes. Animals
were rinsed twice in PBSTx (1X PBS with 0.3% Triton-X), then dehydrated using methanol of
increasing concentrations (25%, 50%, 75%, 100%). Samples can be safely stored in 100%
methanol for up to 3 months. To resume with staining, samples were rehydrated with the
same iterative concentrations of methanol in descending order, rinsed 3 times with PBSTX,

and bleached in freshly prepared bleaching solution (5% non-deionized formamide, 1.2%
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H.0,, 0.5X SSC) for 2-3 hours under bright light until satisfactory pigment removal was
achieved. After 3 rinses in PBSTx, the samples were treated with freshly prepared
proteinase K solution (0.1% SDS, 10 ug/mL proteinase K, in PBSTx) for 10 minutes, followed
by fixation using 4% formaldehyde solution for 20 minutes. Samples were washed 3 times
with PBSTx, then incubated in pre-hybridization solution for 2 hours at 56°C. Subsequently,
animals were incubated in hybridization solution (containing the desired DIG/FITC labelled
riboprobes and 5% dextran sulphate) at 56°C for 18-20 hours. Riboprobes targeting Smedwi-
1, Prog-1 and Agat-1 were calibrated to and stored at a concentration of 100 ng/ul. For
planarians up to 10 days post-irradiation, where fewer stem and progeny cells are present,
riboprobes were diluted 1:500 in hybridization solution, while a dilution factor of 1:300 was

applied for wild-type planarians to achieve optimal signal-to-noise ratios.

As the hybridization solution tends to be viscous due to the addition of dextran sulphate, an
equal part of 2X saline sodium citrate (SSC) solution was added to dilute the hybridization
solution, preventing mechanical damage to the tissue during solution removal. After this,
samples underwent a series of washes at 56°C first using 2X SSC (3 times), then 0.2X SSC (4
times), each lasting 20 minutes. Samples were then rinsed twice in TNTx solution for 5
minutes each at room temperature, followed by a 2-hour incubation in blocking solution
(5% Horse serum and 0.5% Roche western blocking reagent diluted in TNTx) at room
temperature. Samples were then incubated at 4°C overnight in an antibody solution
containing Anti-Dig-POD or Anti-FITC-POD (Anti-Dig or Anti-Fitc antibodies conjugated with
peroxidase) [Roche] diluted 1:2000 in blocking solution. To remove excess antibodies, 6
washes with TNTx at 20-minute intervals were performed, and the samples were developed
using tyramide signal amplification with a fluorophore of choice (TAMRA or Alexa-488,

1:500 dilution).

For single-FISH, samples were rinsed in PBSTx 3 times and post-fixed using 4% formaldehyde
solution for 20 minutes. Animals were then stained with 0.1 pg/mL of DAPI (Thermo)
dissolved in 1X PBS overnight at 4°C. After nuclear staining, samples were rinsed twice with
PBSTx, kept in 80% glycerol overnight, and mounted on glass slides for imaging. For double
FISH, after incubation with the first fluorophore, samples were rinsed 3 times with PBSTx

and incubated in azide solution (100 mM sodium azide in PBSTx) for 1 hour to eliminate
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peroxidase activity. Samples were then washed four times with PBSTx, twice with TNTX,
incubated with blocking solution for 1 hour, and subsequently incubated overnight at 4°C
with the second antibody of choice, diluted 1:2000 in blocking solution. The samples were
washed and developed with a different fluorophore of choice, then processed for nuclear
staining and mounting as described for single-FISH. The detailed composition of each
reagent, together with the comprehensive staining protocol, can be referenced in the

source publication (King and Newmark, 2013).

8. Immunofluorescence

The procedure for whole mount immunofluorescence was adapted from the protocol
established by Forsthoefel and colleagues (Forsthoefel et al., 2018). Animal fixation was
performed as described in section 7, involving treatment with 5% N-acetyl cysteine, 4%
formaldehyde, and dehydration with methanol. After rehydration, samples underwent 3
rinses with PBSTx and were bleached using 6% H,0. in PBSTx. Bleaching was performed for
16 hours at room temperature, without the need for bright light. Bleached animals were
washed 6 times with PBSTx, 20 minutes each wash. Samples were then blocked in PBSTxS
(PBSTx with 10% horse serum) for 4 hours at room temperature. Subsequently, samples
were incubated in primary antibody solution, containing Anti-H3P antibodies (Rabbit
polyclonal, Sigma-Aldrich) diluted 1:1000 in PBSTxS for 20 hours at 4°C. Samples were then
washed for 8 times with PBSTx for 20 minutes each wash, and blocked for an additional 2
hours in PBSTxS. Following this, samples were incubated in a secondary antibody solution
containing Anti-Rabbit-488 (Invitrogen) diluted 1:1000 in PBSTXS for 20 hours at 4°C.
Samples were then washed 8 times with PBSTx, 20 minutes each wash. Finally, samples

were stained with DAPI and mounted on glass slides as described in section 7.

9. Fluorescence image processing and analysis

Fluorescence images of whole animals were captured using an Axiocam 202 monochromatic
camera (Zeiss) attached to an Axioskop 2 Plus compound microscope (Zeiss) at objective
magnifications of either 4X or 10X. ZenCore v3.5 software (Zeiss) was used for image
acquisition. Subsequent image processing, including background adjustment, channel colour

assignment, and incorporation of scale bars, was performed using Fiji software. An Olympus
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FluoView FV1000 confocal microscope was used to image specimens at higher objective
magnifications of 40X or 63X. Confocal images were acquired as Z-stacks with a thickness of
4 um along the dorsoventral axis, and stitched as maximum projections using Fiji software.
Quantification of Smedwi-1/Prog-1 and Smedwi-1/Agat-1 co-expression was performed in
Fiji using the JaCoP v2.1.4 plugin (Bolte and Cordeliers, 2006). Costes’ automatic threshold
(Costes et al., 2004) was selected as the input parameter for each measurement to serve as
the method for background subtraction and signal threshold establishment. The other input
parameters applied were as defaulted. Output images of JaCoP were manually validated to
ensure that any positive colocalization signals did not arise from overlapping cytoplasm of
adjacent cells. Measurements of co-expression were made on Smedwi-1* cells located at the
dorsal periphery of the stem cell compartment, which borders the more superficial cell layer
housing Prog-1* cells, across all conditions to ensure consistency. This strategy aimed to
minimize variations in signal intensity at different tissue depths due to differences in
riboprobe and antibody penetration, as well as to account for confocal laser power

attenuation across tissues.

10. Single-cell RNA-sequencing library preparation

We generated SPLiT-Seq libraries for four post-irradiation conditions and a non-irradiated
sample as the control. Thirty planarians (asexual S. mediterranea) of approximately 8 mm in
length were used in each condition. The animals from different conditions were dissociated
into single cells using the Acetic acid-Methanol (ACME) method as previously described
(Garcia-Castro et al., 2021). The dissociated cells were stored overnight at -80°C in the
presence of 10% DMSO as a cryoprotectant. All centrifugation steps in this workflow to
pellet cells were performed at 1000 rcf for 5 minutes at 4°C. After storage, samples were
thawed on ice and centrifuged to remove DMSO. Cell pellets were resuspended in 1 mL
washing buffer (1X PBS with 1% BSA) and centrifuged again to pellet cells. The cells were
then resuspended in 1 mL 1X PBS. From this stock, a 100 pul aliquot from each sample was
stained using 0.05 mM Draq5 (Invitrogen) and 5 pug/mL Concanavalin-A conjugated with
Alexa-Fluor-488 (Invitrogen) dissolved in washing buffer. Stained cells were washed using 1
mL washing buffer, pelleted, and then resuspended in 100 pl 1X PBS. The stained cells were

analysed using a CytoFlex S Flow Cytometer (Beckman Coulter) to assess the quality of
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dissociation and measure cell concentrations. Draqg5 signals were detected using a red laser
(Wavelength of 640 nm, with a 780/60 nm filter), while Concanavalin-A-488 signals were
detected using a yellow-green laser (Wavelength of 561 nm, with a 525/40 nm filter). The
stock cells were pelleted and resuspended in an appropriate volume of 1X PBS to achieve
5000 singlet cells per 8 ul, which were then loaded into each well for the first round of

SPLiT-Seq barcoding.

The first round of barcoding took place on a 48-well plate, with each well featuring a unique
barcode. All barcodes and linker constructs for the sequential SPLiT-seq barcoding rounds
were supplied lyophilized by Integrated DNA Technologies (IDT) and were reconstituted to
working concentrations as described in Garcia-Castro et al., 2021. For the first round of
barcoding, each well of the plate was pre-loaded with 8 ul of 12 uM well-specific barcodes,
0.35 pl of 20 U/l SUPERase-In RNAse Inhibitor (Invitrogen), 1 pul dNTP mix (containing 10
mM of each dNTP), 2 ul of 200 U/ul Maxima-H Minus Reverse Transcriptase (ThermoFisher),
0.65 ul of nuclease-free water, and 5 pl of 5X RT buffer (Thermo). 8 pl of cells from various
conditions were then loaded into pre-defined wells and incubated in a thermocycler at 50°C
for 40 minutes to facilitate in-cell reverse transcription. After incubation, individual
reactions were pooled into a 15 mL Falcon tube on ice. To this pooled mixture, 12 uL of 10%
Triton X-100 (0.1% working concentration) was added, and the cells were pelleted. The
supernatant was discarded, and the pellet was resuspended in 2 mL of 1X NEBuffer 3.1

(NEB).

Subsequently, the cells were evenly distributed across a 96-well plate pre-loaded with
Round 2 barcodes and linkers for the second round of barcoding, which involves a ligation
reaction. Rounds 2 and 3 of SPLiT-seq barcoding were conducted following the protocol
outlined in Garcia-Castro et al., 2021. After the third round of barcoding, cells were pooled
into a 15 mL Falcon tube and pelleted. The cells were stained in 1 mL staining solution,
which contained 0.05 mM Drag5 (Invitrogen) and 5 pg/mL Concanavalin-A-488 (Invitrogen)
diluted in washing buffer. After staining, the cells were washed using 1 mL washing buffer,
pelleted, and resuspended in 2 mL 1X PBS. BD FACS Aria Il (BD Biosciences) was employed
to isolate intact singlet cells that endured the relatively harsh barcoding process. Drag5 and

Concanavalin-A-488 signals were detected as previously described. Singlets were sorted
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directly into a collection tube containing 50 pl of lysis buffer (20 mM Tris pH 8.0, 400 mM
NaCl, 100 mM EDTA pH 8.0, 4.4% SDS). After sorting, the tube’s volume was topped up to
100 pl with additional lysis buffer, and 10 ul of 20 mg/mL proteinase K (Invitrogen) was
added. Cell lysis was carried out at 55°C for 2 hours with mild agitation, and the lysates were
stored at -80°C. Subsequent steps, encompassing the purification of barcoded cDNA from
lysate using streptavidin-coated Dynabeads (Invitrogen), template switching, and the first
round of low-cycle PCR amplification, were performed as described in Garcia-Castro et al.,
2021. The PCR products underwent two rounds of SPRI size selection using KAPA pure beads
(Roche) at a ratio of 0.8X, according to manufacturer’s instructions, to remove fragments
smaller than 300 bp. The library was then tagmented using the Nextera XT DNA Library
Preparation Kit (lllumina) per the manufacturer’s instructions. A final low-cycle PCR was
conducted as described in Garcia-Castro et al., 2021 to achieve sufficient DNA for
sequencing and to ligate sequencing adaptors. The resulting PCR products were size-
selected using the same SPRI kit at a ratio of 0.7X to eliminate primer and adapter dimers.
For library quality control, yield measurement was conducted in a Qubit 4 fluorometer
(Thermo) using the Qubit dsDNA High Sensitivity Kit (Thermo). The library was also assessed
on an Agilent 2100 bioanalyzer following the Agilent High Sensitivity DNA Kit guide to check
for fragment size distribution. The library was sequenced on an Illlumina NovaSeq 6000
(service provided by Novogene) to obtain 150 bp paired-end reads, with a depth of 400

million read pairs.

11. Single-cell RNA-sequencing data analysis

11.1 Quality control and processing of sequencing reads

Sequencing read quality was assessed using FastQC (Andrews, 2010). CutAdapt v2.8 (Martin,
2011) was then used to remove low-quality bases and short reads, as well as trim residual
adaptor sequences. Read 1 (containing transcript sequence) and Read 2 (containing UMI
and barcode sequences) were trimmed separately with different clean-up strategies. For
Read 1, cutadapt -j 4 -m 60 -q 10 -b AGATCGGAAGAG was run, removing residual
sequencing adapters and reads with lengths shorter than 60 bp. For read 2, cutadapt -j 4 -m
94 --trim-n -q 10 -b CTGTCTCTTATA was run, removing reads shorter than 94 bp (the

minimum length to span all cell barcodes), terminal Ns, and residual Nextera adapter
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sequences. Accounting for potential indels during library making, Read 2 sequences were
also assessed for phase by using grep to compare the sequenced reads with a fixed
reference. Only reads with UMI and cell barcodes in the expected positions were retained
for further analyses. As quality control and adapter trimming desynchronises Read 1 and
Read 2 sequences, the Pairfg v0.16 (Staton, 2013) ‘Makepairs’ command was employed to
re-pair the reads, and to remove singleton reads without a corresponding pair. A secondary
round of FastQC analysis was performed to validate the effective removal of adaptors and
low-quality sequences. BBMap (Bushnell, 2014) was then used to merge the paired reads
and reformat them into a unified bam file. Next, Picard SortSam (Broad Institute, 2018) was
applied to sort the bam file, arranging querynames (header of each read pair) in ascending

order, a prerequisite before input into the SPLiT-seq pipeline (Zhang, 2020).

11.2 Barcode demultiplexing, read mapping, and matrix production

The SPLiT-seq pipeline first extracts UMIs and cell barcodes from Read 2 sequences and tags
these constructs to their corresponding Read 1 pairs. Drop-seq tools (Saunders et al., 2018)
TrimStartingSequence and polyAtrimmer were then used to remove template switching
oligo sequences and polyA tails from the 5’ and 3’ ends of Read 1, respectively. Next,
demultiplexing was carried out by comparing the extracted barcode tags to a reference tag
list using the custom python script provided in Drop-seq_tools v2.1.0 (Saunders et al., 2018).
One mismatch in the cell barcode region was permitted, while reads with more than one
unexpected base in the barcode region were discarded. The tagged bam file was converted
into fastq format using Picard SamToFastq (Broad Institute, 2018), and reads were aligned
to the reference S. mediterranea S2F2 genome (Grohme et al., 2018) using STAR v2.7.10b
(Dobin et al., 2013), employing the —quantMode GeneCounts option in default settings. The
reference gene annotation file used for mapping was generated in-house (Neiro et al.,
2022). The mapping step causes the loss of UMIs and cell barcodes, which were recovered
and re-tagged to the mapped reads using Picard MergeBamAlignment (Broad Institute,
2018). This involved combining the mapped but untagged bam file (output of STAR), with
the tagged bam file prior to mapping. Drop-seq_tools v2.1.0 TagReadWithInterval and
TagReadWithGeneFunction commands were then sequentially run, providing each read

with information on its genomic location and putative functions respectively. The output

53



produced a genome-aligned bam file containing reads tagged with UMI, cell barcode, and
gene information. This file was then used to build digital expression matrices for each of the
five experimental conditions using the Drop-seq_tools v2.1.0 DigitalExpression function with
the settings: READ_MQ=0, EDIT_DISTANCE=1, MIN_NUM_GENES_PER_CELL=100, and we
applied the parameter LOCUS_FUNCTION_LIST=INTRONIC to retain read counts mapping to
intronic regions. The evaluation of sequencing saturation at 10%, 25%, 50%, 75%, and 100%

of total read depth was conducted as described in Garcia-Castro et al., 2021.

11.3 Feature identification, clustering, dataset integration, and pseudo-bulk
differential gene expression analyses in Seurat

The digital expression matrices for each experimental condition were imported into Seurat
v4.3.0 (Hao et al., 2021) within the R environment v4.2.0 (R core team, 2021). A Seurat
object was created for each condition with the parameter of min.cells = 1 to eliminate genes
with zero counts across all cells. To visualize the distribution of genes and UMIs per cell,
VinPlot [features = c(nFeature_RNA and nCount_RNA)] was run in Seurat. Cells with fewer
than 125 detected genes and cells with UMI counts exceeding 5000 were excluded by

applying the criteria nFeature_RNA >125 and nCount_RNA < 5000, respectively.

Subsequently, an ‘Integrated data assay’ was created by combining the five distinct Seurat
objects. This was achieved by first normalizing the counts for each dataset with respect to
total library size using the NormalizeData feature with default settings. Next, the variable
features for each dataset were independently found using the FindVariableFeatures
command with parameters: selection.method = "vst", nfeatures = 10000. These variable
features were then used to identify integration anchors using the FindintegrationAnchors
function. Using this set of anchors, the five Seurat objects were integrated using the
IntegrateData function with default settings. Linear transformation and scaling were then
applied to each dataset using the ScaleData function, before running principal component
analyses on the scaled data using the RunPCA function. The E/bowPlot function was used to
understand the dimensionality of the data, which aids in determining the number of

principal components to be retained for further analysis.
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Next, cells were clustered by first using the FindNeighbours function and FindClusters
function at a resolution of 1.5, before performing non-linear dimensional reduction with the
RunUMAP function. UMAP embeddings of the data were created with the settings: dims=
1:30, reduction = “pca”. The DimPlot function was used to colour and visualize the clustering
of the data. Next, differentially expressed features for each cluster were identified using the
FindAlIMarkers function with default parameters. The top 30 differentially expressed genes
in each cluster were used as markers for cluster identity assignment. The FeaturePlot
function was used to highlight the expression of the stem cell marker, Smedwi-1, in the
UMAP. The FindAlIMarkers function was also used for pseudo-bulk differential gene
expression analyses between two specific cell clusters by inputting the desired ident.1 and
ident.2 subsetting parameters. In addition, the default “wilcox” parameter was used,
specifying the application of the non-parametric Wilcoxon rank sum test as the statistical
method for pseudo-bulk differential gene expression testing. Comprehensive details
regarding all analyses performed in this section can be referenced in the Seurat tutorial

(https://satijalab.org/seurat/v3.0/pbmc3k tutorial.html).

11.4 RNA velocity analyses

The .bam file containing the aligned reads (refer to section 11.2) was imported into the
Python implementation of Velocyto v0.17.15 (La Manno et al., 2018), generating two
separate matrices of unspliced and spliced mRNA counts. The resulting unspliced/spliced
count matrices were contained within a .loom file, which in turn was imported into the

Python package scVelo v0.2.5 (Bergen et al., 2020).

Concurrently, the five Seurat objects (as outlined in section 11.3) were each converted into
the .h5ad file format using the R package SeuratDisk (Hoffman, 2020). These .h5ad files
were then imported into scVelo to merge clustering information such as cell IDs, UMAP
coordinates, and cluster identity with the unspliced/spliced mRNA counts. The data was
then filtered and normalized by using the scv.pp.filter_and_normalize(adata) command. The
dynamical model of RNA velocity was elected for trajectory inference, which required the
two following commands to be run sequentially: scv.tl.recover_dynamics(adata) and

scl.tl.velocity(adata, mode="dynamical’). The computed RNA velocities were projected onto
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the UMAP embeddings using the scv.pl.velocity_embedding(adata, basis="UMAP’) function.
Comprehensive details regarding RNA velocity analyses can be referenced in the scVelo

tutorial (http://scvelo.readthedocs.io/en/stable/VelocityBasics/).

12. Phylogenetic analyses

Protein sequences of target planarian genes were retrieved from the PlanMine3.0 database
(Rozanski et al., 2019). Orthology predictions were conducted using OrthoFinder v2.4.0
(Emms and Kelly, 2019) by querying target gene peptide sequences against reference
proteomes retrieved from the Ensembl (Martin et al., 2023) repository. The orthology
predictions made by OrthoFinder were further evaluated by cross-referencing them with
predictions made by EggNOG v6.0 (Hernandez-Plaza et al., 2023) and OrthoDB v11 (Zdobnov
et al., 2021) web interfaces. To validate orthology predictions, a reciprocal best blast hit
approach was employed through a series of BlastP searches against the UniProtKB/Swiss-
Prot database (Boutet et al., 2007) with an e-value cutoff of < 1x10°. MEGA v11 software
(Tamura et al., 2021) was used to align protein sequences and to build maximum likelihood
phylogenetic trees. The MUSCLE v5 (Edgar, 2022) plugin within the MEGA suite was used to
align multiple protein sequences. Maximum likelihood trees were constructed using whole
protein sequences, assuming a Whelan and Goldman model for amino acid substitution
(Whelan and Goldman, 2001), and incorporating a discrete gamma distribution model
(Yang, 1994) with k = 5 to consider evolutionary rate variation among individual sites, for
computing tree topology and branch lengths. Protein domain identification and predictions
of domain conservation were conducted by querying target gene protein sequences against
the Pfam database (Finn et al., 2014) through the InterProScan v5 (Jones et al., 2014) web
interface. These predictions were further cross-referenced with predictions from the Prosite
Database (Hulo et al., 2006) accessed via the Expasy web interface (Duvaud et al., 2021).

Domain Graph v1.0 (Ren et al., 2009) was used to illustrate protein domain architecture.

13. Alkaline Comet assay

Alkaline Comet assays were conducted following the protocol previously optimized in our
group (Sahu et al., 2021), with minor adaptations. Animals underwent gene knockdown and

irradiation as detailed in section 5. For each post-irradiation timepoint, two biological
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replicates, each consisting of three RNAi-treated animals, were dissociated into single cells
using papain, diluted to a fixed concentration, mixed with an equal amount of 1.5% low-
melting agarose, and embedded on pre-coated glass microscope slides as previously
described (Sahu et al., 2021). The slides were then immersed in a coplin jar containing lysing
solution (2.5M NaCl, 100 mM EDTA, 10 mM Trizma base, pH 10, pre-chilled to 4°C) and
incubated for 16 hours at 4°C. After incubation, the slides were transferred to another
coplin jar containing neutralisation buffer (0.4 M Tris in dH;0, pH 7.5) for 20 minutes at 4°C.
Concurrently, an electrophoresis chamber was filled with freshly prepared electrophoresis
buffer (300 mM NaOH and 1 mM EDTA in dH20, pH 13) and allowed to cool to 4°Cin a
temperature-controlled dark room. The slides were then transferred to a new coplin jar
containing dH;0 to rinse off excess neutralisation buffer, before being placed flat into the
electrophoresis chamber and submerged in electrophoresis buffer. The cells were allowed
to equilibrate for 20 minutes at 4°C in the dark within the electrophoresis buffer without the
application of any current. Following the equilibration period, electrophoresis was
performed at 20 V (1 V/cm distance between electrodes) for 20 minutes at 4°C in the dark.
Post-electrophoresis, the slides were transferred back into a coplin jar with neutralisation
buffer for 5 minutes. Slides were rinsed with TE buffer (10mM Tris-HCl, 1 mM EDTA, pH 7.5)
and then stained with DAPI (0.1 pug/mL dissolved in TE buffer) for 20 minutes at room
temperature in the dark. After staining, slides were rinsed with TE buffer twice, and then
submerged in 100% ethanol for 5 minutes at room temperature. Slides were air-dried at

room temperature for 15 minutes before storage.

Images were acquired using an Axiocam 202 monochromatic camera (Zeiss) attached to an
Axioskop 2 Plus compound microscope (Zeiss) at an objective magnification of 20X. The
images were analysed in Fiji using the OpenComet v1.3 plugin (Gyori et al., 2014), which
performs comet finding and measures comet head/tail DNA content ratios. OpenComet’s
‘Auto’ setting, which is the default, was employed for comet analysis. The output images
and computed statistics were reviewed, and only comets defined as ‘Normal’ were retained
for further analyses. Comprehensive details regarding the comet assay protocol can be
referred to Sahu et al., 2021, and detailed information on the image analysis pipeline can be

found in the OpenComet documentation (http://cometbio.org/documentation.html).
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14. Bulk RNA sequencing data analysis

Sequencing read quality was assessed using FastQC (Andrews, 2010). CutAdapt v2.8 (Martin,
2011) was used to trim residual adaptor sequences, and to discard short reads (< 30 bases)
as well as low-quality bases (phred score < 25) with the parameters -m 30 -q 25. Another
round of FastQC was performed for quality control after trimming. Read mapping was
performed as described in section 11.2. The average mapping rate for the non-irradiated X1
libraries was 68.91%, while the 24-hour post 5 Gy irradiation X1 libraries had an average
mapping rate of 70.04%. FeatureCounts v1.6.1 (Liao et al., 2014) was then used to quantify
the number of reads mapping to each gene and to generate a count matrix. The default
parameter of Feature type = Exon was applied to retain only reads mapping to exonic
regions. Data normalization and subsequent differential gene expression analyses were
performed using DESeq2 v1.38.3 (Love et al., 2014) using default parameters as outlined in
the DESeq?2 tutorial:

https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
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Chapter 3: Single-cell RNA-sequencing of Irradiated Planarians
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Chapter 3 — Introduction

The recent advancements in single-cell transcriptome profiling technologies, coupled
with their increased accessibility, have accelerated our understanding of mammalian tissues
both under homeostatic as well as diseased states (Jovic et al., 2022; Jagadeesh et al., 2022).
Through single-cell sequencing, complex, heterogenous systems can be simplified into their
constituent parts, enabling the characterization of cellular diversity (Regev et al., 2017,
Karlsson et al., 2021), facilitating the discovery of novel cell states (Villani et al, 2017;
Shekhar et al., 2016), whilst also providing the opportunity to reconstruct developmental
trajectories in silico (Trapnell et al., 2014; Welch et al., 2016; La Manno et al., 2018). For
instance, single-cell RNA sequencing has enabled the discovery of novel progenitor states
and improved our understanding of key cell fate transitions during developmental processes
such as limb development in mice (Cao et al., 2019), as well as haematopoiesis (Pellin et al.,
2019) and brain development (Eze et al., 2021) in humans. Alterations in cell-type
compositions when comparing single-cell atlases of tissues in a healthy versus diseased
state have also emerged as a promising prognostic tool for understanding disease
progression. This is exemplified through the recent use of single-cell RNA sequencing to
identify aberrant changes in cellular landscapes associated with conditions such as
Alzheimer’s disease (Xu and Jia, 2021), rheumatoid arthritis (X. Wu et al., 2021), as well as
cancers of the breast, (S. Wu et al., 2021) lung (Yang et al, 2021; Kim et al., 2020; Xing et al.,
2021), ovary (Zhao et al., 2021), and colon (Joanito et al., 2022).

In planarians, single-cell sequencing studies have been instrumental in advancing our
understanding of the model organism across various biological contexts. For instance, the
generation of organism-wide single-cell gene expression atlases has enabled the detection
of novel cell types, including rare or transient cell states that may have been eluded from
conventional bulk sequencing methods (Fincher et al., 2018; Benham-Pyle et al., 2021). Rare
cell types such as notum-expressing cells in the anterior pole and brain, photoreceptor
progenitors, and photoreceptor neurons (Fincher et al., 2018), as well as transient wound-
induced muscle cell-types (Benham-Pyle et al., 2021) have been resolved through single-cell
sequencing experiments. This enables the selective profiling of their gene expression

patterns, which may have been previously obscured in population-level averages obtained
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through bulk analyses due to their rarity. Additionally, single-cell studies have unravelled
unprecedented heterogeneity within the planarian stem cell compartment, and have
contributed to the characterization of putative, functionally distinct neoblast subclasses
(van Wolfswinkel et al., 2014; Zeng et al., 2018). These include sigma, zeta, and gamma class
neoblasts elucidated in the study by van Wolfswinkel and colleagues, each characterized by
distinct markers that are reproducible in vivo (Zhu et al., 2015; Lai et al., 2018; Mihaylova et
al., 2018). The study by Zeng and colleagues further resolves neoblasts into 12 distinct
subclusters, each possessing distinct expression profiles although their experimental
validation remains pending. Single-cell sequencing has also enabled the organism-wide
reconstruction of cell fate trajectories (Plass et al., 2018). Trajectory analyses were also used
to computationally model the development of specific tissues such as the epidermis
(Wurtzel et al., 2017) and the planarian nervous system (Molinaro et al., 2016), although a
limitation of the latter study is its prone to biases due to the small number of cells profiled
(<200 per library). More recently, single-cell RNA sequencing has been applied to examine
the changes at the level of single-cells after manipulations such as wounding (Benham-Pyle
et al., 2021) and the effects of a targeted gene knockdown (Cui et al., 2023). These
applications collectively highlight the value of single-cell RNA-sequencing in the

understanding of complex systems.

In this study, we generate single-cell expression atlases of irradiated planarians and
compare them to an unirradiated control. Prior knowledge indicates that sub-lethally
irradiated planarian stem cells face two main outcomes in vivo: repair and survival, or
apoptosis (Sahu et al., 2021). Through single-cell sequencing, we aim to delineate these
populations and individually assess their gene expression profiles. Simultaneously, we aim
to explore the possibility of radiation-induced stem cell differentiation in planarians,
considering the observed upregulation of known epidermal progeny markers in our post-
irradiation bulk X1 transcriptome (further elaborated in Chapter 4). We also aim to evaluate
potential radiation-responsive changes in cell fate trajectories, and to investigate the
probable existence of transient radiation-induced cell states. By examining the planarian
response to gamma radiation at a single-cell level, we aim to gain novel insights into the
planarian radiation response and recovery process, which in turn may be broadly

informative for how human stem and non-stem cells respond to ionizing radiation.
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Selection of post-irradiation conditions for single-cell RNA sequencing

We selected four post-irradiation conditions alongside an unirradiated control for
single-cell RNA-sequencing. The experimental conditions profiled were as follows:
1. Unirradiated control
2. 3 hours post-exposure to 5 Gy acute gamma radiation
3. 3 hours post-exposure to 10 Gy acute gamma radiation
4. 24 hours post-exposure to 5 Gy acute gamma radiation
5

24 hours post-exposure to 10 Gy acute gamma radiation

The selection of irradiation dose and timepoints were rationalized by taking into
account our existing understanding of neoblast kinetics post-irradiation. Using in situ
hybridization, previous observations in our group have shown that at 3 hours post-
irradiation, neoblast numbers remain at wild-type levels (Sahu et al., 2021). We postulate
that this timepoint may represent an early stage of radiation response where planarian
stem cells are engaged in a crucial decision phase, internally assessing whether the inflicted
damage is reparable and determining whether to initiate repair or to undergo apoptosis. In
contrast, the 24-hour timepoint represents a stage where stem cells can be seen undergoing
a progressive reduction in number (Sahu et al., 2021). We infer that stem cells at this stage
would have already made that crucial fate decision and are progressing along the elected

route at this timepoint.

The choice of the two different gamma radiation doses, 5 Gy and 10 Gy, was guided
by the expectation of observing dose-dependent responses in neoblasts. At the 5 Gy dose,
we anticipated a stem cell response that leaned towards pro-survival, while at the more
damaging 10 Gy dose, we hypothesized that the cellular response may be shifted towards
one that is more pro-apoptotic. While the maximum tolerable acute dose for planarians is
reported to be 15 Gy (Sahu et al., 2021), practical considerations regarding the collection of

sufficient stem cell numbers for sequencing limited our investigation to the selected doses.
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Generating single-cell expression atlases of irradiated planarians

We utilized Split Pool Ligation-based Transcriptome sequencing (SPLiT-seq) to

generate single-cell libraries under the experimental conditions described. Developed by

Rosenberg and colleagues, SPLiT-seq is a single-cell RNA sequencing method that

incorporates combinatorial barcoding to index the cellular origin of RNA (Rosenberg et al.,

2018). An advantage of SPLiT-seq is its cost-effectiveness in comparison to other single-cell

sequencing methods, as this method eliminates the need for specialized instruments such

as microfluidics-based devices for the partitioning of individual cells. Instead, SPLiT-seq

relies on cells themselves for compartmentalization, with reverse transcription and

subsequent barcode ligation all occurring in-cell. Cells go through three successive rounds of

barcoding, with random pooling and redistribution of cells between each barcoding round.

In our experiment, this process yields a total of 442,368 (48 x 96 x 96) distinct barcode

combinations. We summarize our experimental workflow of SPLiT-seq library generation in

Figure 6.
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Figure 6. Schematic summary of single-cell library generation. For each experimental condition,
30 animals, either unirradiated or subjected to whole-body irradiation, were dissociated into cells
using the ACME method (Garcia-Castro et al., 2021). Flow cytometry was used to assess the quality
of dissociation and to measure the cell concentration of each suspension. Cells from different
experimental conditions were then diluted to a fixed concentration and loaded, non-randomly,
into a 48-well plate, where each well was equipped with oligodT primers appended to a well-
specific barcode. To maximize stem cell collection for the 24-hour post-10 Gy sample, we allocated
double the amount of input cells and first-round barcoding reagents to compensate for the
anticipated reduction in stem cell numbers. An in-cell reverse transcription reaction was then
initiated in each well, generating cDNA molecules that were adapted with a unique first cell
barcode. After reverse transcription, cells from various conditions were then pooled together and
randomly redistributed across a 96-well plate, each containing a unique second-cell barcode that is
ligated onto the first barcode. The cells were then pooled and randomly redistributed once more
into a final 96-well plate for the third round of barcoding. The third cell barcodes are contained
within a DNA construct alongside an 8-bit Unique Molecular Identifier (UMI), as well as a 5’ biotin
modification, which are collectively concatenated onto the cDNA molecules. Fluorescence
activated cell-sorting was then used to purify singlets that remained intact throughout the
sequential barcoding process. The library synthesis process post-lysis of isolated singlets,
consisting of selective cDNA purification using streptavidin beads, template switching, PCR,
tagmentation, and adaptor ligation were conducted as previously described (Garcia-Castro et al.,
2021). The illustration post-lysis depicts the bottom strand of DNA. Following PCR in step 3, the

library exists as double-stranded DNA. Abbreviations: TSO = Template-switch oligo, BC = Barcode.

Despite its advantages with respect to cost and accessibility, a current pragmatic
limitation of SPLiT-seq is the mechanically harsh nature of the sequential barcoding process
on cells. In our experiment, we were able to recover 18,000 singlet cells by fluorescence
activated cell-sorting (FACS) after the three cell-barcoding rounds. This number corresponds
to only 11.42% of the initial input amount of singlet cells. This level of cell loss is comparable
to previously described single-cell libraries that are multiplexed by combinatorial barcoding
(Garcia-Castro et al., 2021; Cao et al., 2019). As the barcoding process generates substantial
cell loss and hence a large amount of cellular debris, we implemented FACS to ensure that
only singlet cells that have remained intact throughout the barcoding process are captured

(Figure 6). This approach limits the carryover of cell debris and cell aggregates to later
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stages of the workflow. Consequently, this modification allowed us to retain a significantly
higher percentage of sequencing reads that passed the initial stringent quality control steps
compared to a previous planarian SPLiT-seq study (Garcia-Castro et al., 2021). This is
because we were able to reduce the presence of low-quality reads, truncated reads, and
free barcodes without an associated cDNA in our sequencing data. Additionally, the
implementation of FACS in our workflow has contributed to a higher proportion of reads
being retained post-demultiplexing. This enhancement is likely attributed to FACS selectively
filtering for transcripts encapsulated within intact cells, while concurrently reducing the

undesired carry-over of ambient RNA.

Following initial sequence quality checks and data pre-processing, reads were
computationally demultiplexed into their cell-of-origin based on the combination of the
three appended cell-barcodes. Additionally, since cells from different conditions were
loaded into defined wells containing well-specific first cell-barcodes, each cell can be
assigned to their sample-of-origin based on the identity of the first cell-barcode. We
achieved an overall mapping rate of 94.05%, a rate that is comparable to published

planarian SPLiT-seq libraries (Garcia-Castro et al., 2021; Benham-Pyle et al., 2021).

As initially flagged by Garcia-Castro and colleagues, planarian SPLiT-seq libraries
contain an over-representation of sequencing reads mapping to highly expressed genes
encoding ribosomal RNAs or to repetitive intergenic regions (Garcia-Castro et al., 2021).
Assessments of our library against the published planarian SPLiT-seq libraries reveal that the
same over-represented reads can be found in our dataset at proportions comparable to the
ones in the literature (Garcia-Castro et al., 2021; Benham-Pyle et al., 2021). To ensure the
reliability of downstream analyses, we discarded the top 5 most represented reads in our
library, which collectively accounted for 59.7% of the total sequenced reads (Figure 7A).
Comparatively, these reads accounted for an average of 60.4% and 68.1% of the total
sequenced reads in the libraries reported by Benham-Pyle et al. and Garcia-Castro et al.,
respectively (Figure 7B, 7C). These reads persist post-demultiplexing and are present in
correlating proportions within the captured transcriptomes of individual cells (Figure 7D, 7E,

7F).
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Figure 7. Overrepresented reads in planarian SPLiT-seq libraries. (A, B, C) Top 10 reads

displaying the highest percentage of total counts averaged across sub-libraries in (A) present

study, (B) Benham-Pyle et al., 2021 and (C) Garcia-Castro et al., 2021. (D, E, F) Box plots

illustrating the reads’ corresponding distributions within the captured transcriptomes of

individual cells. All profiled cells from (D) present study, (E) Benham-Pyle et al., 2021, and

(F) Garcia-Castro et al., 2021, were included. Asterisks (*) represent repetitive elements with
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The presence of these artefacts reduces the informative reads present in our library,
highlighting another limitation of SPLiT-seq in planarians to date. The origin of these over-
represented reads cannot be explained by PCR biases since they persist even after duplicate
removal by collapsing UMls. Considering that most of these artefacts possess unique
combinations of three cell-barcodes, we speculate that they may have originated from
unique cDNA molecules, generated due to mis-priming during the initial reverse
transcription stage. Currently, all primer and barcode sequences used for SPLiT-seq library
generation in planarians are identical to those employed in mammalian SPLiT-seq studies.
To mitigate the impact of these artefactual reads, careful primer sequence alterations
would be necessary to prevent non-specific priming in the future, taking into account the
AT-rich genome of planarians. Additionally, future applications of DASH (Depletion of
Abundant Sequences by Hybridization) to deplete these overrepresented reads prior to

sequencing (Gu et al., 2016) may improve the sensitivity of planarian SPLiT-seq libraries.

After filtering out these reads, we generated single-cell gene expression matrices for
our data, which were then imported into the Seurat environment (Butler et al., 2018) for
downstream analyses. To ensure data quality, we excluded cells with fewer than 125
detected genes and those with abnormally high UMI counts (>5000 UMIs per cell). The
lower cut-off was aimed to exclude low-quality or ruptured cells, while the higher cut-off
served to prevent the inclusion of cell aggregates and barcode collisions. These cut-off
values were calibrated based on the correlation between the number of detected UMI’s and
the number of detected genes per cell (Figure 8C). Ultimately, we were able to retain and
profile the transcriptomes of 15,463 single cells. Demultiplexing the cells into their sample-
of-origin revealed the following cell counts: 3018 wild-type cells, 2519 cells from the 3-hour
post-5 Gy sample, 2241 cells from the 3-hour post-10 Gy sample, 2684 cells from the 24-
hour post-5 Gy sample, and 5001 cells from the 24-hour post-10 Gy sample.
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Figure 8. Single-cell library metrics. (A) UMI saturation curve at given fractions of complete

sequencing depth. (B) Elbow plot ranking of principal components based on the amount of

variance explained by each component. (C) Pearson correlation of the number of UMI’s detected

per cell against number of genes detected per cell. (D and E) Violin plots showing the distribution

of (D) number of detected UMI’s per cell and (E) the number of genes detected per cell.

(F) Integrated UMAP representation of captured single cells spanning all five experimental

conditions, with each dot representing an individual cell, coloured by cluster affiliation.

(G) Expression pattern of the stem cell marker, Smedwi-1, colour-coded in blue. Scale bar

represents natural log-normalized expression values [In(UMI per 10000 +1)].
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Assessments of sequencing saturation indicate that our library was approaching the
plateau phase (Figure 8A), suggesting reasonable sequencing depth. On average, we
detected 610 unique transcripts and 335 genes per cell across all samples (Figure 8D, 8E).
We determined the dimensionality of the data and selected 20 of the most significant
principal components to be retained for further analyses (Figure 8B). We then utilized the
UMAP algorithm (Mclnnes et al., 2018; Becht et al., 2018) on our data to visualize the

patterns of cell clustering in a two-dimensional space (Figure 8F).

Mechanistically, UMAP is a dimensional reduction technique which first uses a
nearest-neighbour graphing method to embed the data in a high-dimensional space.
Subsequently, the algorithm computes the critical features and relationships of the data to
be preserved, and then uses gradient descent to find an optimal two-dimensional
representation of the data (Mclnnes et al., 2018). By applying UMAP to our data at a
resolution of 1.5, we were able to identify 37 distinct cell clusters (Figure 8F). To assign an
identity to each cluster, we leveraged the FindAlIMarkers function in Seurat (Butler et al.,
2018), enabling us to identify the top 30 cluster-enriched genes functioning as markers to
aid the classification process. We were able to associate most of the observed cell clusters
to a specific planarian tissue or cell-type based on their expression of known tissue-specific
marker genes. Cluster identities were further validated through comparisons with single-cell
gene expression profiles obtained from existing planarian atlases of similar sensitivities

(Plass et al., 2018; Garcia-Castro et al., 2021; Benham-Pyle et al., 2021).

Within our atlas, we identified three distinct neoblast clusters characterized by the
presence of the stem cell marker, Smedwi-1 (Figure 8G). The segregation of neoblasts into
three clusters was consistent across both irradiated and wild-type samples, suggesting that
this mode of clustering is independent of radiation treatment. Upon investigation of marker
genes associated with these clusters (Appendix Table 1), Neoblast clusters 1 and 2 appear to
be exclusively composed of stem cells. This is because the marker genes characterizing
these clusters displayed strong associations with planarian stemness, both in their known
functions and from their spatial distribution in existing bulk and single-cell RNA sequencing
datasets (Neiro et al., 2022; Plass et al., 2018; Benham-Pyle et al., 2021; Garcia-Castro et al.,

2021). Specifically, Neoblast clusters 1 and 2 are both distinguished by the differential
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expression of key stem cell genes — Smedwi-1, Smedwi-2 (Reddien et al., 2005b), Vasa-1
(Shibata et al., 1999; Wagner et al., 2012), Bruli (Guo et al., 2006; Solana et al., 2016), and
core histones H2A (Rossi et al., 2007) as well as H2B (Solana et al., 2012). Analysing their
distribution across bulk RNA-sequencing datasets reveal that markers of Neoblast clusters 1
and 2 exhibit >50% average proportional expression within the X1 FACS compartment,
which is composed of stem cells in S/G2/M phase, corroborating their associations with
planarian stemness (Figure 9A, 9B). Furthermore, marker genes characterizing Neoblast
clusters 1 and 2 largely overlapped, although notable genes unique to each cluster could be
observed. For instance, RAD50, a gene associated with mammalian replication (Bian et al.,
2019); as well as BRG-1 and Smedwi-3, contributors to planarian stem cell differentiation
(Trost et al., 2018; Kashima et al., 2020), were found to serve as markers for Neoblast
cluster 2, but not for Neoblast cluster 1 (Appendix Table 1). Implications of these marker

patterns were incorporated and further described in our model of action (Figure 16).

In contrast, Neoblast cluster 3 occupies a central location within the UMAP plot,
connecting the Smedwi-1* stem cells to other known planarian tissue-types (Figure 8F, 8G).
Additionally, Neoblast cluster 3 displays a scattered expression pattern of neoblast markers
as well as markers associated with various differentiated tissue-types (Appendix Table 1).
Experimentally validated lineage-specific genes serving as markers for Neoblast cluster 3
include ACTB, expressed in intestinal cells and intestine-specialized neoblasts (Raz et al.,
2021), Hmcn-1, expressed in muscle and pharyngeal cells (Lindsay-Mosher et al., 2020),
pmp5, expressed in epidermal progeny cells (Zhu et al., 2015), and slc4a-1, expressed in
secretory cells of the protonephridia (Vu et al., 2015). These observations led us to infer
that Neoblast cluster 3 may encompass a mixture of post-mitotic stem and lineage-specified
progenitor cells. Additionally, this cluster may contain pre-mitotic stem cells in G2 phase
before asymmetric division, which have been found to co-express markers of stemness and
markers of lineage specification (Raz et al., 2021). The presence of markers associated with
differentiation in Neoblast cluster 3 is also reflected in their relative distribution within bulk
RNA-sequencing datasets. Markers of this cluster display higher average proportional
expression values in the X2 (comprising G1-stem cells and stem cell progeny) and Xins
(comprising differentiated cell-types) FACS compartments relative to Neoblast clusters 1

and 2 (Figure 9).
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Figure 9. Markers of Neoblast clusters 1 and 2 display enriched expression in the X1 FACS

compartment. (A) Average bulk proportional expression profiles of wild-type neoblast cluster

markers in relation to the X1, X2, and Xins FACS compartments. (B) Box

relative distribution of wild-type neoblast cluster markers across X1, X2

plots illustrating the
and Xins FACS

compartments. Statistically significant differences were observed between Neoblast clusters 1

and 2 against Neoblast cluster 3 (Kruskal-Wallis test, p-values < 0.05).
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In the context of our atlas, Neoblast cluster 3 potentially represents a transitory
state where cells withdraw from stemness before differentiation into various tissue-types.
Such transitional states, featuring intricate overlaps between stem and progenitor cells,
have been previously described in multiple planarian single-cell RNA-sequencing studies
(Swapna et al., 2018; Fincher et al., 2018; Plass et al., 2018). The likely identities of cells that
populate each neoblast cluster are examined in further detail, taking into consideration

their responses to acute gamma radiation.

Differential sensitivity of neoblast clusters in response to gamma radiation

As previously described, elucidating the aberrant changes in cellular landscapes
when comparing single-cell atlases of tissues in a healthy versus diseased state has emerged
as a promising prognostic tool for understanding disease progression. Our single-cell RNA
sequencing efforts enable the investigation of cellular landscape changes within planarians
exposed to gamma radiation, offering valuable insights into the planarian radiation

response and recovery process.

To explore whether distinct subpopulations of neoblasts exhibit differential
sensitivities to gamma radiation, we compared the relative abundances of the three
neoblast clusters in the unirradiated sample to their corresponding abundances after
treatment with gamma radiation. Initially, we performed dataset integration (Stuart et al.,
2019) using the Seurat environment to align similar cell states across different experimental
samples. In this process, the algorithm identifies shared gene expression patterns, termed
anchors, among different samples. These anchors facilitated the mapping of similar cell
states or populations from distinct samples onto a shared two-dimensional space (Figure
8F). The UMAP plots were then split into their respective sample-of-origins, enabling us to
visualize and assess the changes in the single-cell atlas following exposure to gamma

radiation (Figure 10).
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Table 3. Proportions of Neoblast clusters 1, 2, and 3 with respect to the total cells captured in
each experimental condition.

Condition Percentage of total cells captured
Neoblasts 1 Neoblasts 2 Neoblasts 3 Others
Wild-type 8.18% 5.48% 4.55% 81.79%
5 Gy, 3 hpi 9.55% 4.80% 3.75% 81.89%
10 Gy, 3 hpi 9.26% 4.71% 3.76% 82.17%
5 Gy, 24 hpi 7.72% 2.62% 3.81% 85.85%
10 Gy, 24 hpi 5.18% 1.02% 3.49% 90.31%

We made several observations regarding the dynamic changes in neoblast cluster
compositions in response to gamma radiation, both in a time and dose-dependent manner.
In the unirradiated control sample, the three neoblast clusters collectively accounted for
18.21% of the total captured cells, with Neoblast cluster 1 representing 8.18% of captured
cells, Neoblast cluster 2 representing 5.48% of captured cells, and Neoblast cluster 3

representing 4.55% of captured cells (Table 3).
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At the three-hour timepoint post-irradiation, regardless of radiation dose, we found
that the overall proportion of cells collectively comprising the three neoblast clusters
remained relatively unchanged with respect to the unirradiated control (Figure 11). This
observation is consistent with previous experimental findings, where in situ hybridization
for the stem cell marker, Smedwi-1, revealed no significant reduction in stem cell numbers
as of this timepoint (Sahu et al, 2021). In the 5 Gy sample, the three neoblast clusters
collectively accounted for 18.11% of captured cells, while in the 10 Gy sample, they
comprised 17.73% of captured cells. However, a noticeable difference that emerged in the
three-hour post-irradiation samples compared to the unirradiated control is that the
relative abundances of each individual neoblast cluster underwent changes (Figure 11).
Specifically, we observed a decrease in the relative abundances of Neoblast cluster 2 (from
5.48% in the unirradiated sample to 4.80% and 4.71% in 5 Gy and 10 Gy samples,
respectively) and Neoblast cluster 3 (from 4.55% in the unirradiated sample to 3.75% and
3.76% in 5 Gy and 10 Gy samples, respectively). The reduction in Neoblast clusters 2 and 3
was accompanied by an increase in the relative abundance of Neoblast cluster 1 at this
timepoint (from 8.18% in the unirradiated sample to 9.55% and 9.26% in the 5 Gy and 10 Gy

samples, respectively, as listed in Table 3).

However, at the 24-hour post-irradiation timepoint, we observed a more
pronounced and dose-dependent decrease in the proportion of cells collectively residing
within the three neoblast clusters. In the 24-hour post-5 Gy irradiation sample, neoblast
clusters collectively accounted for 14.15% of captured cells, while in the 24-hour post-10 Gy
irradiation sample, they represented only 9.69% of the captured cells (Figure 11). At this
timepoint, we observed that individual neoblast clusters were disproportionally affected by
gamma radiation. Neoblast cluster 2 appeared to exhibit the greatest sensitivity to gamma
radiation, as the cluster experienced the greatest reduction in proportional abundance.
Specifically, Neoblast cluster 2, accounting for 5.48% of captured cells in the unirradiated
sample, accounted for only 2.62% and 1.02% of cells in the 24-hour post-5 Gy and 10 Gy
irradiation samples, respectively (Table 3). The loss of cells in Neoblast cluster 2 at this
timepoint is visually apparent in the UMAP, where this cluster, which typically serves as a
bridge between Neoblast cluster 1 and Neoblast cluster 3, appears to be heavily depleted

(Figure 10D, 10E). In contrast, Neoblast cluster 1 sustained a comparatively lesser impact in
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response to gamma radiation, with a smaller relative decrease in proportional abundance
compared to that of Neoblast cluster 2. The proportion of Neoblast cluster 1 decreased
from 8.18% of captured cells in the unirradiated sample to 7.72% and 5.18% of captured

cells in the 24-hour post-5 Gy and 10 Gy samples, respectively (Table 3).

In the case of Neoblast cluster 3, we observed a reduction in its proportion from
4.54% of cells captured in the unirradiated sample to 3.81% in the 24-hour post-5 Gy sample
and 3.49% in the 24-hour post-10 Gy sample (Table 3). While this change in abundance may
appear relatively small, it is crucial to interpret these observations cautiously due to the
unique composition of Neoblast cluster 3. As previously described, Neoblast cluster 3 is
inferred to be composed of a mixture of both stem cells and lineage-primed progenitor
cells. It is plausible that within Neoblast cluster 3, the stem cells themselves are hyper-
sensitive to gamma radiation, yet their loss is not significantly reflected in the overall change
in cluster size due to the presence of progenitor cells that are known to be unaffected by

radiation at these doses and timepoints.

To effectively investigate the existence of cluster-specific stem cell sensitivity to
gamma radiation, it is important to establish a correlation between changes in relative
cluster proportions with the changes in the proportion of Smedwi-1* cells detected within
each cluster. It should be noted, however, that a limitation of this approach is the possibility
of false negatives due to sequencing dropouts of Smedwi-1, originating from the sparsity
and stochasticity of captured transcripts in every cell. Nonetheless, we observed that in the
unirradiated sample, Smedwi-1 transcripts were detected in 82.72% of cells in Neoblast
cluster 1, 63.14% of cells in Neoblast cluster 2, while in Neoblast cluster 3, Smedwi-1 was
detected in only 26.24% of cells (Figure 12). This decreasing proportion of observed
Smedwi-1* cells from Neoblast cluster 1 to Neoblast cluster 3 coincides with the heightened
prevalence of lineage-associated markers in Neoblast cluster 3 (Figure 9). Collectively, these
observations corroborate our hypothesis of an increasing proportion of progenitor states

along this trajectory.
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Figure 12. Percentage of cells with detectable Smedwi-1 expression within Neoblast clusters 1,

2, and 3 in each experimental condition.

At the three-hour post-irradiation timepoint, the proportion of observed Smedwi-1*
cells within Neoblast clusters 1 and 2 remained relatively unchanged at both tested
radiation doses. However, in Neoblast cluster 3, a dose-dependent reduction in Smedwi-1*
cells was observed, with Smedwi-1 being detected in 21.78% of cells in the 3-hour post-5 Gy

sample, and 18.37% in the 3-hour post-10 Gy sample (Figure 12).

At the 24-hour post-irradiation timepoint, more significant and dose-dependent
reductions in the fraction of Smedwi-1* cells were observed in Neoblast clusters 2 and 3
compared to the unirradiated sample. Specifically, Smedwi-1 was detected in 49.09% and
39.06% of cells in Neoblast cluster 2 in the 24-hour post-5 Gy and 24-hour post-10 Gy
samples, respectively. In Neoblast cluster 3, Smedwi-1 was detected in only 8.74% and
5.93% of cells in the same respective samples. Conversely, in Neoblast cluster 1, the
proportion of cells where Smedwi-1 was detected remained relatively unchanged after
irradiation, regardless of dose or timepoint, when compared to the unirradiated sample
(Figure 12). As the mean number of UMI’s and genes detected per cell in each neoblast
cluster were consistent across different experimental conditions, it is unlikely that the
differences observed in the percentage of detected Smedwi-1* cells following irradiation be

attributed to technical artefacts arising from differences in sampling.
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Taking into consideration the changes in cluster abundances and the proportions of
detected Smedwi-1* cells per cluster, stem cells affiliated with Neoblast cluster 1 appear to
be less impacted by gamma radiation exposure compared to those in Neoblast clusters 2
and 3. This phenomenon may be attributed to a greater propensity for stem cells in
Neoblast clusters 2 and 3 towards radiation-induced apoptosis, suggesting that cells
affiliated with Neoblast clusters 2 and 3 are more sensitive to gamma radiation, while stem
cells in Neoblast cluster 1 exhibit a comparatively greater resilience. However, it is essential
to explore alternative scenarios that may explain these observations. It remains plausible
that all stem cells, regardless of their cluster affiliation, share equal sensitivity to gamma
radiation. In this scenario, the observed changes in cluster abundances and Smedwi-1* cell
proportions could be attributed to transcriptomic alterations induced by gamma radiation.
These alterations may cause stem cells originally assigned to Neoblast clusters 2 and 3 in the
unirradiated sample to acquire a transcriptomic profile that more closely resembles that of

a Neoblast cluster 1 cell, causing them to now cluster with Neoblast cluster 1.

Subsequently, we conducted RNA velocity analyses to explore changes in neoblast
cell fate trajectories in response to gamma radiation. Through this, we aim to further
elucidate the underlying mechanisms that may drive the observed differences in cluster

sensitivity to gamma radiation.

Reconstruction of cell fate trajectories in response to gamma radiation using RNA velocity

RNA velocity predicts the direction and speed of cell state transitions by using the
relative abundance of pre-mRNA and mature mRNA, correlating them using a simple first-
order differential equation (La Manno et al., 2018). This approach benefits from the fact
that reads originating from pre-mRNA (un-spliced) or mature mRNA (spliced) can be
distinguished from single-cell RNA-sequencing data due to the presence of introns in the
former while the latter maps exclusively to exonic regions. By examining the collective
transcriptional dynamics of all detected genes within a cell, two distinct cohorts of genes
can be extrapolated to either increase or decrease in mRNA abundance in the cell’s future
state. This extrapolation is based on the abundance ratios of pre-mRNA to mature mRNA in

a cell’s current state. Specifically, an elevated ratio of pre-mRNA to mature mRNA counts
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over steady-state indicates increased new transcription of a particular gene. Consequently,
the cell is predicted to harbour increased levels of mature mRNA derived from that gene in
the future, considering the temporal delay between the conversion of pre-mRNA to mature
mMRNA through splicing. Conversely, a decrease in the same ratio signifies gene suppression,
and the future state of the cell is predicted to have reduced levels of mature mRNA derived

from that gene, as transcripts degrade with diminished inputs.

In this study, we employed the dynamical model of RNA velocity (Bergen et al., 2020)
to first investigate the relationship between the three neoblast clusters within the context
of their developmental trajectories under unirradiated conditions. We then employed this
method to characterize alterations in cell fate trajectories amongst these neoblast clusters
in response to gamma radiation. An advantage of RNA velocity over alternative trajectory
inference methods, such as the commonly used pseudotime analyses, lies in its ability to be
performed in an unbiased and unsupervised manner. While pseudotime-based approaches
require the manual designation of a root as the starting point (Trapnell et al., 2014; Street et
al., 2018), RNA velocity operates without the need for any subjective input, and hence can

be performed without prior knowledge of transitions in the system.

For each experimental condition, we performed RNA velocity analyses and
superimposed the resultant velocity vectors, represented as streamlines with black
arrowheads, onto the respective UMAP plots for visualization (Figure 13). These streamlines
represent the inferred trajectories averaged across entire clusters, offering insights into the
general direction of cell state transitions. For a more detailed examination, we also depicted
the RNA velocities of individual cells in Figure 14. In Figure 14, stable cell states that are not
predicted to undergo transitions are represented by dots, while the arrows indicate cells
that are inferred to undergo transitions. The direction of the arrows depict the inferred
direction of cell state transitions, while the length of the arrows represent the magnitude of
the velocity vector. This magnitude, known as velocity length, serves as a metric for the
inferred speed of transitions occurring within cells. The velocity lengths of individual cells
are depicted in Figure 15, providing a chance to investigate the speed of inferred transitions
at the level of single-cells, which would be highly valuable for a more comprehensive

understanding of cell state changes in the system.
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Figure 13. Velocity vector fields superimposed onto the UMAP showing the averaged differentiation
trajectories of distinct subclusters. Subfigures separated by experimental condition: (A) Unirradiated,
(B) 3 hours post 5 Gy gamma radiation, (C) 3 hours post 10 Gy gamma radiation, (D) 24 hours post 5 Gy

gamma radiation, (E) 24 hours post 10 Gy gamma radiation.

80



A AL A i Unirradiated

A
b g >kedban, L (*4* vy )
&:w > ot g = - - L . RO .

D 5Gy, 24 hpi . E 10 Gy, 24 hpi =

g

AL .
< 5 ey I

Figure 14. RNA velocities at single-cell resolution. Subfigures separated by experimental condition.
(A) Unirradiated (B) 3 hours post 5 Gy gamma radiation, (C) 3 hours post 10 Gy gamma radiation,
(D) 24 hours post 5 Gy gamma radiation, (E) 24 hours post 10 Gy gamma radiation. Cluster positions

in the UMAP are identical to the positions shown in Figure 13.
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Figure 15. RNA velocity lengths at single-cell resolution. Subfigures separated by experimental
condition: (A) Unirradiated, (B) 3 hours post 5 Gy gamma radiation, (C) 3 hours post 10 Gy gamma
radiation, (D) 24 hours post 5 Gy gamma radiation, (E) 24 hours post 10 Gy gamma radiation. Cluster
positions in the UMAP are identical to the positions shown in Figure 13. Scale bars represent the
velocity values, defined as the statistical residual of observed over inferred steady-state ratios of
gene expression kinetics within each cell. The full derivation of this value can be referenced to the

work by Bergen and colleagues (Bergen et al., 2021).
82



In mammalian systems, root and terminal states, typically represented by quiescent
stem cells and terminally differentiated cells respectively, often exhibit low RNA velocities
and are implied as stable states. In contrast, intermediate states such as activated stem cells
and lineage-specified progenitors commonly possess high velocity kinetics, implying cell
states that are rapidly changing as differentiation takes place (La Manno et al., 2018;
Svensson and Pachter, 2018; Zywitza et al., 2018). These insights aid in our application of

RNA velocity in understanding the kinetics of cell state transitions in our atlas.

In the unirradiated sample, we observed unique patterns of RNA velocities
associated with each neoblast cluster. Neoblast cluster 1 displayed low RNA velocities,
evident by the absence of directional arrows (Figure 14A), and low values of RNA velocity
lengths (Figure 15A) in its constituent cells. The low RNA velocity of Neoblast cluster 1
suggests that it represents a relatively stable state, potentially serving as the root of the
system. In contrast, cells in Neoblast cluster 2 exhibited high velocities, suggesting an
unstable and transitional nature of cells associated with this cluster (Figure 15A).
Meanwhile, Neoblast cluster 3 consisted of a mixture of both high and low velocity cells
(Figure 15A), potentially reflecting the heterogeneity in cell-types populating this cluster.
The unique patterns of RNA velocities associated with each neoblast cluster provided
valuable insights that contributed to our model of action, which is further discussed in

Figure 16.

Regarding the directionality of the inferred developmental trajectory, we observed
robust and unidirectional vector fields extending from Neoblast cluster 2 towards Neoblast
cluster 3 (Figure 13A, 14A). This finding suggests a consistent and directional flow of cell
state transitions from Neoblast cluster 2 towards Neoblast cluster 3 under wild-type
conditions. Cells within Neoblast cluster 3 then appear to feed out towards differentiated
tissue clusters, although a biased trajectory towards the parenchymal and epidermal
lineages was observed in our atlas (Figure 13A, 14A). The underrepresentation of movement
towards other cell lineages may be attributed to poor connectivity to those clusters. This
may be caused by an under-sampling of transient intermediary cell states, potentially
hindering the identification of complete trajectories. Alternatively, the poor connectivity

could be due to inefficiencies in capturing a continuous spectrum of gene expression due to
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the limited sensitivity of our method. Consequently, the discrete nature of captured genes
may cause the disparities between tissue-types to be artefactually accentuated, as only the
highly expressed tissue markers could be robustly defined as differentially expressed

between distinct tissues.

Nevertheless, the directionality of cell state transitions between the neoblast
clusters under wild-type conditions, inferred using RNA velocity, aligns with our previous
observation of decreasing Smedwi-1* cell proportions in the same direction. These RNA
velocity observations corroborate our initial proposition of increasing progenitor-like cell
states along the suggested developmental sequence originating from Neoblast cluster 1,
through Neoblast cluster 2 and finally towards Neoblast cluster 3, before giving rise to other

non-stem cell types.

At the three-hour post-irradiation timepoint, we observed that the inferred
directionality of cell state transitions between the neoblast clusters remained unchanged
relative to wild-type. RNA velocity analyses indicate the same unidirectional developmental
sequence from Neoblast cluster 1, through Neoblast cluster 2, towards Neoblast cluster 3,
at both the radiation doses tested (Figure 13B, 13C), mirroring the pattern observed in the
unirradiated sample. However, observations of velocity length suggest that the RNA velocity
of Neoblast cluster 3 had been altered from initially a mixture of high and low velocity cells
in the unirradiated sample to a state where all cells within the cluster are homogenously
high velocity (Figure 15B, 15C). The increase in RNA velocity at this timepoint was not
restricted to Neoblast cluster 3 alone. Instead, a global elevation in cellular RNA velocities
was observed across various tissue clusters, including an increase in velocities associated
with putative terminally differentiated cell types. It is plausible that the heightened RNA
velocities observed across multiple tissues at this timepoint reflect a surge in new

transcription of early response genes following exposure to gamma radiation.

At the 24-hour timepoint post-irradiation, a notable shift in the neoblast cell fate
trajectories was observed at both tested doses. The direction of cell state transitions had
altered from a unidirectional pattern in the unirradiated sample (Figure 13A) to a state

where no clear directionality between the neoblast clusters could be inferred (Figure 13D,
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13E). This could be reflective of a state where the normal developmental sequence is
temporarily halted while stem cells undergo either repair or apoptosis in response to

gamma radiation.

At this timepoint, we also observed a dose-dependent distinction in the RNA velocity
lengths of cells in Neoblast cluster 1, the cluster where affiliated stem cells are believed to
exhibit the greatest resilience to gamma radiation. Namely, we observed high RNA velocity
lengths for Neoblast cluster 1 in the 24-hour post-5 Gy irradiation sample (Figure 15D),
while the velocity of the cluster remained low in the 24-hour post-10 Gy irradiation sample
(Figure 15E). Underlying this distinction could be that cells in Neoblast cluster 1 are in a
more advanced stage of the recovery process in the 5 Gy sample than in the 10 Gy sample.
RNA velocity infers a highly transitional state associated with Neoblast cluster 1 in the 5 Gy
sample, as cells in the cluster could be undergoing state transitions as part of the
repopulation process at this specific dose and timepoint. In contrast, RNA velocity predicts a
relatively stable and non-transitional Neoblast cluster 1 state in the 24-hour post 10 Gy-
irradiation sample. Since the greater level of damage sustained by cells in this experimental
sample would necessitate a longer repair phase, the low RNA velocities observed in
Neoblast cluster 1 at this dose and timepoint may be reflective of cells still actively
undergoing repair, and have yet to initialize the repopulation process. This hypothesis aligns
with our previous observations of dose-dependency in the time required for neoblast cell-

cycle re-entry after sublethal irradiation (Sahu et al., 2021).

In addition to the heightened cellular RNA velocities, the projected trajectory of cells
within Neoblast cluster 1 at the 24-hour post-5 Gy irradiation timepoint deviates from the
original path predicted in the unirradiated sample. The directional arrows in Neoblast
cluster 1 during this post-irradiation state consistently point backwards, a direction that
opposes that of Neoblast cluster 1 in the unirradiated sample. This indicates a trend towards
the tip of the cluster that is situated farthest away from the other neoblast clusters (Figure
14D, circled). Considering the UMAP location, it is plausible that this tip region of Neoblast
cluster 1 corresponds to the residence of stem cells in a more naive state, and possibly even
a pluripotent state. The observed shift in cell fate trajectories at this experimental condition

may imply that neoblasts re-establish pluripotency before proliferating to replenish the
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irradiated animal with new stem cells. Such plasticity aligns with the findings of Raz and
colleagues (Raz et al., 2021), which revealed that neoblast fates can be reversed and re-

specified with respect to their gene expression state.

Overall, RNA velocity analyses predict a unidirectional developmental sequence from
Neoblast cluster 1, through Neoblast cluster 2, and ultimately towards Neoblast cluster 3
under wild-type conditions, with radiation treatment capable of inducing changes in the

direction and speed of these inferred transitions.

Investigating neoblast cluster differences underlying their differential
sensitivity to gamma radiation

Decoding the functional state of stem cells associated with each neoblast cluster
would enhance our understanding of the observed differences in cluster sensitivity to
gamma radiation. To explore this, we propose a model that incorporates information
obtained from our single-cell atlas, our trajectory predictions, and insights derived from

existing studies in the planarian literature (Figure 16).

G1 S G2/M Post-mitotic
Lineage-specified
° o @ / progenitor
? ° Stem cell
i :
i i
Neoblasts 1 Neoblasts 2 Neoblasts 3
Radiation resilient Radiation sensitive Radiation sensitive?

Figure 16. Model of action relating neoblast cluster affiliation, cell-cycle phase, and

sensitivity to gamma radiation
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Our model posits that neoblast cluster affiliation is closely linked to the cell’s
temporal position within the cell-cycle. We infer that the Neoblast cluster 1, exhibiting the
greatest resilience to gamma radiation compared to stem cells in other clusters, consists
primarily of stem cells in G1 phase. Conversely, Neoblast cluster 2, representing the cluster
with the greatest susceptibility to gamma radiation, is inferred to be predominantly
composed of stem cells in S/G2/M phases of the cell cycle. Neoblast cluster 3, characterized
previously to be comprised of a mixture of both stem and progenitor cells, may represent
the post-mitotic products of asymmetric stem cell divisions in our model, where one

daughter cell retains stemness while the other acquires lineage specification (Figure 16).

Our model is relatable to findings from a previous study by Zeng and colleagues, who
observed a correlation between neoblast cell-cycle phase and sensitivity to gamma
radiation (Zeng et al., 2018). In their study, neoblasts were categorised into distinct
subpopulations based on the detected levels of Smedwi-1 mRNA and protein in tandem
using flow cytometry. Cells displaying high levels of both Smedwi-1 mRNA and protein were
classified as the Piwi-high subgroup, the subgroup that exhibited the greatest sensitivity to
gamma radiation. The Piwi-high subgroup was inferred to be made up of cycling stem cells
based on their transcriptional profiles resembling the canonical X1 subgroup, a FACS-
enriched population for stem cells in S/G2/M phases. In contrast, neoblasts displaying low
levels of both Smedwi-1 mRNA and protein were assigned to the Piwi-low subgroup. Cells in
this subgroup exhibited only mild sensitivity to gamma radiation and were proposed to be
composed of a mixture of post-mitotic/G1 phase stem cells and fate-determined progenitor

cells (Zeng et al., 2018).

In the same study, the authors also reported a small subset of Piwi-high cells that
exhibited a relatively high tolerance to gamma radiation (Zeng et al., 2018). However, the
authors did not elaborate further on this observation. This observation may have a key
biological basis, as studies in mammalian systems have demonstrated that cells in late S
phase exhibit heightened tolerance to ionizing radiation (Pawlik and Keyomarsi, 2004; Iliakis
and Okayasu, 1990). This is because late S phase represents a time window where cells have
completed replication and are free from replication stresses. At the same time, repair

templates in the form of sister chromatids are present, enabling the use of homologous

87



recombination for double-stranded break repair. Considering these insights, it would be
worthwhile to explore whether planarian stem cells in late S phase similarly possess
heightened resistance to gamma radiation. Additionally, it would be valuable to correlate
these observations with our atlas, namely whether Neoblast cluster 1 and Neoblast cluster 2
represent Piwi-low and Piwi-high cells respectively, while also investigating whether the
residual surviving stem cells within Neoblast cluster 2 are more likely to be in late S phase.
However, the binary output of Smedwi-1 detection in our atlas, instead of one that is
graded, limits our ability to confidently distinguish Piwi-high or Piwi-low cells, preventing

direct application of this correlation.

In the case of Neoblast cluster 3, analysis of our atlas indicates a notable decrease in
the proportion of Smedwi-1* cells within said cluster following radiation exposure (Figure
12). Investigation of RNA velocity length reveals that Neoblast cluster 3 comprises cells
exhibiting a mixture of high and low velocities (Figure 15A). A possible interpretation could
be that high velocity cells correspond to highly transitional lineage-specified progenitor
cells, while the low velocity cells may represent stable states in the form of post-mitotic
stem cells. The observed reduction in Smedwi-1* cells within Neoblast cluster 3 following
irradiation could be attributed to these post-mitotic stem cells transitioning back to G1
phase, causing them to associate with Neoblast cluster 1 (Figure 16). This results in an
overall net loss in the number of post-mitotic stem cells in Neoblast cluster 3, since the
input to this cluster is temporarily disconnected due to cell cycle arrest following radiation

exposure.

Additionally, the RNA velocity-inferred directional sequence from Neoblast cluster 1,
through Neoblast cluster 2, towards Neoblast cluster 3 (Figure 13A) may be reflective of
cellular progression through the cell cycle. Velocity lengths representing the speed of cell
state transitions were observed to be low in Neoblast cluster 1, inferred to be comprised of
stem cells in G1 phase (Figure 15A). The low velocity lengths in G1 cells may be attributed to
the long duration of this cell cycle phase. In contrast, the transitions from S phase to G2 and
to M phase take place relatively rapidly, potentially explaining the high velocity lengths
observed in cells of Neoblast cluster 2 (Figure 15A). Furthermore, this sequence of velocity

vectors may not be exclusively tied to the cell cycle, but may also represent the gradual
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acquisition of cell-fate specification as cells progress along the cell cycle. Recent proposals
have suggested a tight coupling between planarian cell cycle progression and the acquisition
of lineage specification (Raz et al., 2021). This hypothesis is based on the observation of
heightened fate-specifying transcription factor (FSTF) expression in S/G2/M phases of the
cell-cycle, while the expression of such factors were limited in G1 phase stem cells. It is
speculated that FSTF expression is only initialized in S phase of the cell cycle (Raz et al.,
2021), which may explain why the velocity vector fields originate from Neoblast cluster 2
rather than Neoblast cluster 1 in the wild-type sample of our atlas (Figure 13A). This
suggests that Neoblast cluster 2 may comprise fate-specified stem cells that exhibit greater
susceptibility to gamma radiation compared to the more naive neoblasts that may populate
Neoblast cluster 1. However, limited sensitivity of our atlas restricts further investigation at

present as FSTF expression could not be robustly detected in our single-cell atlas.

Upon comparing the marker genes associated with each neoblast cluster under wild-
type conditions, we observed that Smedwi-3 serves as a marker for Neoblast clusters 2 and
3, but not Neoblast cluster 1 (Appendix Table 1). It is proposed that Smedwi-3 plays a role in
the differentiation of neoblast progeny (Palakodeti et al., 2008; Kashima et al., 2020), and its
cluster associations may reflect a gradual withdrawal from stemness in accordance with the
direction predicted in our trajectory analyses. Similarly, BRG-1 marks Neoblast clusters 2
and 3, but not Neoblast cluster 1 (Appendix Table 1). BRG-1 is inferred in planarians to
promote the chromatin remodelling events needed during cell fate specification, and hence
is implicated in planarian stem cell differentiation (Trost et al., 2018, Wiggans et al., 2023).
Furthermore, RAD50, known in humans to regulate the DNA damage response and promote
the repair of double-stranded breaks (Bian et al., 2019), was identified to exclusively serve
as a marker for Neoblast cluster 2 (Appendix Table 1). This potentially reflects S phase cells
as RAD50 may have a conserved role in the sensing and mitigation of replication stresses.
Recent findings also suggest RAD50’s direct involvement in promoting mitotic progression,
independent of its repair functions (Volkening et al., 2020), and hence may also reflect
G2/M phase cells. Overall, the presence of Smedwi-3, BRG-1 and RAD50 as markers
Neoblast cluster 2 supports our hypothesis that this cluster is populated by S/G2/M phase

stem cells.
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Additionally, we conducted pseudo-bulk differential gene expression analyses,
following the methodology outlined by Butler and colleagues (Butler et al., 2018), to further
explore the differences between cells assigned to Neoblast clusters 1 and 2 under wild-type
conditions. Using this method, transcript counts from all cells within wild-type Neoblast
clusters 1 and 2 were separately aggregated and normalized, generating two independent
bulk-like profiles for subsequent differential gene-expression testing. Our findings revealed
the upregulation of additional DNA repair genes, replication-associated genes, and cell-cycle
related genes in Neoblast cluster 2 (Log, Fold Change > 1, p-value < 0.05) [Figure 17A,
Appendix table 2]. Such genes include DNA repair genes, ATR (Nam and Cortez, 2011) and
Fanconi Anemia Group 1 protein [FANCI] (Jones and Huang, 2012), Structural Maintenance
of Chromosomes family genes, SMC1 and SMC2 (Harvey et al., 2002), and the anaphase-
promoting gene CDC16 (Tugendreich et al., 1995). The heightened prominence of DNA
repair and SMC genes in Neoblast cluster 2 may reflect cells in S phase experiencing
replication stresses, while CDC16 transcripts may originate from mitotic cells. Overall, these
findings support our hypothesis that Neoblast cluster 2 is comprised of stem cells in S/G2/M
phases. However, caution needs to be exercised when further interpreting these results, as
single-cell differential gene expression analyses are prone to false discoveries due to the

sparsity and stochasticity of captured transcripts (Squair et al., 2021).

Nonetheless, we conducted pseudo-bulk differential gene expression analyses to
identify genes exhibiting differential expression in Neoblast cluster 1 following exposure to
gamma radiation. We analysed the pseudo-bulk transcriptomes of Neoblast cluster 1 under
varying post-irradiation conditions relative to wild-type, revealing genes upregulated in
Neoblast cluster 1 following irradiation (Figure 17 B-E) [Appendix Tables 3-6]. These genes
hold potential as candidate regulators enabling the cells within this cluster to display
resilience to gamma radiation. We further explored their relevance in Chapter 4, where our
pseudo-bulk findings are integrated with our bulk RNA-sequencing dataset of irradiated X1
cells, aiding in the selection of candidate genes for an RNAI screen as part of our efforts to

identify novel regulators of planarian radiotolerance in vivo.
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Figure 17. Pseudo-bulk differential gene expression analyses between selected Neoblast
clusters and conditions. (A) Volcano plot depicting the genes that are differentially expressed
between Neoblast cluster 1 and Neoblast cluster 2 under wild-type conditions. Volcano plots
depicting the genes that are differentially expressed in Neoblast Cluster 1 at (B) 3 hours post 5
Gy, (C) 3 hours post 10 Gy, (D) 24 hours post 5 Gy, and (E), 24 hours post 10 Gy exposures

relative to Neoblast Cluster 1 under wild-type conditions.

Chapter 3 — Conclusions and future perspectives

Our single-cell atlas reveals three distinct neoblast clusters exhibiting varying
sensitivity to gamma radiation. In the unirradiated sample representing a wild-type
condition, trajectory predictions indicate a unidirectional transitional sequence from
Neoblast cluster 1, through Neoblast cluster 2, towards Neoblast cluster 3. However, this
directional sequence becomes obscured and disjointed as of 24 hours post-irradiation. We
propose a model suggesting that neoblast cluster affiliation is tied to the cell’s position
within cell cycle. We infer that Neoblast cluster 1 is primarily comprised of G1 phase stem
cells exhibiting a relatively high resilience to gamma radiation, while Neoblast cluster 2
mainly consists of S/G2/M phase stem cells exhibiting the greatest sensitivity to gamma

radiation.

It is important to acknowledge that our current atlas lacks the sensitivity required to
robustly detect and quantify the expression of cell cycle genes and FSTFs at the level of
single-cells. Additional sequencing efforts with improved sensitivity would be required to
comprehensively explore the intricate relationship between cell cycle dynamics, fate
specification, and sensitivity to gamma radiation. A more sensitive atlas may also allow us to
distinguish stem cells based on their Smedwi-1 expression levels, and to decipher whether
the expression level of Smedwi-1 can be a predictor of sensitivity to gamma radiation. A
practical validatory solution using our current SPLiT-seq method could be the generation of
single-cell atlases following cell-cycle manipulation. If our model holds true, blocking the

G1/S transition would lead to an accumulation of cells clustering in Neoblast cluster 1,

92



whilst depleting cells in Neoblast clusters 2 and 3. Impeding the G2/M transition in turn
would cause an accumulation of cells in Neoblast cluster 2, accompanied by a depletion of

cells in Neoblast cluster 3.

Currently, the single-cell quantification of FSTF expression would necessitate the use
of the highly sensitive albeit costly 10X genomics platform for single-cell sequencing.
However, further improvements to SPLiT-seq technologies in planarians may enable the
quantification of these genes in a more cost-effective manner. Measuring the expression of
these genes at the level of single cells would enhance our understanding of resilient and
sensitive cell states in response to gamma radiation, and potentially provide differential

markers of these states for experimentally testing in vivo.

Nonetheless, through pseudo-bulk differential gene expression analyses, we
identified genes that are upregulated in Neoblast cluster 1 following exposure to gamma
radiation. Integrating these findings with our post-irradiation bulk transcriptome of X1 cells
guided our selection of candidate genes for an RNAi screen, aimed to uncover novel
regulators of planarian radiotolerance in vivo. Comprehensive information regarding this
RNAi screen, including the methodology and findings as well as their broader implications is

detailed in the following chapter.
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Chapter 4: An RNA Interference Screen Reveals
Critical Regulators of Radiotolerance in Planarians
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Chapter 4 - Introduction

As first unveiled in the nematode C. elegans (Fire et al., 1998), RNAi permits the
post-transcriptional silencing of target genes in planarians through sequence-specific
degradation of endogenous mRNA (Sanchez-Alvarado and Newmark, 1999). Over the past
two decades, RNAIi has expanded to become a powerful reverse genetics tool enabling gene
discovery in planarians. In this chapter, we conduct a primary RNAi screen with the aim to
identify novel and potentially conserved regulators of planarian radiotolerance in vivo.
Understanding the factors that contribute to planarian radiotolerance may shed light on the
conserved mechanisms underpinning radiation resistance across the animal kingdom. Genes
found to be important for planarian radiotolerance, while also exhibiting conservation in
mammals, could emerge as prospective targets for therapeutic interventions. Such
interventions could offer clinical advantages such as imparting radioprotection to normal

stem cells, or sensitizing cancer stem cells to radiotherapy.

Selection of candidate genes for RNAI

Previous efforts in our group have assembled a post-irradiation transcriptome of the
planarian X1 cell population (unpublished data, courtesy of Dr. Sounak Sahu). This cell
population is a flow-cytometry-based compartment that is enriched for stem cells in
S/G2/M phases (Hayashi et al., 2006). The genes within this cell population exhibiting
differential expression following exposure to gamma radiation have been subjected to prior
in silico characterization (data unpublished), however functional elucidation of these genes
remains pending. The strategy used to generate this transcriptome is summarized in Figure
18A, which is of relevance to this present study, as this dataset serves as a key resource for

our candidate gene selection process.
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Figure 18. Transcriptional response of the X1 cell compartment to gamma radiation exposure.
(A) Schematic overview of the strategy employed for the transcriptomic profiling of X1 cells in
response to gamma radiation exposure. Animals were subjected to an acute 5 Gy dose of whole-
body gamma radiation, and their cells were dissociated at 24 hours post-irradiation. Unirradiated
animals were used as controls and dissociated in the same manner. Using fluorescence activated
cell sorting, X1 populations were isolated from both irradiated and non-irradiated animals based
on their nuclear-to-cytoplasmic ratios. Subsequently, RNA-sequencing was performed on the
sorted cells to identify differentially expressed genes between the irradiated X1 cells against their
unirradiated counterparts. DESeq2 (Love et al., 2014) was used for differential gene expression
testing, which unveiled the upregulation of 2010 genes and the downregulation of 1053 genes in

response to acute gamma radiation, illustrated in the accompanying volcano plot in (B).

The genes selected for RNAI screening primarily originated from the cohort of genes
displaying upregulation in the X1 cell fraction following exposure to acute gamma radiation
(Figure 18B). Genes that are transcriptionally activated post-irradiation serve as attractive
candidates for involvement in radiation response and survival mechanisms. Several criteria
were evaluated in our candidate gene selection process, including assessing the magnitude
of fold change post-irradiation, functional novelty, or novelty in the context of genotoxic
damage as established by literature review, presence or absence of a mammalian
orthologue, and the predicted functions of the gene. Emphasis was directed toward the
screening of novel transcription factors, genes with putative regulatory DNA binding
domains, and signalling regulators. The prioritization of these genes aimed to elucidate
potential gene regulatory networks orchestrating planarian radiotolerance. Additionally, we
incorporated selected platyhelminth-specific genes of uncharacterized functions that were
upregulated in response to gamma radiation, recognizing these genes as potential
platyhelminth innovations conferring radiotolerance to the animal. A list of the genes
incorporated into our RNAI screen, along with a key describing the selected genes’ features,

are provided in Appendix Table 8.
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As described in Chapter 3, our screen also incorporated genes that were upregulated
following irradiation in Neoblast cluster 1 — the stem cell cluster within our single-cell atlas
that showcased the greatest resilience to gamma radiation. However, the inclusion of these
genes was weighed carefully, acknowledging the constraints of single-cell differential gene
expression analyses previously discussed in Chapter 3. Candidate gene selection from this
list involved assessing the post-irradiation changes in their pseudo-bulk gene expression
levels, shifts in the percentage of cells with detectable expression of the gene, and their
alignment with gene expression patterns observed in our bulk RNA sequencing data. A total
of 8 genes — Dkc, MAPKKK3, NSA2, RhoGEF10, 14-3-3T, Dnal, UMSBP, and YBX2, which
concurrently showed upregulation in both the bulk X1 dataset and Neoblast cluster 1 post-

irradiation, were incorporated into the screen (Chapter 3 — Figure 17, Appendix tables 5,6).

While our bulk RNA-sequencing efforts offer valuable insights into the transcriptional
response of X1 cells to gamma radiation, we acknowledge a technical limitation of the assay
that surfaced during our analysis. Specifically, we observed the upregulation of Prog-1 (Log>
Fold-Change = +1.72) and Agat-1 (Log. Fold-Change = +3.49) at 24 hours post-irradiation
relative to the unirradiated control. These genes represent canonical markers for early and
late-stage stem cell progenies of the epidermal lineage, respectively (Eisenhoffer et al.,
2008). Initially, this observed upregulation led us to consider the possibility of radiation-
induced premature stem cell differentiation, a phenomenon documented in other systems
(Monje et al., 2002; Schneider et al., 2013; Konifova et al., 2019; Wagle and Song, 2020).
However, our attempts at in vivo experimental validation through whole-mount double in
situ hybridization, co-staining for Prog-1/Smedwi-1 in one assay, and Agat-1/Smedwi-1 in
another, failed to show a significant increase in the proportions of Smedwi-1* cells co-
expressing either Prog-1 or Agat-1 post-irradiation (Figure 19). These observations suggest
against the notion of radiation-induced stem cell differentiation, or the occurrence of a
phenomenon where Smedwi-1* cells co-expressing these progeny markers are enriched,
which could have implied that cells in this state possess heightened tolerance to gamma

radiation.
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Figure 19. Absence of Prog-1 and Agat-1 upregulation in stem cells in vivo by 24 hours post 5 Gy

irradiation. (A) Percentage of Smedwi-1* cells co-expressing either Prog-1 or Agat-1 compared
between unirradiated animals and those 24 hours after exposure to 5 Gy acute gamma radiation. The
observed differences were not statistically significant (unpaired t-test p-value >0.05). Co-expression
analyses were performed using JaCoP colocalization finder (Bolte and Cordelieres, 2006), which uses
Costes’ method (Costes et al., 2004) for background subtraction and signal threshold establishment.
The output of JaCOP was manually validated to ensure that occurrences of colocalization did not
arise from overlapping cytoplasm of adjacent cells. The abbreviation ‘n’ denotes the total number of
cells examined across five biological replicates per condition. (B) Representative dual fluorescence ins
itu hybridisation images depicting the Smedwi-1/Prog-1 and Smedwi-1/Agat-1 expression patterns in
non-irradiated and irradiated animals. Images shown capture the periphery of the stem cell

compartment that intersects with the more superficial Prog-1* cell layer.

99



This discrepancy prompted us to consider potential technical factors contributing to
the observed upregulation of Prog-1 and Agat-1 post-irradiation. The most likely reason is
that FACS gating methods inadvertently leave progeny cells within the X1 gate. By 24 hours
post-irradiation, these progeny cells become enriched, as their proportional abundances
increase due to the radiation-induced depletion of true positive stem cells within the same
target gate. Supporting the presence of progeny cells in the X1 gate and their subsequent
enrichment post-irradiation, the genes — Mitochondrial Carrier Protein 1 (Mcp-1) [Log; fold
change = +3.14], Ornithine Decarboxylase 1 (Odc-1) [Log fold change = +3.61], and
Cytochrome p450 1A1 (Cp1A1l)[Log: fold change = +3.05], display a similar pattern of
upregulation as Prog-1 and Agat-1 at 24 hours post-irradiation (Appendix Table 9). Akin to
Agat-1, these three genes are classified as Category 3 markers, a signature of late-epidermal

progeny cells (Eisenhoffer et al., 2008).

This technical limitation of impure gating can be seen in prior studies that employ
control flow-cytometry gates with lethally irradiated animals. In such cases, residual cells
could still be detected in the X1 gate even after the purging the animals of all stem cells via
lethal irradiation (Hayashi et al., 2006; Eisenhoffer et al., 2008; Pearson and Sanchez-
Alvarado, 2010). Eisenhoffer and colleagues indirectly evaluated the purity of this sorting
approach, observing that only 80% of X1 cells were positive for the stem cell marker,
Smedwi-1, through in situ hybridization of the sorted cell population (Eisenhoffer et al.,
2008). The same study further revealed the presence of Prog-1* and Agat-1* cells, expressed
in @ manner that is mutually exclusive to the Smedwi-1* cells, via in situ hybridization of
sorted X1 cell population. Specifically, Prog-1 and Agat-1 were detected in 0.7% and 2.4% of
the sorted X1 cells, respectively (Eisenhoffer et al., 2008). Additionally, the authors also
conducted cell-cycle analysis of the X1 cell population using a propidium iodide-based flow-
cytometry approach, revealing that an average of 5.62% of X1 cells were in G1 phase
(Eisenhoffer et al., 2008), which potentially includes some of these progeny cells. These
findings collectively support our inference of artefactual progeny cell inclusion within the X1

gate.
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To investigate the prominence of these carry-over progeny cells in our X1 data, we
compared the transcripts per million (TPM) values of Prog-1, Agat-1, Odc-1, Mcp-1, and
Cp1Alin our wild-type samples with their corresponding TPM values extracted from
publicly available X1 datasets (Zhu et al., 2015; van Wolfswinkel et al., 2014; Tu et al., 2015).
We observed that the TPM values for these five genes in our control samples did not exhibit
statistically significant differences when compared to their mean TPM values across the
referenced public control datasets (Table 4). This suggests that our gating stringency did not
permit a significantly greater influx of these progeny cells through the X1 gate than what

was present in the public datasets.

Table 4. Comparison of TPM values for selected epidermal progeny genes within wild-type

X1 RNA sequencing datasets from this study against published datasets.

Gene TPM values in wild-type X1 libraries
Zhuetal., 2015 | van Wolfswinkel | Tu et al., 2015 Mean This study Mean
etal., 2014
Repl Rep2 Repl Rep2 Repl Rep2 Rep3 Rep4d Repl Rep2

Prog-1 3516 34.89 19.29 22.80 16.34 1541 1639 15.20 21.96 2132 20.03 20.67
Agat-1 | 9.38 10.34 5.39 4.16 6.25 5.86 7.84 7.25 7.04 6.68 5.50 6.11
Odc-1 28.47 2858 2478 22.66 11.45 9.88 12.22 | 9.37 18.43 20.37 19.20 19.72
Mcp-1  0.16 0.21 0.37 0.35 0.14 0.09 0.10 0.21 0.22 0.36 0.40 0.38
CplAl 1.02 1.37 1.15 0.83 0.77 0.98 2.02 2.56 1.25 0.97 1.28 1.12

Given these observations, we attribute the observed upregulation of progeny
markers, Prog-1 and Agat-1, in our X1 dataset following irradiation to technical rather than
biological reasons. Their upregulation is likely due to a rise in the proportional abundance of
progeny cells within the X1 gate following irradiation, resulting from the radiation-induced

ablation of true-positive stem cells that normally occupy the same gate.
In our process of selecting candidate genes, we took precautionary measures to
reduce the impact of these artefacts on our results. We avoided the screening of

differentially expressed genes with spatial expression profiles characteristic of these
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progeny cell-types, as determined from single-cell gene expression data (Fincher et al.,
2018; Plass et al., 2018) and a prior study that identified epidermal progenitor-associated
genes (Zhu et al., 2015). We also prioritized the screening of genes with intrinsically high
proportional expression in stem cells (Neiro et al., 2022), and whose expressions were
further upregulated after gamma radiation exposure (Appendix Table 8). These strategies
aimed to enhance the probability of screening differentially expressed genes originating
from stem cells rather than the contaminant progeny cells post-irradiation. Additionally, we
avoided the screening of genes with known pro-apoptotic functions, as we recognize that
genes driving apoptosis may manifest as a prominent signature at the profiled timepoint.
This exclusion aimed to ensure that our screen was targeted towards identifying genes that
confer radiotolerance to the animals by promoting stem cell survival and recovery in
response to gamma radiation. A list of the excluded genes, along with a key describing the

genes’ features, can be found in Appendix Table 9.

RNAIi experimental strategy

In total, we performed 105 single-gene knockdowns in our primary RNAI screen,
following the experimental strategy outlined in Figure 20. Each gene knockdown was
evaluated for two distinct phenotypes. Firstly, we closely monitored five animals per gene
knockdown for up to 50 days post-exposure to a 15 Gy dose of acute whole-body gamma
radiation. The objective was to ascertain whether the combination of targeted gene
knockdown and sub-lethal irradiation induced mortality or resulted in severe morphological
changes in the animals. Concurrently, to establish a baseline, we maintained five animals
per gene knockdown in a non-irradiated state to assess if the silencing of specific genes
resulted in defects to animal homeostasis (Figure 20B). The second phenotypic assessment
examines whether the gene knockdowns induce a delay in stem cell recovery following sub-
lethal irradiation (Figure 20B). We implemented this assay to capture genes with potentially
more subtle but nevertheless meaningful contributions to planarian radiotolerance. We also
guantified the stem cell numbers in five non-irradiated animals per RNAi condition to assess
whether any of the targeted gene knockdowns affected stem cell maintenance under

homeostatic conditions.
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Figure 20. RNAI screen to identify pivotal regulators of planarian radiotolerance in vivo.
(A) Schematic overview of the RNAi experimental workflow. Total RNA was extracted from
planarians and reversed transcribed into cDNA. Genes-of-interest were amplified from cDNA
using gene-specific primers adapted with sequences that are complementary to the target
vector insertion site, facilitating their directional insertion into the PPR-T4P vector. Inserts
cloned into the vector are flanked by opposing T7 promoter sites, enabling the synthesis of
dsRNA through T7 RNA-polymerase-mediated in vitro transcription. 20 animals per gene were
subjected to gene-specific knockdown, achieved by administering dsRNA directly into the
planarian gut by microinjection, in accordance with the schedule described in (B).

(B) Timeline of each gene knockdown assay. 7-day-starved planarians were injected with
dsRNA on three consecutive days, followed by a 4-day-rest period. A second set of dsRNA
injections were administered over another three consecutive days. 10 RNAi-treated animals
were exposed to sub-lethal irradiation 24 hours after the last injection dose, with the other
half kept non-irradiated. Both the irradiated and non-irradiated RNAi-treated animals were
assessed for two phenotypes, probing for their long-term survival and the timely recovery of
their stem cells in the case of the irradiated batch; and for homeostatic defects in the

unirradiated batch.

In our RNAiI screen, we successfully identified six single-gene knockdowns that
rendered planarians sensitive to sub-lethal irradiation in vivo, revealing their crucial roles in
regulating planarian radiotolerance. These genes include — Sarcolemma membrane-
associated protein (SImap), Kin17 DNA/RNA binding protein (Kin-17), Dyskerin synthase
(Dkc), Ras-related protein Rab-32 (Rab32), Ras-like family 12 (Rasl-12), and Drosophila
Melanogaster X-Like 1 (DMXL-1). We uncovered an additional 20 genes whose knockdowns
induced a delay in the recovery of stem cells following irradiation. Although RNAi of these
20 genes did not culminate in fatal outcomes for the animals, we acknowledge their

potential contributions to planarian radiotolerance.
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RNAI of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 sensitizes planarians
to gamma radiation in vivo

Among the 105 genes subjected to knockdown, we observed that the individual
silencing of Simap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 enhanced planarian sensitivity
to gamma radiation. These genes were initially selected as screening candidates due to their
differential expression in silico post-irradiation. Namely, all six genes displayed upregulation
in our post-irradiation bulk X1 dataset (Appendix Table 8), with Dkc additionally showing
upregulation in Neoblast cluster 1 of our single-cell atlas at the 24-hour timepoint post both

5 Gy and 10 Gy irradiation (Chapter 3 — Figure 17, Appendix Tables 5 and 6).

While the individual gene knockdowns caused no observable defect to non-
irradiated animals, the combination of RNAi and sub-lethal irradiation was lethal for the six
genes described (Figure 21A). Specifically, 100% mortality (n=20) was observed amongst
animals subjected to SImap, Kin-17, Dkc, Rab32, and Rasl-12 single-RNAi in combination
with sub-lethal irradiation. In the case of DMXL-1 RNAi, 80% or 16 out of 20 of the sub-
lethally irradiated animals exhibited fatal outcomes (Figure 21B). All animals that died in the
assay displayed anterior regression, ventral curling, and eventual tissue lysis (Figure 21A), a
series of events reminiscent of the stereotypical ablation-in-stem-cell-function phenotype
within planarians (Reddien et al., 2005; Rink, 2013). These observations suggest that the
target genes play pivotal roles in the planarian radiation response and recovery process,

although their functions may be dispensable for animal homeostasis.

In our assay, we knocked down GFP, a sequence that is absent from the planarian
genome, to serve as a negative control. This is important to control for artefacts potentially
caused by sequence-independent events upon introduction of foreign dsRNA into
planarians. Simultaneously, this control helped validate that the technical micro-injection
procedure did not cause excessive mechanical damage, thereby avoiding additional stress to
the animal tissue. No instances of mortality nor aberrant morphological changes were
observed among our negative control group. Conversely, we knocked down ATR, a DNA
repair gene previously shown in our group to sensitize planarians to gamma radiation
without lethality in unirradiated animals (Sahu et al., 2021), as a positive control. The
efficacy of RNAi was validated using quantitative PCR, affirming successful reduction in

target gene expression upon knockdown in our assay (Figure 21C).
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Figure 21. Combination of target gene RNAi and sub-lethal irradiation induces animal mortality.

(A) Morphology of animals subjected to RNAi with or without subsequent treatment with sub-lethal
irradiation captured through brightfield microscopy. Scale bars represent 1 mm. Images of surviving
animals were captured at the 50-day post-irradiation mark, while animals displaying morphological
changes were documented at various timepoints in correlation with the survival curve outlined in (B).
(B) Survival curves illustrating the outcomes for animals subjected to targeted gene RNAi and sub-lethal
irradiation. n=20 for all conditions. (C) qPCR analysis investigating the efficacy of target gene
knockdown. Gene expression levels were measured 24 hours post-irradiation in the RNAi-treated

animals, using GAPDH as the reference gene.
106



A 300
E
g 250 1 |
i
)]
n ‘
2 200 -
[ )]
(&)
+
N
'S 150
-]
(]
5
D 100
o
S
)]
2
§ 50 1 N *%
z *k * ¥
k% : 1 ’—F| %k
0 + + + + + f
GFP SLMAP Kin17 DKC Rab32 Rasl-12 DMXL-1 ATR

RNAi condition

silmap

] dkc rab32 rasl12 dmxl-1 \

Bl
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following irradiation. (A) Quantification of stem cell numbers/mm? in the knockdown animals at 7
days post-exposure to 15 Gy acute gamma radiation. Results expressed as mean * standard
deviation. Double asterisks (**) indicate a statistically significant difference with an unpaired t-test
p-value < 0.001 in relation to the GFP control. (B) Representative Smedwi-1 fluorescence in situ
hybridization images of planarians subjected to targeted gene RNAI at 7 days post-irradiation. Scale

bars represent 1 mm.
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Figure 23. Simap RNAi compromises stem cell maintenance under homeostatic conditions.

(A) Quantification of stem cell numbers/mm? in non-irradiated animals at the equivalent timepoint post
RNAI as the irradiated subjects in Figure 22. Results expressed as mean + standard deviation. Double
asterisks (**) indicate a statistically significant difference with an unpaired t-test p-value <0.001 in
relation to the GFP control. The abbreviation n.s. represents that the differences are not statistically
significant in relation to the GFP control. (B) Representative Smedwi-1 fluorescence in situ hybridization

images of non-irradiated animals subjected to targeted gene RNAI. Scale bars represent 1 mm.
108



Using in situ hybridization to target the stem cell marker, Smedwi-1, we uncovered
evidence of impaired post-irradiation stem cell recovery in animals subjected to knockdown
of these six genes. Specifically, at 7 days post sub-lethal irradiation, a timepoint where stem
cells are expected to be in the phase of rapid repopulation, a markedly reduced number of
stem cells were observed in the knockdown animals compared to the GFP control group

(Figure 22).

Among the non-irradiated animals, RNAi knockdowns of Kin-17, Dkc, Rab32, Rasl-12,
DMXL-1, and the positive control, ATR, did not cause significant reductions in stem cell
numbers. However, a statistically significant 21.68% reduction in mean stem cell numbers
was observed within planarians subjected to Simap RNAi under homeostatic conditions
(Figure 23). Despite this decrease, the knockdown of SImap alone was insufficient to induce
animal mortality without irradiation (Figure 21A). It is noteworthy that animals subjected to
the combined treatment of SiImap RNAi and sub-lethal irradiation exhibited the shortest
median lethal time amongst the various lethal combinations (Figure 21B). This finding might
be linked to our observation of reduced stem cell numbers upon Simap RNAi under non-
irradiated conditions, as animals subjected to SImap knockdown may harbour pre-existing

stem cell defects even prior to irradiation treatment.

Taken together, these findings suggest that, apart from Slmap, the examined genes
may not be essential for stem cell maintenance under homeostatic conditions. However,
they appear to be vital for the stem cell recovery process following exposure to gamma
radiation. To gain a more comprehensive understanding into the functions of these six
genes, further investigations were conducted in Chapter 5. Our investigations encompassed
phylogenetic analyses of the genes, reviewing their orthologues’ reported functions where
available, and a deeper exploration into their roles in radiation response and recovery in

vivo using the planarian model system.
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Targeted gene RNAI induces delayed stem cell recovery post gamma radiation exposure

As outlined in our experimental workflow (Figure 20), we conducted in situ
hybridization targeting the stem cell marker, Smedwi-1, at 7 days post-irradiation. This was
carried out to assess whether individual gene knockdowns incurred the phenotype of delay
in stem cell recovery. For categorization, we applied a criterion that considered knockdowns
with stem cell numbers falling below 50% of those observed in the GFP control at this
timepoint as indicative of the delayed recovery phenotype. We identified 20 single-gene
knockdowns that fell into this category (Figure 24). Despite inducing a delay in stem cell
recovery, none of these 20 single-gene knockdowns resulted in the mortality of sub-lethally
irradiated animals. Furthermore, these 20 genes do not appear to be essential for stem cell
maintenance, as we did not observe any significant reduction in stem cell numbers in their

respective knockdowns without irradiation (Appendix Table 10).

The observed delay in stem cell recovery post-irradiation without animal mortality
suggests that the target genes contribute, but may not be ultimately necessary for planarian
radiotolerance. Some of these observations might also reflect a pragmatic limitation of
RNAI, namely the incompleteness of gene silencing, as discussed in RNAi experiments across
various model systems (Reddien et al., 2005; Uprichard, 2005; Tomoyasu et al., 2008; Conte
et al., 2015), and seen in our present study (Figure 21C). Although these knockdowns result
in delayed stem cell recovery, residual activity of the target gene post RNAi-treatment may
suffice to sustain animal survival post-irradiation. Redundancies with other proteins and
pathways may also partially compensate for the loss of the target gene, averting fatal
outcomes. We acknowledge the substantial error bars associated with our data, which may
be attributed to the small sample sizes of n=5 for each condition. Stem cell number
variability within the same RNAi condition might also reflect variability in the extent of
target gene silencing, and hence knockdown potency, between different animal subjects.
The six genes described in the previous section were excluded from this category since the
combination of their targeted RNAi and sub-lethal irradiation led to animal mortality (Figure

21).
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Figure 24. Targeted gene RNAI induces a delay in stem cell recovery following sublethal irradiation.

(A) Quantification of stem cell numbers/mm? in the knockdown animals at 7 days post exposure to 15
Gy acute gamma radiation. Results expressed as mean * standard deviation. Double asterisks (**)
indicate a statistically significant difference with an unpaired t-test p-value <0.001 in relation to the
GFP control. A single asterisk (*) denotes statistical significance with an unpaired t-test p-value of less
than 0.005, but greater than 0.001. (B) Representative Smedwi-1 fluorescence in situ hybridization
images of planarian tail regions derived from animals subjected to targeted gene RNAI at 7 days post

irradiation. Scale bars represent 0.5 mm.
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To gain insights into the roles of our target genes and how they might contribute to
the post-irradiation stem cell recovery process, we explored the documented functions of
their orthologues in other systems, where available. We first utilized the OrthoFinder (Emms
and Kelly, 2019) and EggNOG 6.0 (Hernandez-Plaza et al., 2023) algorithms for orthologue
identification. Orthology predictions made by these algorithms were consistent and were
further validated using a reciprocal best-blast hit approach (Moreno-Hagelsieb and Latimer,
2008). Phylogenetic predictions indicate that our RNAi screen unveiled two platyhelminth-
specific genes, which we have designated as La-Related Protein 1-like (Larp-1-like) and G-
Protein Coupled Receptor 154-like (GPCR154-like), whose knockdowns delayed stem cell
recovery following irradiation. These two platyhelminth-specific genes are inferred to
originate from duplication events of the ancestral genes — Larp-1, and GPCR154,
respectively (Figure 25). This inference is supported by the consistent return of Larp-1 and
GPCR154 as the top blast hits for Larp-1-like and GPCR154-like, respectively, across diverse
metazoans, including relatively closely related lineages such as molluscs and annelids within
the same lophotrochozoan clade. Additionally, while orthologues of Larp-1 could be
identified in fungi and plants, consistent with previous findings (Deragon and Bousquet-
Antonelli, 2015), orthologues of GPCR154 were exclusive to the metazoan lineage.
Nonetheless, although orthologues of the ancestral genes have been characterized in other
model systems, neither the ancestral copies nor the platyhelminth-specific paralogues of

these genes have been subjected to prior investigation in planarians.

Structural analyses reveal that both Larp-1-like and GPCR154-like possess the
characteristic domains definitive of their respective protein groups (Figure 25B, 25D).
Specifically, Larp-1-like features an La motif, an RNA-binding motif with a winged-helix-turn-
helix architecture (Dong et al., 2004); while GPCR154-like possesses the hallmark seven
transmembrane alpha-helices, a signature architecture of proteins within the GPCR
superfamily (Filipek et al., 2003). However, notable differences between platyhelminth Larp-
1-like and metazoan Larp-1 include the former being substantially shorter in length and
lacking DM15 repeats at the protein’s C-terminal region (Figure 25B). DM15 repeats aid in
mMRNA cap binding (Lahr et al., 2015), and are a highly conserved feature across metazoan
Larp-1 copies, although it is absent from the fungal orthologue, consistent with recent

analysis by Mansouri-Noori and colleagues (Mansouri-Noori et al., 2023).
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Figure 25. Phylogenetic and domain architecture analysis of Larp-1-like and GPCR154-like.

(A) Maximum likelihood phylogenetic tree depicting the relationship between platyhelminth

Larp-1-like and the ancestral Larp-1 copies, with SS-b, another conserved LA-domain-containing

gene, as an outgroup. (B) Domain architecture analysis of Larp-1 and Larp-1-like, featuring

selected species representatives. (C) Maximum likelihood phylogenetic tree depicting the

relationship between platyhelminth GPCR154-like and ancestral GPCR154 copies, with RHO-1,

another conserved rhodopsin-like GPCR family gene, as an outgroup. (D) Domain architecture

analysis of GPCR154 and GPCR154-like, featuring selected species representatives.
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Functionally, the mammalian orthologue of Larp-1 is implicated in tumorigenesis,
cancer cell migration, and metastasis, primarily through the direct post-transcriptional
regulation of mTOR (Hong et al., 2017; Mura et al., 2015; Hopkins et al., 2016). Similarly,
through the post-transcriptional regulation of target genes, mammalian Larp-1 has been
found to be crucial for regulated cell divisions and cell survival under non-cancerous
contexts (Burrows et al., 2010). Furthermore, Larp-1 is reported to facilitate gametogenesis
in both Drosophila and C. elegans by post-transcriptionally regulating the expression of key
genes involved in meiosis (Nykamp et al., 2008; Ichihara et al., 2007; Blagden et al., 2009).
The orthologue of Larp-1 has also been studied in yeasts, with a documented role in
promoting oxidative stress resistance in Saccharomyces cerevisiae (Kershaw et al., 2015).
Given that both Larp-1 and Larp-1-like in planarians retain the La RNA binding domain
(Figure 25B), they may also be involved in the post-transcriptional regulation of target genes
in planarians. Considering its knockdown phenotype (Figure 24), Larp-1-like may have a
post-transcriptional regulatory role that contributes to the stem cell recovery process
following irradiation, although the impact of DM15 repeat-loss on their ability to bind mRNA

remains to be investigated.

Another platyhelminth-specific gene whose knockdown induced a strong delay in
stem cell recovery after irradiation is GPCR154-like, which encodes a rhodopsin-like G-
protein coupled receptor. GPCRs comprise a gene family recognized for their ability to
transduce signals from extracellular ligands and activating intracellular G proteins as
secondary messengers to modulate a wide array of biological functions (Rosenbaum et al.,
2009). Despite limited mechanistic understanding of the gene, mutations in mammalian
GPCR154 have been linked with an increased susceptibility to asthma (Pietras et al., 2011),
sleep disorders (Xing et al., 2019), and inflammatory bowel diseases (D’amato et al., 2007).
Expanding beyond GPCR154, although a direct role of the broader GPCR family genes in
radiation resistance remains unexplored, GPCR involvement in proliferative signalling under
both normal (New and Wong, 2007) and cancerous conditions (Chaudhary and Kim, 2021;
O’Hayre et al., 2014) may potentially hold relevance for planarians. Whether their functions
in proliferative signalling is extended to planarians and their precise contributions to the

planarian stem cell recovery process after irradiation requires future investigation.
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In addition to uncovering novel genes, our RNAi screen has unveiled key players of
evolutionarily conserved signalling pathways whose knockdowns incurred the phenotype of
delayed stem cell recovery following irradiation (Figure 24). Among these genes are the
planarian orthologues of Jagged-1 (Jag-1) and Mindbomb-1 (Mib-1), both of which hold
essential roles in Notch signalling across both vertebrates and invertebrates. Jagged-1 is
classified as a canonical ligand for Notch signalling (D’Souza et al., 2010), while Mib-1
encodes an E3 ubiquitin ligase that drives the endocytosis of Notch ligands and receptors
(Le Borgne et al., 2005; Lai et al., 2005). Both Jag-1 and Mib-1 were observed to be
indispensable for Notch signalling activation (Grochowski et al., 2016; Lindsell et al., 1995;
Koo et al., 2005; Itoh et al., 2003), with dysregulation of these genes resulting in either
embryonic lethality or severe developmental defects in diverse model organisms (Xue et al.,
1999; Koo et al., 2007; Itoh et al., 2003; Kiernan et al., 2006; Yang and Deng, 2018; High et
al., 2008). In planarians, Notch signalling has been implicated in fine-tuning the balance
between stem cell proliferation and apoptosis (Dong et al., 2021), as well as oogenesis in
sexual strains (Khan and Newmark, 2022). The observed effects of Jag-1 and Mib-1 RNAi
(Figure 24), coupled with the radio-sensitizing effect of DMXL-1 RNAi (Figure 21), a gene
deemed indispensable for Notch signalling in Drosophila (Yan et al., 2009), collectively point
to the potential importance of Notch signalling in the planarian stem cell recovery process
after irradiation. These observations may in turn position planarians as an attractive in vivo
model system to expand our understanding of Notch signalling function within the context
of stem cell radiation response. Such understanding would be of biomedical significance,
especially in light of reports regarding Notch-mediated cancer stem cell radiotolerance in
glioma (Wang et al., 2010; Shen et al., 2015) and lung cancer (Theys et al., 2013; Hassan et
al., 2013). Specifically, elevated levels of Notch signalling in both these cancer types have
been observed to promote cancer stem cell survival and their subsequent proliferation after
ionizing radiation exposure in vitro (Yahyanejad et al., 2016, Hassan et al., 2013, Wang et al.,
2010), potentially implicating Notch signalling in driving radiotherapy resistance and disease

recurrence in vivo.

Moreover, delay in stem cell recovery upon RNAI of Jnk/Sapk Associated Protein 1
(Jsap-1) and MAP Kinase Kinase Kinase 19 (M3K19) [Figure 24] implicates the JNK cascade as

a potential contributor to the planarian post-irradiation recovery process, given their
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established roles as regulators of JNK signalling in mammals (Engstrom et al., 2010, Hoang
et al., 2020). The JNK cascade has been demonstrated in mammals and Drosophila to
modulate both cellular apoptosis and proliferation in highly context-dependent manners
(Behrens et al., 1999; Lin and Dibling, 2002; Dhanasekaran and Reddy, 2012; La Marca and
Richardson, 2020). This property extends to planarians, as it has been shown that JNK
signalling governs the regulated cell deaths and cell divisions during tissue regeneration and
remodelling in S. mediterranea (Almuedo-Castillo et al., 2014). Moreover, the significance of
JNK signalling in orchestrating precise tissue regeneration is reported not only in planarians
(Tasaki et al., 2011; Tejada-Romero et al., 2015), but also in other model organisms such as
Drosophila (Bergantinos et al., 2010) and Zebrafish (Ishida et al., 2010; Kawakami, 2010). In
the context of radiation resistance, JNK generally promotes apoptosis in irradiated cancer
cells (Chen et al., 1996; reviewed in Munshi and Ramesh, 2013), although instances of JNK-
mediated radiation resistance have been reported as well (Wu et al., 2019, Eke et al., 2012;
Li et al., 2016). Additionally, JNK signalling has been shown to confer protection against

reactive oxygen species in Drosophila (Wang et al., 2003).

In future efforts, targeting other components of the Notch and JNK signalling
pathways, even those that are not implicated by transcriptomics, would expand our
understanding of these pathways in the regulation of planarian radiotolerance. In addition,
exploring potential crosstalk between JNK and ERK signalling in this context would also be
valuable. Both JNK and ERK pathways involve MAP kinase signalling cascades as the primary
mode of signal transduction (Johnson and Lapadat, 2002), and evidence of their interplay
has been documented in mammals, Drosophila, and C. elegans. In mammals, JNK and ERK
pathways can simultaneously respond to the same stimulus, modulating a complex and
graded cellular response (Zhang and Liu, 2002; Shen et al., 2003), while these two pathways
in Drosophila (Ciapponi et al., 2001) and C. elegans (Okuyama et al., 2010; Oh et al., 2005)
have been found to activate common downstream effectors. Such crosstalk between JNK
and ERK might extend to planarians, and may be crucial for planarian radiotolerance, as JNK
is implicated in stem cell recovery in this study (Figure 24), while ERK has been found to
participate in a wound-response that promotes stem cell survival in irradiated planarians

(Shiroor et al., 2020).
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Furthermore, we observed that RNAI targeting the planarian orthologues of Rab9B
and Rab27B, both belonging to the small GTPase class of signal transducers, caused a delay
in stem cell recovery post-irradiation (Figure 24). These observations, coupled with our
finding of radio-sensitization achieved through RNAi of other small GTPases — Rab32 and
Rasl-12 (Figure 21), underscore the potential significance of this protein class in the
planarian response and recovery process post-irradiation. The Rab family of small GTPases,
renowned orchestrators of intracellular membrane and vesicular transport (Stenmark,
2009), plays fundamental roles in a myriad of developmental and homeostatic processes
(reviewed in Homma et al., 2021). Although Rab9B remains functionally enigmatic, Rab27B
was found to be upregulated in response to X-ray irradiation in glioblastoma cells,
contributing to their radiotolerance both in vitro and in vivo by promoting the secretion of
the epidermal growth factor, Epiregulin (Nishioka et al., 2020). Rab27B was also reported to
promote the proliferation and metastasis of breast cancer cells (Hendrix et al., 2010).
Conversely, the antagonization of Rab27B-signalling was found to be sufficient in quenching

the invasiveness of the same breast cancer cell line in vitro (Wu et al., 2019).

The planarian orthologue of ABL-1 represents another signalling transducer in this
phenotypic category (Figure 24). ABL-1 encodes a tyrosine kinase that is activated upon DNA
damage (Shaul and Yehoyada, 2005) and oxidative stress (Li, 2005) to promote DNA repair
in mammals. Mammalian ABL-1 has been reported to act immediately upstream of key DNA
repair genes such as ATM and ATR (Wang et al., 2011), Rad51 (Yuan et al., 1998; Chen et al.,
1999; Yuan et al., 2003), Rad52 (Kitao and Yuan, 2002), Parp1 (Bohio et al., 2019; Golovine
et al., 2023), as well as DNA-PK (Kharbanda et al., 1997; Shangary et al., 2000),
phosphorylating and modulating them in response to various sources of DNA damage. A
potential similarity between ABL-1 in mammals and planarians could be its responsiveness
to gamma radiation, as protein assays reveal the activation of ABL-1 upon gamma radiation
exposure in human HEK293 cells (Tang et al., 2012), while we observed transcriptional
upregulation of the gene in our planarian X1 post-irradiation dataset (Log; fold change

+3.10, Appendix Table 8).

Taken together, our assay uncovered conserved signalling regulators whose

knockdowns delayed the stem cell recovery process post-exposure to sub-lethal irradiation.
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The documented roles of these genes, including Rab27B’s contribution to radio-resistance
and ABL-1’s pro-DNA-repair functions, may potentially be extended to planarians, possibly
serving as the underlying basis for the observed delay. Whether the planarian orthologues
of these genes operate similarly to their mammalian counterparts, or have potentially

evolved novel functions specific to planarians, requires further investigation.

Furthermore, our screen identified three autophagy-related genes, Unc-51-like
kinase 2 [Ulk-2] (Lee and Tournier, 2011), Cathepsin-B [CTSB] (Man and Kanneganti, 2016),
and Nuclear Domain 10 Protein 52 [NDP52] (Viret et al., 2018) that contribute to the stem
cell recovery process following irradiation (Figure 24). While autophagy conventionally
supports cell survival by eliminating stress-induced damaged biomolecules (Lum et al., 2005;
Mizushima and Komatsu, 2011), autophagic pathways also participate in orchestrating the
regulated apoptotic events during the development of many organisms (Das et al., 2012;
Kang et al., 2007; Ryoo and Baehrecke, 2010). In cancer, autophagy can exhibit either
tumour suppressive or oncogenic roles dependent on the context (Mathew et al., 2007;
White, 2015; Yang et al., 2011; Levy et al., 2017). Autophagy appears to display dual
functionality in planarians as well, contributing to both cell survival and apoptosis during
tissue remodelling (Jin et al., 2022; Gonzalez-Estevez et al., 2007). In the context of radiation
response, autophagy can uphold both pro-survival and pro-apoptotic roles, dependent on
the crosstalk with other active pathways (Tam et al., 2017; Li et al., 2020). While the roles of
Ulk-2 and NDP52 in irradiated cells remain unexplored, CTSB has been reported in C.
elegans to aggravate the pathology of radiation-induced bystander effects in vivo (Peng et
al., 2017). Conversely, inhibiting CTSB was found to confer radioprotection to C. elegans by
dampening the severity of these bystander effects (Zheng et al., 2019). Further investigation
into these three genes may provide valuable insights into the role of autophagy in the

planarian radiation response.

In our study, we also identified genes linked to animal development that display
novel functions in the context of radiation response, as their knockdowns led to delayed
stem cell recovery post-irradiation (Figure 24). Among these genes is the planarian
orthologue of Thyroid Transcription Factor-1 (TTF-1), which contains a homeobox DNA-

binding domain and is recognized to be important for thyroid, lung, and brain
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morphogenesis during mammalian development (Lazzaro et al., 1991; Trueba et al., 2005).
Additionally, the Drosophila TTF-1 orthologue, Scarecrow (Scro), has been found to play
crucial roles in brain development, with mutations in the gene causing severely malformed

optic lobes (Yoo et al., 2020).

Another gene falling into this subcategory is the planarian orthologue of Rapunzel-1
(Rpz1). Its orthologue in zebrafish is reported to be vital for skeletal development, as
homozygous gene mutants were embryonic lethal due to malformations in global bone
structures (Goldsmith et al., 2003). Conversely, gain-of-function mutations involving the
gene causes skeletal overgrowth in zebrafish (Green et al., 2009). Despite these
observations, orthologues of Rpz1 remain functionally uncharacterized outside of the
zebrafish model system. A third gene within this subcategory is the planarian orthologue of
Thyroid Adenoma-Associated (THADA). THADA expression is enriched in the mammalian
thyroid, with current understanding indicating that THADA contributes to thyroid cell
differentiation, and the maintenance of thyroid cells in a differentiated state under
homeostatic conditions (Kloth et al., 2011). THADA mutations have been implicated in
triggering abnormal dedifferentiation events in the thyroid, predisposing individuals to
thyroid cancer (Rippe et al., 2003; Tali et al., 2023; Kloth et al., 2011). The precise role of
these genes in planarian development and homeostasis, as well as their links to the

planarian radiation response and recovery process, remains to be uncovered.

Investigating the role of FHL family genes in planarian radiotolerance

In our RNAi screen, we discovered that the individual silencing of FHL-A, FHL-2, FHL-
3, and FHL-4, members of the FHL (Four and a Half LIM domain) gene family, resulted in a
significant delay in the recovery of stem cells following irradiation. Notably, the knockdowns
involving FHL genes exerted the most profound effect among the 20 genes within this
category, exhibiting some of the lowest average stem cell counts in relation to the GFP
control at the 7-day post-irradiation mark (Figure 24A). Despite the substantial delay in stem
cell recovery, knockdowns of these FHL genes individually did not reach the threshold

required to trigger mortality in sub-lethally irradiated animals.
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These four FHL genes were found to be upregulated en-masse at 24 hours post-
irradiation in our X1 bulk dataset (Appendix Table 8). Furthermore, direct links between
aberrant expression of FHL family members with various human cancers have been
established (Wei and Zhang, 2020; Ding et al 2009; Hua et al., 2016; Wang et al., 2020;
Huang et al, 2022; Jin et al 2018; Fu et al., 2020). Collectively, these factors position the FHL
family genes as interesting candidates and hence their incorporation into our primary RNAI

screen.

Phylogenetic predictions suggest that among the platyhelminth FHL genes, only FHL-
A contains identifiable orthologues in other animals. Given our observations, we infer that
FHL-A may represent the ancestral FHL gene that is conserved across metazoans. Paralogous
genes — FHL-2, FHL-3, and FHL-4, identified in this study, alongside the previously unveiled
FHL-1 gene by Wagner and colleagues (Wagner et al., 2012), are inferred to be exclusive to
the platyhelminth lineage (Figure 26A). Supporting the emergence of these genes via
duplication from the ancestral FHL-A, orthologues of FHL-A are consistently returned as the
top blast hit when querying platyhelminth FHLs against the proteomes of diverse model
systems. In our analysis, we also observed that vertebrate model systems encode an array
of vertebrate-specific FHL gene paralogues, likely arising from whole-genome duplication
events during the course of vertebrate evolution (Ohno, 1970; Garcia-Fernandez and
Holland, 1994; Abi-Rached et al., 2002; Dehal and Boore, 2005; Putnam et al., 2008;
Simakov et al., 2020). In contrast, only a solitary copy of the ancestral FHL gene could be
identified within invertebrate model organisms. Phylogenetic tree analysis reveals clustering
of Platyhelminth FHL-A with other invertebrate FHL-A copies (Figure 26A), supporting an
orthologous relationship and its inferred ancestral status. Furthermore, FHL family members
could not be identified in the genomes of fungi and plants, aligning with a previous finding

suggesting that the FHL gene family is a metazoan-specific innovation (Koch et al., 2012).
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Figure 26. FHL-A is evolutionarily conserved, but the planarian paralogues of FHL-1, FHL-2,
FHL-3, and FHL-4 are unique to platyhelminths. (A) Maximum likelihood phylogenetic tree
depicting the phylogenetic relationships between FHL genes. Ancestral FHL-A copies within
the platyhelminth group (red box), platyhelminth-specific FHL genes (blue box), and
vertebrate FHL genes (green box) are highlighted. Outgroups are representatives from other
conserved LIM-domain-containing gene families. (B) lllustration of domain architectures
featured in planarian FHL genes and LHX-1, identified in this study. The use of uppercase
letters (LIM) signifies complete LIM domains, while the use of lowercase (Lim) represents

partial or half LIM domains.
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Genes belonging to the FHL family are characterized by their possession of multiple
LIM domains, without the presence of any other functional domain (Zheng and Zhao, 2007).
The LIM domains themselves are characterized by a tandem zinc finger arrangement. These
LIM-domain zinc fingers serve as binding sites for proteins (Dawid et al., 1995; Kuroda et al.,
1996; Dawid et al., 1998), with no current evidence supporting their direct involvement in
DNA binding. It is important to acknowledge that the visual representation of domain
architecture in Figure 26B may inadvertently underrepresent the extent of variation
between the platyhelminth FHL gene paralogues. This is because each LIM domain
comprises a blend of conserved and highly variable sites. The conserved amino acids,
positioned at regular intervals, play important structural roles in constructing the tandem
zinc-finger arrangement and upholding domain stability (Kadrmas and Beckerle, 2004;
Zheng and Zhao, 2007). Concurrently, LIM domains are also lined with regions of variable

amino acids that impart target binding specificity (Kadrmas and Beckerle, 2004).

In mammals, FHL genes serve as pivotal adaptor proteins, and are known to
orchestrate a wide variety of functions (Bach, 2000; Kadrmas and Beckerle; 2004;
Shathasivam et al., 2010). These genes partake in an extensive network of interactions
(reviewed in Shathasivam et al., 2010), directly engaging with various partners and
influencing the expression of target genes such as p21 (Ding et al., 2009; Niu et al., 2011), c-
myc (Ding et al., 2009), BRCA-1 (Yan et al., 2003), AKT-1 (Hua et al., 2016), HIF-1 (Hubbi et
al., 2012) and VEGF (Lin et al., 2012). In planarians, the binding partners of the FHL gene
paralogues and their associated target genes remain unexplored. Nevertheless, the
similarities observed in this study regarding their effects upon single knockdown and
sublethal irradiation, alongside the close phylogenetic relationships between the FHL gene
paralogues, suggest the plausible existence of functional redundancies. Such redundancies
amongst FHL gene paralogues would not be a novel phenomenon. Instances of redundancy
between mammalian FHL paralogues are implied given that distinct mammalian FHL genes
have been found to interact with the same proteins to regulate the same target genes.
Noteworthy examples include the binding of human FHL-1, FHL-2, and FHL-3 to SMAD
proteins in the regulation of both TGFR-responsive and TGFR-independent genes (Ding et
al., 2009), as well as the binding of both FHL-2 and FHL-3 to CREB-1 for MyoD activation

during muscle differentiation (Fimia et al., 2000; Kong et al., 1997).
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In invertebrate model systems, orthologues of FHL-A have been characterized in
Drosophila and C. elegans. The Drosophila FHL orthologue, Lmpt, was observed to exhibit
enriched expression in heart and muscle tissue. Lmpt was determined to be an important
regulator of embryonic heart development in Drosophila, evidenced by severe myocardial
tissue deficiency in homozygous mutants (She et al., 2022). Similarly, the C. elegans FHL
orthologue, Lim-9, exhibits enriched expression in muscle tissue, although its precise
functions in nematode development and homeostasis remain enigmatic (Xiong et al, 2009).
Nevertheless, the role of FHL genes in the context of radiation response and recovery has

not been characterized prior to this study.

In addition, our primary screen unveiled another LIM-domain-containing protein, the
planarian orthologue of Lim Homeobox-1 (LHX-1), whose knockdown similarly introduced a
strong delay in post-irradiation stem cell recovery (Figure 24). The planarian orthologue of
LHX-1 features two N-terminal LIM domains alongside a homeobox DNA-binding domain
situated at the C-terminal region (Figure 26B), a structurally conserved arrangement that is
shared by LHX-1 orthologues across metazoans (Hobert and Westphal, 2000). Distinguishing
LHX genes from their counterparts in the FHL group is their capacity to bind DNA, enabling
direct regulation of target gene expression through their homeobox domains. Orthologues
of LHX-1 have emerged as indispensable elements in the embryonic development of the
nervous and endocrine systems across diverse model organisms (Sibbritt et al., 2018; Zhao
et al., 2007; Delay et al., 2018; Espiritu et al., 2018; Winchell and Jacobs, 2013; Srivastava et
al., 2010). Within planarians, LHX group genes — Islet-1 (Hayashi et al., 2011; Marz et al.,
2013), Arrowhead (Roberts-Galbraith et al., 2016), and LHX1-5.1 (Currie and Pearson, 2013)
have been found to contribute to brain regeneration, suggesting that the role of LHX genes
in nervous system development extends to planarians. Besides malformed brains, RNAi of
Islet-1 impaired the regeneration of dopaminergic and serotonergic neurons (Marz et al.,
2013), while RNAi of LHX1-5.1 compromised regeneration of serotonergic and GABAnergic
neurons (Currie and Pearson, 2013). Additionally, Islet-1 is implicated in anterior-posterior
patterning as well as midline patterning (Hayashi et al., 2011). Despite available information
regarding other members of the LHX group, the precise role of planarian LHX-1, identified to

contribute to post-irradiation stem cell recovery in this study, remains to be fully uncovered.
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To explore potential redundancies or compensatory mechanisms among the LIM-
domain-containing genes identified in our primary screen, we incorporated the four FHL
genes in conjunction with LHX-1 in a secondary screen involving paired gene knockdowns.
As the effects of single-gene RNAi may have been dampened by the compensatory actions
of functionally redundant genes, knocking down genes in pairs may unveil additional

regulators and their interactions that confer radiotolerance to planarians in vivo.

In our secondary screen, we silenced the expression of FHL-A, FHL-2, FHL-3, FHL-4,
and LHX-1 in all possible combinatorial pairings of two. This yielded 10 distinctive
combinations of gene pairs, to which we identified four specific gene pairings that led to
100% planarian mortality (10 out of 10 animals) following double RNAi and sub-lethal
irradiation. Namely, paired RNAi of FHL-A and FHL-3, FHL-2 and FHL-4, FHL-A and LHX-1, as
well as FHL-4 and LHX-1, were found to render planarians sensitive to sub-lethal irradiation
(Figure 27). We also found that paired RNAi of FHL-3 and LHX-1 resulted in 20% mortality (2
out of 10 animals) among sub-lethally irradiated animals (Figure 27B). This potentially
indicates that the concurrent silencing of FHL-3 and LHX-1 brings the animals near the
lethality threshold. All animals that died in the assay displayed anterior regression, ventral
curling, and eventual tissue lysis (Figure 27A), a series of events reminiscent of the

stereotypical loss-in-stem-cell-function phenotype within planarians.

In contrast, the remaining five RNAI pairs exhibited neither mortality nor
morphological changes among sub-lethally irradiated animals. Moreover, paired RNAi
targeting all ten gene combinations yielded no discernible effect on unirradiated animals.
Taken together, our observations suggest that these LIM-domain-containing genes play
important roles in the planarian radiation response and recovery process, but they may be

dispensable for the maintenance of animal homeostasis.
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Figure 27. Paired gene knockdowns reveal novel FHL gene combinations that sensitize planarians
to gamma radiation. (A) Morphology of animals subjected to double RNAi with or without
treatment with sub-lethal irradiation, captured through brightfield microscopy. Scale bars represent
1 mm. Images of surviving animals were captured at the 50-day post-irradiation mark, while animals
displaying morphological alterations were documented at various timepoints in correlation with the
survival curves outlined in (B). (B) Survival curves illustrating the outcomes for animals subjected to
selected RNAI pairs and sub-lethal irradiation. Only the RNAI pairs with incidences of mortality were

shown. n=10 for all conditions.
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Figure 28. Impact of paired gene RNAIi on the recovery of stem cells following irradiation.

(A) Quantification of stem cell numbers/mm? in the double-knockdown animals at 21 days post

exposure to 15 Gy acute whole-body gamma radiation. Results expressed as mean * standard

deviation. Double asterisks (**) indicate a statistically significant difference with an unpaired t-test

p-value <0.001 in relation to the GFP control. (B) Representative Smedwi-1 fluorescence in situ

hybridization images of planarian tail regions derived from animals subjected to paired gene RNAI

at 21 days post-irradiation. Scale bars represent 0.5 mm.
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We performed in situ hybridization at 21 days post-irradiation targeting the stem cell
marker, Smedwi-1. This investigation aimed to establish a correlation between our bright-
field observations and the underlying stem cell activities of the animals subjected to double
RNAI, both in the presence or absence of gamma radiation exposure. This specific timepoint
was chosen because stem cell numbers in irradiated control animals are expected to return

to wild-type levels per previous observations (Sahu et al., 2021).

Smedwi-1 in situ hybridization revealed heavily defective stem cell recovery within
the subset of the four RNAi combinations that sensitized planarians to sub-lethal irradiation
(Figure 28). In these four particular combinations, stem cell recovery was either entirely
absent or only minimally evident. In contrast, the remaining six non-lethal RNAI
combinations showcased a significant delay in stem cell recovery relative to the GFP RNAI
controls following irradiation (Figure 28). Despite this delay, we infer that the level of stem
cell activity remains adequate to support essential functions of the animals given their non-
lethal outcomes. Furthermore, the non-irradiated animals subjected to double RNAi across
all ten gene combinations exhibited no significant changes in stem cell numbers relative to
controls. These observations suggest that the examined genes play important roles for the
stem cell recovery process following irradiation, but they may be dispensable for stem cell

maintenance under homeostatic conditions.

Our findings illuminate potential redundancy between FHL-A and FHL-3, as well as
between FHL-2 and FHL-4, in the context of planarian radiotolerance. The rationale behind
this inference is that the RNAI of these genes in tandem may nullify the compensatory
effects that each gene exerts upon the other, ultimately sensitizing the animals to sub-lethal
irradiation. The knockdown pairing of FHL-A and LHX-1, as well as the pairing of FHL-4 and
LHX-1, may also signify functional overlaps between these gene sets given their observed
lethal outcomes. However, the shorter median lethal times for RNAI pairs involving LHX-1

(Figure 27B) could imply a more potent or potentially additive impact.
Alternative to functional redundancy, the observed mortality of sub-lethally
irradiated animals could potentially be explained by additive effects resulting from the dual

knockdowns. Such an effect may arise from the gene pairs acting non-redundantly at
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distinct stages of the stem cell recovery process. This recovery process presumptively
encompasses initial survival signalling, DNA repair, cell-cycle re-entry, and finally controlled
proliferation to replenish the depleted stem cell population. Additive effects could also
materialize when distinct genes operate within separate pathways at the same stage of
recovery. If the observed lethality arises from the additive effects of paired gene
knockdowns, it is plausible that individual gene knockdowns might lack the potency
required to induce lethality. However, when the genes are simultaneously knocked down in
pairs, the disruption of more than one critical function could occur, ultimately leading to the
observed adverse effects. Further investigation would be imperative to unravel the
intricacies behind these gene interactions, and to elucidate their underlying functions within

the context of planarian radiotolerance.

Chapter 4 — Conclusions and future perspectives

We conducted an RNAi screen with the objective of identifying novel regulators of
planarian radiotolerance. Our primary screen encompassed the in vivo assessment of 105
single-gene knockdowns, probing their effects on animal survival and the timely recovery of
stem cells following irradiation. The complete list of genes screened and their knockdown
phenotypes are reported in Appendix Table 10. Through our screen, we successfully
identified six distinct single-gene knockdowns, namely the RNAi of Simap, Kin-17, Dk,
Rab32, Rasl-12, and DMXL-1, that rendered planarians sensitive to a physiologically sub-
lethal dose of gamma radiation. These genes are characterized in greater detail in the

following chapter.

Through our screen, we have also identified 20 single-gene knockdowns that
introduced a delay in stem cell recovery following irradiation. Despite this effect, these
knockdowns possessed insufficient potency to evoke mortality in the animal subjects.
Within this subset, platyhelminth-specific genes of previously uncharacterized functions
emerged, which we designated as Larp-1-like and GPCR154-like. This gene cohort also
features a variety of conserved signalling regulators that are tied to the Notch and Jnk
signalling pathways, respectively. Multiple small-GTPases, autophagy-related genes, as well

as developmental-related genes, were also implicated in delaying the recovery of stem cells
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upon knockdown and irradiation. While many of the conserved genes within this cohort
have recognized functions across diverse biological contexts, their precise functions within
the framework of radiation response and resistance remain enigmatic. The planarian model
system offers an advantageous platform to further explore their radiation-related functions
in an in vivo context. Additionally, silencing these genes in strategic pairs holds promise for
uncovering synergistic or potential additive functions between these genes, thereby
facilitating an investigation into the gene interactions that contribute to planarian

radiotolerance.

Furthermore, we identified multiple members of the FHL gene family, along with
another LIM-domain-containing protein, LHX-1, which collectively exhibited upregulation in
our bulk transcriptomic profile of gamma-irradiated X1 cells. We incorporated these five
genes into our primary RNAI screen, revealing that the individual silencing of these genes
caused some of the strongest delays in stem cell recovery post-irradiation without crossing
the threshold of lethality. Phylogenetic analyses suggest that within this ensemble of FHL
genes, FHL-A likely represents the ancestral FHL gene copy that is conserved across diverse
animal phyla. Similarly, we found that the planarian orthologue of LHX-1 is also well-
conserved across the animal kingdom. In contrast, our phylogenetic assessments indicate
that the planarian paralogues of FHL-2, FHL-3, and FHL-4 represent novel innovations that

are unique to platyhelminth lineage.

We probed the existence of functional redundancy among these LIM-domain-
containing genes through paired gene knockdown experiments. These efforts unveiled four
specific gene pairings, specifically the dual-RNAi combinations of FHL-A and FHL-3, FHL-2
and FHL-4, FHL-A and LHX-1, as well as FHL-4 and LHX-1, that sensitized planarians to
gamma radiation. Through in situ hybridization, we observed that these four RNAi
combinations resulted in severely defective stem cell recovery post-irradiation, ultimately
leading to fatal outcomes. Although stem cell recovery was observed to be delayed in the
remaining six RNAI pairs, we infer that these animals harboured sufficient stem cell activity

to sustain their essential functions, given their non-lethal outcomes.
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In this chapter, we also determined that the planarian FHL-1 gene, previously
identified in a study by Wagner and colleagues (Wagner et al., 2012), is exclusive to the
flatworm lineage. Similar to the effects observed for the FHL genes unveiled in this study,
RNAi targeting FHL-1 compromised stem cell expansion after irradiation (Wagner et al.,
2012). Their study additionally reported incidences of mortality when FHL-1 RNAi was
combined with sublethal irradiation. However, it is vital to consider a difference within the
authors’ study — they observed a 20% mortality rate amongst their negative control group.
In contrast, our assay was calibrated to exhibit zero lethality within our negative controls
after sublethal irradiation. This disparity potentially indicates that the animals in the assay
conducted by Wagner and colleagues were subjected to a dose of gamma radiation that was
higher than our sublethal dose, or encountered experimental conditions throughout the
course of the assay that led to incidences of mortality in their control group. At present, our
investigation into the planarian FHL-1 gene remains confined to phylogenetics and requires
future replication using our experimental protocol. Furthermore, the future investigation of
FHL-1 alongside the other FHL genes revealed in this chapter would be important to
understand their interactions and to shed light on the role of the FHL gene family within the

landscape of planarians.

Based on publicly available single-cell gene expression data, we observed distinct
expression patterns for the FHL genes and LHX-1. FHL-A is mainly detected in neurons (Plass
et al., 2018; Fincher et al., 2018), with the presence of the gene extending specifically to
Neoblast cluster 10 in the atlas by Plass and colleagues. Conversely, FHL-4 expression
appears to be restricted to the muscle lineage, while FHL-3 marks its presence in the
pharynx and intestines. While FHL-A, FHL-3, and FHL-4 appear to showcase distinct tissue
specificity, the single-cell gene expression patterns of FHL-2 and LHX-1 are comparatively
less specific. Both FHL-2 and LHX-1 exhibit the highest single-cell gene expression within
neuronal cell types, with detectable signals also observed in neoblasts, pharynx, secretory
cells, and cells of the epidermal lineage (Plass et al., 2018; Fincher et al., 2018). While their
expression patterns in single-cell atlases offer valuable insights, the implementation of in
situ hybridization targeting these genes would be imperative for robust experimental
validation. In this project, we attempted in situ hybridization targeting the FHL genes and

LHX-1. However, we were not able to obtain good signal-to-noise ratios in these assays. A
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plausible factor contributing to this challenge could be the relatively low expression levels of
these genes. The exploration of higher sensitivity in situ techniques, such as those rooted
upon Hybridization Chain Reaction-based methods (Choi et al., 2018), may hold promise for

enhancing their detection capabilities in future studies.

To gain deeper insights into the influence of these LIM-domain-containing genes on
potential signalling pathways and the regulation of target gene expression, investigating
their binding partners could be a promising avenue for exploration. To achieve this, the
utilization of pull-down assays represent a plausible approach, albeit one that poses
challenges due to the need for high-quality, planarian-specific antibodies. The synthesis of
such antibodies is expected to incur substantial costs, thereby reducing the feasibility of
such methods in the near future. An alternative strategy for identifying potential binding
partners of these genes could be the employment of proteomics involving cross-linking
mass-spectrometry (XL-MS), an approach with circumvents the need for highly specialized
antibodies. Uncovering their protein interactions could also reveal whether there is
crosstalk between the LIM-domain-containing genes with the other genes highlighted in this
study. In humans, FHL family members have reported interactions with ABL-1 (Wang et al.,
2021), and with crucial components of the Notch signalling pathway (Qin et al., 2004; Liang
et al., 2008). These findings in humans may be of relevance considering that silencing the
planarian orthologues of ABL-1 and various Notch signalling components, similar to the FHL

genes, led to a delay in stem cell recovery following irradiation.

To dissect the influence of the FHL genes and of LHX-1 on the regulation of gene
expression in planarians, implementing a combined RNAi and RNA-sequencing approach
could be feasible. This strategy can provide insight into the changes in cell transcriptomes
following gene knockdown, thereby potentially revealing target genes that are co-activated
or co-repressed by the FHL genes. In the case of LHX-1, this approach might also uncover
direct influences on target gene expression via the gene’s homeobox domain. Overall,
future investigation into their spatial expression patterns, binding partners, and target
genes under their influence, would significantly enhance our mechanistic understanding of
the FHL genes and of LHX-1, both in the context of planarian homeostasis and in planarians

exposed to gamma radiation.
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Chapter 5: Characterizing SImap, Kin-17, Dkc, Rab32, Rasl-12,

and DMXL-1 functions in planarian radiotolerance
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Chapter 5 — Introduction

In Chapter 4, our primary RNAi screen identified six genes with diverse functional
profiles, namely SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1, whose knockdowns
enhanced planarian sensitivity to gamma radiation. This chapter begins by investigating the
evolutionary conservation of these genes through phylogenetic analyses and examining the
documented functions of their orthologues in other systems, where applicable. We then
leverage the planarian model system to investigate the roles of these genes within the
context of adult stem cell radiation response and recovery in vivo. Our methodology
involves probing the integrity of various recovery stages, encompassing DNA repair, cell-
cycle re-entry, stem cell proliferation, and stem cell differentiation, with the objective of
pinpointing the specific stage of recovery that is impacted by each targeted gene
knockdown. Insights gained from our study of these genes may hold broader implications

for understanding adult stem cell radiation responses across metazoans.

Evolutionary conservation of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1

We employed the OrthoFinder (Emms and Kelly, 2019) and EggNOG 6.0 (Hernandez-
Plaza et al., 2023) algorithms to evaluate the presence or absence of gene orthologues
across various model organisms. Predictions of orthology made by these algorithms were
consistent, and were validated using a conventional reciprocal best-blast hit approach

(Moreno-Hagelsieb and Latimer, 2008).

Our phylogenetic analyses indicate widespread conservation of SImap, Kin-17, Dkc,
Rab32, and DMXL-1 across the animal kingdom. Among these genes, respective orthologues
of SImap, Kin-17, Dkc, and DMXL-1 could be identified in the fungal lineage, suggesting that
their conservation extends beyond metazoans. However, this was not the case for metazoan

Rab32, which lacks identifiable orthologues in fungi (Figure 29).
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Figure 29. The genes SIlmap, Kin-17, Dkc, Rab32, and DMXL-1 are conserved across metazoans,

- Orthologue present

- Orthologue absent

but Rasl-12 is unique to the platyhelminth lineage. Illustration depicts the presence (green) or

absence (red) of gene orthologues to our target genes in selected model organisms.

In contrast, orthologues of platyhelminth Rasl-12 could not be found when queried
against the proteomes of diverse vertebrate and invertebrate lineages, suggesting its
exclusive presence within platyhelminths (Figure 30A). Both OrthoFinder and EggNOG 6.0,
along with alternative orthology prediction algorithms — OMA (Altenhoff et al., 2021), and
OrthoDB (Zdobnov et al., 2021), consistently place platyhelminth Rasl-12 into the
orthogroup of Ras-like Estrogen Regulated Growth Inhibitor (RERG). RERG, another Ras-like
small GTPase-encoding gene, is present in basal metazoans and is widely conserved across
the animal kingdom (van Dam et al., 2011). Homology inference utilizing the integrated
PlanMine feature (Rozanski et al., 2019) supports a paralogous relationship between RERG
and Rasl-12 in platyhelminths, reinforcing the inferred origin of Rasl-12 via duplication
involving the RERG gene during the course of platyhelminth evolution. This inference is
further supported by the consistent return of RERG as the top blast hit for platyhelminth
Rasl-12 in other invertebrate species, including closely related lineages such as molluscs and

annelids within the same lophotrochozoan clade.
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Figure 30. Phylogenetic analysis of platyhelminth and vertebrate Rasl-12. (A) Maximum likelihood

tree depicting the phylogenetic relationships among platyhelminth Rasl-12, vertebrate Rasl-12, and the
inferred ancestral RERG gene. Platyhelminth RERG (red), vertebrate Rasl-12 (green), and platyhelminth

Rasl-12 (blue) are highlighted in boxes. Outgroups represent other conserved families within the group

of Ras-like small GTPases. (B) Comparisons of domain architecture between platyhelminth Rasl-12,

vertebrate Rasl-12, and the ancestral RERG gene. Abbreviation NLS: nuclear localization signal.
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The nomenclature of platyhelminth Rasl-12, established in this study, is derived from
its top blast hit in humans and other vertebrates, which is the vertebrate Rasl-12 gene.
However, when querying vertebrate Rasl-12 against platyhelminth and other invertebrate
proteomes, RERG is consistently returned as the top blast hit. Previous investigations into
the evolutionary history of vertebrate Rasl-12 similarly suggest its emergence via
duplication from the ancient RERG gene (van Dam et al., 2011). Furthermore, no
orthologues of the vertebrate Rasl-12 gene have been identified outside of the vertebrate
lineage (Diez et al., 2011). This implies that Rasl-12 in platyhelminths and vertebrates may
represent two non-orthologous groups, each arising from independent duplication events of

the ancestral RERG gene.

Despite their inferred independent origins, platyhelminth and vertebrate Rasl-12
share considerable sequence similarity in their Ras GTPase domains, with 62.67% sequence
identity between S. mediterranea and human Rasl-12, potentially due to convergent
evolution. However, the amino acid sequences downstream of this conserved domain
diverge significantly between the two groups. Analysis of protein architecture using Pfam
(Finn et al., 2014) and Prosite (Hulo et al., 2006) reveals additional non-conserved amino
acid residues at the C-terminal regions of both platyhelminth and vertebrate Rasl-12 copies.
These residues are absent from the ancestral RERG gene, causing RERG to be shorter than
both platyhelminth and vertebrate Rasl-12. A key distinction between the two Rasl-12
groups is the presence of a bipartite nuclear localization signal (Lu et al., 2021) predicted at
the C-terminus of platyhelminth Rasl-12 proteins, whereas the corresponding region of
vertebrate Rasl-12 lacks known motifs (Figure 30B). Unlike vertebrate Rasl-12, the C-
terminus of platyhelminth Rasl-12 is enriched with basic amino acids, characteristic of
nuclear localization signals (Cokol et al., 2000). Specifically, Rasl-12 in different
platyhelminth species possess 5 lysine residues and either 1 or 2 arginine residues in the

terminal 14 bases of the protein, putatively facilitating its nuclear import.

Nevertheless, dissecting the reported functions of our target genes’ orthologues in
other systems, where present, may assist in identifying conserved functions in planarians.
This in turn may shed preliminary insight into the mechanisms-of-action of our target genes

in planarians both under homeostatic conditions and in response to gamma radiation.
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SImap

The human SImap gene encodes a C-terminal tail-anchored protein that is post-
translationally inserted into various intracellular membranes, in an isoform-specific manner
(Byers et al., 2009). The protein’s N-terminal region contains a Forkhead-associated (FHA)
domain responsible for mediating protein-protein interactions, establishing Simap as a
signal transducer (Wielowieyski et al., 2000). Predictions of domain architecture indicate the
conservation of both the C-terminal transmembrane coils and the N-terminal FHA domain

between the human and planarian gene counterparts.

Functionally, orthologues of the SImap gene have not been investigated in the
context of radiation exposure or DNA damage. Nevertheless, dysregulated Slmap expression
has been linked with the onset of diabetes in both humans (Upadhyay et al., 2015) and mice
(Ding et al., 2005). Furthermore, Simap has been documented to support normal cardiac
functions in both humans and mice (Ishikawa et al., 2012; Nader et al., 2012; Mlynarova et
al., 2019). Beyond metazoans, the Simap orthologue in the budding yeast S. cerevisiae has
been implicated in driving pheromone-responsive cell-cycle arrest (Kemp and Sprague,
2003). Additionally, in the filamentous fungus Sordaria macrospora, Slmap promotes sexual

reproduction by facilitating hyphal fusion (Nordzieke et al., 2015).

One aspect of Simap’s function that may be pertinent to our study on adult stem cell
radiation response is its proposed role as a key component and regulator of microtubule
organizing centres. This is because distinct splice isoforms of the mouse SImap gene have
been identified to localize and function within centrosomes (Guzzo et al., 2004). Notably,
overexpression of these isoforms, resulting in elevated centrosomal SiImap concentrations,
has been found to induce lethality in mouse fibroblasts in vitro. Conversely, mutations that
disable the protein’s centrosomal targeting ability have been observed to inhibit cell
proliferation by causing an aberrant accumulation of cells in G2/M phases of the cell cycle
(Guzzo et al., 2004). The precise molecular mechanisms underlying these observations in
mammals remain poorly characterized. Nonetheless, in this chapter, we aim to investigate a

potentially novel role of Simap in the context of adult stem cell radiation response.
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Kin-17

Kin-17 is another gene that has emerged from our primary screen as a crucial
regulator of planarian radiotolerance. In mammals, Kin-17 has been reported to possess a
zinc finger domain and a tandem SH3 domain, enabling direct binding to DNA and RNA,
respectively (Tissier et al., 1995; le Maire et al., 2006). Among our genes-of-interest, Kin-17
stands out as the sole gene that has previously undergone investigation within the context
of radiation response and DNA damage. In various mammalian cell lines, Kin-17 was found
to be transcriptionally upregulated following exposure to both gamma radiation (Biard et
al., 1997) and non-ionizing UV-C radiation (Masson et al., 2003) in vitro. We observed a
similar upregulation of Kin-17 in our transcriptomic profile of gamma-irradiated planarian

X1 cells (Logz Fold Change = +4.37 at 24 hours post 5 Gy irradiation, Appendix Table 8).

Additionally, immunofluorescence targeting Kin-17 in a human carcinoma cell line
revealed a major redistribution of the protein in response to gamma radiation in vitro.
While the protein displayed a diffuse staining pattern within the nucleoplasm in non-
irradiated cells, Kin-17 proteins aggregated to form large intranuclear foci following
irradiation (Biard et al., 2002). Subsequently, knockdown of human Kin-17 was observed to
significantly increase the radiosensitivity of the same cell line in vitro (Despras et al., 2003).
Mechanistically, Kin-17 is proposed to enhance cell survival after irradiation by promoting

efficient repair and resolution of double-stranded breaks (Le et al., 2016).

In multiple human cell lines under non-irradiated conditions, Kin-17 proteins were
observed to undergo a similar redistribution to form intranuclear foci during S phase of the
cell cycle (Miccoli et al., 2003). Kin-17 is understood to participate in replication factories,
colocalizing with essential replication factors such as replication protein A, PCNA, and DNA
polymerase alpha (Miccoli et al., 2003; Miccoli et al., 2005). Knockdown of Kin-17 causes an
accumulation of cells in S phase, highlighting the gene’s important role for cell cycle
progression in vitro (Biard et al., 2002). It has recently been proposed that mammalian Kin-
17 promotes both DNA replication and the subsequent repair of replication-induced DNA
damage (Huang et al., 2023), although the molecular details of their functions remain
enigmatic. The significance of Kin-17 in human DNA repair is further highlighted during class

switch recombination in activated B cells (Le et al., 2016).
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In the context of cancer, Kin-17 is observed to be upregulated in breast cancer (Zeng
et al., 2011) and non-small cell lung cancer (Zhang et al., 2017), contributing to cancer cell
proliferation in the former and cancer cell invasiveness in the latter. Additionally, Kin-17 has
emerged as a potential therapeutic target in the treatment of both breast cancer (Gao et al.,
2019) and cervical cancer (Su et al., 2022), as ablating Kin-17’s activity promoted the

apoptosis of both cancer cell types in vitro.

In planarians, Kin-17 expression is most pronounced in S/G2/M phase stem cells,
with 67.18% of the Kin-17 transcripts, detected via bulk RNA-sequencing, originating from
the X1 cell compartment. In contrast, the gene’s relative expression in the X2 and Xins
compartments stands at 21.56% and 11.25%, respectively (Neiro et al., 2022) [Appendix
Table 8]. This enrichment in S/G2/M phase stem cells could suggest that the gene’s
observed functions in mammalian replication and repair may extend to planarian stem cells.
Furthermore, the transcriptional upregulation of planarian Kin-17 after radiation exposure,
coupled with the radio-sensitizing effect observed in vivo upon its knockdown, implies that
its documented roles in mammalian radiation response and tolerance may be relevant to

planarians as well.

Another gene identified in Chapter 4, whose knockdown renders planarians sensitive
to gamma radiation, is the planarian orthologue of Dkc. Dkc encodes an enzyme responsible
for the synthesis of Dyskerin, an evolutionarily conserved RNA-binding protein that
associates with various ribonucleoprotein complexes to drive a diverse range of cellular
processes (Garus and Autexier, 2021). In mammals, these processes encompass Dyskerin’s
association with small nucleolar RNAs to facilitate ribosomal RNA and ribosome biogenesis
(Ruggero et al., 2003), its interaction with Cajal bodies to regulate pre-mRNA splicing
(Elsharawy et al., 2020), and its binding to the RNA component of telomerases to modulate
telomere maintenance (Mitchell et al., 1999). Loss-of-function mutations in the human Dkc
gene lead to dysfunctional telomere maintenance, resulting in the premature aging
syndrome known as Dyskeratosis congenita (Knight et al., 1999). In contrast, gain-of-

function mutations in the gene aberrantly increases ribosome biogenesis and enhances
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telomerase activity, both of which have been implicated in the progression and poor clinical
outcomes of multiple different human cancers (O’Brien et al., 2016; Ko et al., 2018;

Elsharawy et al., 2020; Hou et al., 2020; Guerrieri et al., 2020).

Dkc function in ribosome biogenesis is found to be conserved between humans and
Drosophila (Giordano et al., 1999). Additionally, the Drosophila Dkc gene is understood to
be essential for the maintenance of both germline and intestinal stem cells. This is because
tissue-specific knockouts of Dkc in either the Drosophila testes or midgut led to premature
differentiation and consequently the depletion of resident stem cells, ultimately resulting in
atrophy of the respective tissues (Kauffman et al., 2003; Vicidomini et al., 2017). It is
proposed that the Drosophila Dkc gene maintains telomeres in a telomerase-independent
pathway which remains unexplored to date (Vicidomini et al., 2017), given that telomere
stability in Drosophila does not rely on conventional telomerase-based mechanisms (Pardue
et al., 2005). The functions of Dkc in ribosome biogenesis and telomere maintenance extend
beyond metazoans, as the gene’s orthologue has been observed to uphold both these

functions in S. cerevisiae (Zebarjadian et al., 1999; Hamma et al., 2005; Ungar et al., 2009).

In planarians, much like Kin-17, Dkc expression is most prominent in S/G2/M phase
stem cells, with 60.20% of the Dkc transcripts, detected via bulk RNA-sequencing, to
originate from the X1 cell compartment. In contrast, the gene’s relative expression in the X2
and Xins compartments stands at 26.01% and 13.79%, respectively (Neiro et al., 2022)
[Appendix Table 8]. This enriched expression in S/G2/M phase planarian stem cells could
suggest an important role for the long-term self-renewal of neoblasts, should the function
of Dkc in telomere maintenance be conserved in planarians. Furthermore, we observed
upregulated Dkc expression in our bulk transcriptome of gamma-irradiated X1 cells (Log:
fold change = +3.03 at 24 hours post 5 Gy irradiation, Appendix Table 8). Dkc was also
observed to be upregulated at 24 hours post both 5 Gy and 10 Gy irradiation in Neoblast
cluster 1 (Appendix Table 5,6), the stem cell cluster that exhibited the greatest resilience
against gamma radiation in our single-cell atlas. These in silico observations, coupled with
the radio-sensitizing effect on planarians in vivo upon its knockdown in Chapter 4, suggest a

potential novel and conserved role of the gene in adult stem cell radiotolerance.
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Rab32 and Rasl-12

Our RNAi screen also uncovered two small GTPases, Rab32 and Rasl-12, whose
knockdowns rendered planarians more sensitive to gamma radiation in vivo. In humans,
Rab32 functions as an inhibitor of apoptosis through multiple distinct pathways. Firstly,
Rab32 contributes to the alleviation of endoplasmic reticulum (ER) stress by modulating ER
calcium levels and promoting the accumulation of the chaperone calnexin at the ER (Bui et
al., 2010). This mitigation of ER stress promotes cell survival, as ER stress readily signals the

activation of cellular apoptosis (Sano and Reed, 2013).

Furthermore, Rab32 serves as a protein kinase A (PKA) anchoring protein and exerts
its anti-apoptotic functions through PKA-dependent signalling (Alto et al., 2002). Specifically,
Rab32 activation has been shown to promote PKA-mediated phosphorylation and
subsequent suppression of the pro-apoptotic factor BAD (Bui et al., 2010). Additionally, PKA
activation by Rab32 also leads to PKA-mediated phosphorylation and inactivation of
Dynamin-related protein 1 (Drp-1). This in turn prevents the activation of Drp-1-mediated
mitochondrial fission (Bui et al., 2010), thus preventing mitochondrial fission-induced
apoptosis (Cribbs and Strack, 2007). Notably, this same pathway, which links Rab32 function
to Drpl-mediated mitochondrial fission, was recently observed to promote the in vivo

migration and invasiveness of glioblastoma cells in mice (Chen et al., 2023).

In addition to its anti-apoptotic functions, Rab32 is also recognized in humans as a
contributor to autophagy (Hirota and Tanaka, 2009) and phagocytosis (Spano and Galan,
2012). The autophagic functions of Rab32 extend beyond mammals, as autophagic
pathways driven by Rab32 have been reported in the respective orthologues of the gene in
Drosophila (Wang et al., 2012) and C. elegans (Zhou et al., 2011). In the context of our study,
the potential conservation of Rab32’s anti-apoptotic and pro-autophagic functions in
planarians may underscore the gene’s observed effects on planarian radiotolerance. This
chapter delves into Rab32’s function within the context of planarian radiotolerance, while
simultaneously exploring whether Rasl-12 represents a planarian-specific innovation to

counteract genotoxic stresses.
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DMXL-1

Our sixth gene-of-interest investigated in this chapter is DMXL-1. The DMXL-1 gene is
strongly conserved across eukaryotes (Kraemer et al., 2000), and encodes a large WD-repeat
protein known to regulate endosomal function in mammals, Drosophila, and Zebrafish. First
identified in Drosophila, mutations in the DMXL-1 gene disrupt the regulated endocytosis of
Notch signalling components from the cell membrane (Yan et al., 2009). As a result, tissue-
specific mutagenesis of DMXL-1 in the Drosophila follicular epithelium, eye imaginal disc,
and wing imaginal disc all led to developmental abnormalities in the respective tissues (Yan
et al., 2009). Knockdown of the mammalian DMXL-1 gene was similarly found to attenuate
Notch signalling in a keratinocyte cell line in vitro due to defects in endocytosis (Sethi et al.,
2010). In Zebrafish, a loss-of-function mutation in DMXL-1 was observed to disrupt the
endocytosis of Wnt signalling receptors in neural crest cells. This disruption resulted in
diminished levels of Wnt signalling, impairing the activation of epithelial-to-mesenchymal
transition, and subsequently leading to defects in neural crest migration in the developing
zebrafish embryo (Tuttle et al., 2014). These insights suggest that DMXL-1 serves as a key
regulator for various signalling pathways, and it may regulate crucial signalling pathways

that impart radiotolerance to planarians.

Experimental strategy for characterization of target gene function

Leveraging our knowledge of radiation-induced responses in mammals (Maier et al.,
2016), Drosophila (Su, 2019), C. elegans (Sakashita et al., 2010), as well as in planarians
(Sahu et al., 2021), we can identify a conserved sequence of critical processes vital for
organismal survival. We extrapolate these insights to our study, postulating that this
fundamental chain of events, encompassing DNA repair, cell-cycle re-entry, stem cell
proliferation, and stem cell differentiation, holds vital significance for planarian survival and

recovery from gamma radiation exposure (Figure 31).
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In this chapter, we harness the planarian model system to investigate the roles of
our target genes within the framework of radiation response and recovery in vivo. Our
methodology entails examining the functionality of the described recovery stages, aiming to
pinpoint the specific stage(s) of recovery impacted by each targeted gene knockdown. Our
study enables us to explore whether Kin-17’s radiation-responsive roles in mammals extend
to planarians, while also providing a unique opportunity to uncover novel and potentially

conserved functions of the remaining genes within this context.
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Figure 31. Sequence of events necessary for planarian recovery from sub-lethal irradiation and

the experimental strategies to investigate them.

In our investigation, we silenced our genes-of-interest and exposed the animals to a
sub-lethal 15 Gy dose of whole-body acute gamma radiation. The experimental workflow
for dsRNA microinjection and dosimetry were consistent with the one outlined in our
primary RNAI screen. To evaluate the impact of targeted gene knockdown on either stem
cell expansion or differentiation, we compared the recovery kinetics of both stem cells and
progeny cells in the treatment groups with those in the GFP RNAi negative control group.
We accomplished this by performing double in situ hybridization over a time-course
following irradiation, concurrently targeting the stem cell marker, Smedwi-1, and the early
epidermal progenitor cell marker, Prog-1. Impaired recovery of Smedwi-1* cells relative to
controls would indicate that the targeted gene knockdown compromises stem cell recovery
post-irradiation. In contrast, if we observe the recovery of Smedwi-1* cells but not Prog-1*
cells, it would suggest that stem cell proliferation is taking place, but the knockdown

impacts the differentiation process, preventing stem cells from giving rise to progeny.
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To investigate the dynamics of neoblast cell-cycle re-entry following knockdown and
irradiation, we conducted immunofluorescence targeting Phospho-Histone H3 (H3P), a
marker for cells in late G2 and M phases (Hendzel et al., 1997), over a post-irradiation time-
course. This assay would serve as a direct proxy for mitotic stem cell activity, as stem cells
represent the sole proliferative cell-type within planarians (Newmark and Sanchez-Alvarado,
2000). Previous observations in our group showcased that sub-lethally irradiated wild-type
planarians undergo a transient period of cell cycle arrest putatively allocated for DNA repair.
The duration of this arrest is dose-dependent, with H3P* cells only reappearing in animals at
3 days post-exposure to a 15 Gy dose of acute gamma radiation (Sahu et al., 2021). In our
assay, we also included immuno-staining for H3P at the 1-day post-irradiation timepoint to
examine whether any of the knockdowns induced premature cell-cycle re-entry. The
occurrence of this phenomenon would indicate that the targeted gene knockdown causes a
form of checkpoint defect. Such a defect would be detrimental for cells because attempting
mitosis despite the presence of un-repaired DNA damage would lead to death of the cell

through mitotic catastrophe (Vakifahmetoglu et al., 2008).

Prior efforts in our group, which involved the knockdown of conserved DNA repair
genes, have also established DNA repair as a critical process for planarian survival following
exposure to gamma radiation (Sahu et al., 2021). To evaluate the impact of targeted gene
knockdowns on the process of DNA repair, we conducted a series of alkaline Comet assays
over a time-course post-irradiation. The fundamental principle of the Comet assay involves
the migration of negatively charged DNA towards the anode during electrophoresis, with
low molecular weight DNA fragments, generated due to strand breaks, migrating more
readily compared to high molecular-weight intact DNA. This migration creates a distinct trail
of DNA reminiscent of a comet’s tail (Figure 36, further described in the corresponding
section). The quantity of DNA contained within these comet tails following electrophoresis
positively correlates with the extent of DNA strand breaks present within cells (Olive and
Banath, 2006). Comparing the level of DNA damage in cells from animals subjected to
targeted gene knockdown with that of negative controls may help unveil whether any of our

genes-of-interest serve as important regulators of DNA strand-break repair in planarians.
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Single-RNAi of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 impairs stem
cell expansion following irradiation

We conducted dual fluorescence in situ hybridization simultaneously targeting the
stem cell marker, Smedwi-1, and the lineage-specified progeny marker, Prog-1. In situ
hybridization was performed on animals from both the experimental and control groups at
five distinct timepoints — specifically, at 3, 7, 10, 14, and 21 days post-exposure to an acute
15 Gy dose of whole-body gamma radiation. The selection of post-irradiation timepoints for
examination was guided by our prior knowledge of how stem cell numbers change in wild-
type animals over time following exposure to 15 Gy gamma radiation. We incorporated the
3-day timepoint as the earliest post-irradiation stage for investigation, as this particular
timepoint represents the phase where stem cell numbers in control animals are expected to
be at their lowest. The latest timepoint we examined was the 21-day post-irradiation stage,
at which stem cell numbers in control animals are projected to have fully recovered to levels

comparable to those in non-irradiated animals (Sahu et al., 2021).

Our quantification of Smedwi-1* cell numbers over time reveals that the individual
silencing of our genes-of-interest, combined with sub-lethal irradiation, impairs stem cell
recovery. We also observed that the modes and extent of impairment may vary depending
on the specific gene targeted for knockdown. We can categorize our genes-of-interest into

two subsets based on the observed effects on stem cell recovery.

Firstly, we observed that RNAi targeting Simap, Kin-17, and Dkc, led to a reduced
number of initial surviving stem cells at 3 days post-irradiation compared to the GFP control
group (Figure 32A). Notably, RNAI of SImap, which had been found to impact stem cell
maintenance under non-irradiated conditions in Chapter 4, resulted in the lowest number of
initial surviving stem cells among the genes we tested. Additionally, the residual surviving
stem cells in animals subjected to SImap, Kin-17, and Dkc single-RNAi in conjunction with 15
Gy gamma irradiation exhibited proliferation incompetency. This is evident as almost all
animals subjected to these conditions displayed a complete lack of stem cell recovery
(Figure 32B). The observed proliferation incompetency among residual surviving stem cells
is comparable to what is observed in planarians exposed to lethal doses of gamma radiation

(Sahu et al., 2021).
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The second category pertains to the effects of Rab32, Rasl-12, and DMXL-1 RNAi on
stem cell dynamics post-irradiation. In these cases, although no significant differences were
observed in the number of surviving stem cells relative to the control group at the 3-day
post-irradiation timepoint (Figure 32A), we observed a significantly delayed stem cell
expansion phenotype (Figure 32B). In control animals, the number of stem cells began to
rise at the 3-day post-irradiation mark. However, for Rasl-12 and DMXL-1 RNAi, increases in
stem cell numbers were only detected at the 10-day post-irradiation timepoint. In the case
of Rab32 RNAI, an increase in stem cell number was only detected at the 14-day post-
irradiation mark (Figure 32B). Despite the increase in stem cell numbers, fatal outcomes
persisted in animals subjected to the knockdown of these three genes in combination with
15 Gy gamma irradiation. This suggests that although some degree of stem cell recovery
occurred, there was insufficient stem cell activity to sustain essential functions of the

animals, culminating in their mortality.

Nevertheless, observing an increase in stem cell numbers within Rab32, Rasl-12, and
DMXL-1 RNAi-treated animals indicate that some, if not all, of the surviving stem cells
retained proliferative competency in these cases. However, the knockdown-induced
impairments led to an abnormally prolonged state of cell-cycle arrest in the surviving stem
cells, consequently delaying the stem cell recovery process. It is crucial to acknowledge a
pragmatic limitation of RNAi that may contribute to this phenomenon of extended cell-cycle
arrest, which is related to the transient nature of gene silencing by RNA.. It is possible that
the inhibition of stem cell proliferation may gradually subside as gene silencing levels

decrease over time due to the limited lifespan of dsRNA within cells.
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Figure 32. RNAI of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 impairs stem cell expansion
after sub-lethal irradiation. (A) Quantification of Smedwi-1* cell numbers at 3 days post-irradiation
in animals subjected to targeted gene RNAI. Asterisks (**) indicate a statistically significant
difference with an unpaired t-test p-value <0.001 in relation to the GFP control. (B, C) Quantification
of Smedwi-1* cell numbers (B) and Prog-1* cell numbers (C) at 3, 7, 10, 14, and 21 days post-
irradiation in animals under various RNAi-treated backgrounds. All differences with the GFP control
at each respective timepoint, except for the values at 3 days post-irradiation [refer to (A)], displayed
statistical significance with unpaired t-test p-values <0.001. Graphs of Prog-1* counts over time for
SImap, Kin-17, Dkc RNAi-treated animals have been omitted as these animals displayed no increases

in Prog-1* cells within the tested timeframe.
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In our evaluation of stem cell differentiation, we observed that the post-irradiation
stem cell expansion and differentiation processes are temporally coupled. In control
animals, although stem cell differentiation is preceded by stem cell proliferation, we
observed the emergence of new progeny cells long before the full recovery of the stem cell
compartment following irradiation. For instance, while stem cell numbers began to rise in
control animals at 3 days post-irradiation, an increase in Prog-1* early-epidermal progeny
cell numbers could be detected at 7 days post-irradiation. Both stem cell and progeny cell
numbers increased concurrently in control animals during their road to recovery and
survival (Figure 32B, 32C). These insights suggest that during the post-irradiation stem cell
repopulation phase, stem cell divisions are not exclusively limited to symmetric divisions.

Rather, asymmetric divisions also occur, giving rise to lineage-specified progeny.

In animals subjected to RNAI targeting Rab32, Rasl-12, and DMXL-1, we have
observed the occurrence of post-irradiation stem cell differentiation, evidenced by the
increases in Prog-1* cell numbers within the treated animals (Figure 32C). However, the
emergence of Prog-1* cells occurred at varying timepoints, closely following the increase in
stem cell numbers in all cases. The kinetics of stem cell differentiation in these RNAi-treated
animals resemble those in the control group, as indicated by the similarities in the curve’s
gradient during the corresponding increment phases. The time interval between the onset
of stem cell proliferation and differentiation is also comparable to that of the GFP control
group, with Prog-1* cells emerging one experimental timepoint after the emergence of
Smedwi-1* stem cells. Based on these observations, we attribute the mortality of the
animals following targeted gene knockdown and sub-lethal irradiation to defects in stem

cell expansion, rather than differentiation.

In cases where animals underwent RNAI targeting SImap, Kin-17, and Dkc, where
majority of the animals exhibited a complete lack of stem cell proliferation after sub-lethal
irradiation (Figure 32B), we observed no incidence of Prog-1* cell recovery. This, in turn,
indicates a lack of new stem cell differentiation post-irradiation. However, as cell-cycle re-
entry and stem cell proliferation precede stem cell differentiation, it becomes challenging to
assess the direct influence of these knockdowns on the post-irradiation stem cell

differentiation process. It remains plausible that these genes also contribute to stem cell
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differentiation during the animal’s recovery from irradiation. However, any knockdown-
induced impairments in the ability of stem cells to differentiate could be masked by the

concurrent failure in stem cell proliferation in an underlying epistatic phenomenon.

Single-RNAI of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 impairs neoblast
cell-cycle re-entry after irradiation

Defects in neoblast cell-cycle re-entry may underpin the observed deficiencies in
stem cell proliferation following targeted gene RNAI in combination with sub-lethal
irradiation. To investigate and compare the dynamics of cell-cycle re-entry in planarians
undergoing these treatments, we performed immunofluorescence assays over a post-
irradiation time-course targeting H3P, a marker of stem cells in G2/M phase. In the non-
targeting GFP RNAI control group, we observed the emergence of H3P* cells at the 3-day
timepoint post-exposure to an acute 15 Gy dose of whole-body gamma radiation.
Subsequently, the count of H3P* cells continued to rise, indicative of ongoing stem cell
proliferation (Figure 34B). The H3P* cell counts over time following irradiation in our

negative control group align with kinetics previously observed for wild-type planarians

irradiated at the same dose (Sahu et al., 2021). Furthermore, the emergence of H3P* cells at

3 days post-irradiation corresponds to the onset of stem cell number expansion observed in

our present study (Figure 32B, 34B).

In contrast, animals subjected to RNAi targeting Simap, Kin-17, Dkc, and Rab32 failed

to produce any H3P* cells up to the final timepoint examined, which was day 10 post-

irradiation (Figure 34A). These findings align with the absence of an increase in stem cell

numbers at these timepoints for the four gene knockdowns in question (Figure 32B). In the

cases of Rasl-12 and DMXL-1 RNAi, H3P* cells emerged in the animals at the 10-day post-

irradiation timepoint (Figure 34B), coinciding with the onset of stem cell number expansion

in the RNAi-treated animals (Figure 32B).
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Figure 34. RNAi of SImap, Kin-17, Dkc, Rab32, Rasl-12 and DMXL-1 impairs neoblast cell-cycle
re-entry after sub-lethal irradiation. (A) Quantification of H3P* cell numbers at 10 days post-
irradiation in animals subjected to targeted gene RNAI. Asterisks (**) indicate a statistically
significant difference with an unpaired t-test p-value <0.001 in relation to the GFP control.

(B) Quantification of H3P* cell numbers at 1, 3, 5, 7, and 10 days post-irradiation in animals
under various RNAi-treated backgrounds. Except for values at 1-day post-irradiation, where all
conditions including the GFP control registered zero H3P* cell counts, all differences with the
GFP control at each respective timepoint showed statistical significance with unpaired t-test p-
values <0.001. Graphs of H3P* counts over time for SImap, Kin-17, Dkc and Rab32 RNAi-treated
animals have been omitted as these animals displayed no increases in H3P* cells within the

tested timeframe.
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Insights from this assay suggest that the knockdowns either inhibit or significantly
delay neoblast cell-cycle re-entry following irradiation. This inhibition underlies the
observed impairment in stem cell recovery, ultimately leading to mortality of the treated
animals. Additionally, the results from this assay enable us to deductively exclude several
other processes that might have been impacted by the knockdowns. For instance, the
absence of H3P* cells at the 1 day-post irradiation timepoint for all genes tested indicates
that the knockdowns did not induce premature cell-cycle re-entry due to a potential
checkpoint defect. Furthermore, there was no abnormal accumulation of H3P* cells in the
knockdown animals post-irradiation. This would have meant a situation where H3P* cell
counts increased without subsequent stem cell number expansion, an occurrence that may

have signified a potential defect in the G2-to-M phase transition step or a mitotic defect.

RNAI of Dkc impairs post-irradiation DNA strand break repair

One potential factor contributing to the observed defects in neoblast cell-cycle re-
entry following irradiation could be a knockdown-induced impairment in DNA repair. Failure
to repair damaged DNA leads to persistent DNA damage response signalling, a phenomenon
that sustains cell-cycle arrest (Rodier et al., 2009). Moreover, prolonged DNA damage
response signalling, resulting from the continued presence of unrepaired DNA, could even
trigger apoptosis directly in affected cells (Hoeijmakers, 2009). To investigate the post-
irradiation DNA repair capacities of animals subjected to targeted gene knockdown, we
employed the alkaline Comet assay, a method that allows us to measure the extent of DNA
strand breaks within individual cells. The experimental procedure first involved subjecting
animals to targeted gene knockdown and exposing them to a whole-body 15 Gy acute dose
of gamma radiation. Subsequently, animals were dissociated into single-cells at 3, 24, 48,
72, and 96 hours post-irradiation. The cells were then embedded on agarose-coated glass
microscope slides in preparation for electrophoresis. Our approach aimed to quantitatively
assess the amount of DNA strand breaks present within cells over time following irradiation,
serving as an informative indicator on whether any of the knockdowns impacted the

progression of DNA repair.
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In the non-targeting GFP control group, we observed a gradual decrease in the
average percentage of DNA within comet tails throughout the tested timepoints (Figure
36C, 36D). This observation suggests that ongoing DNA strand break repair mechanisms are
at play. For our positive control, we employed dual knockdowns of ATR and Parp-1, ensuring
the induction of a robust defective-DNA-repair phenotype by targeting both double-
stranded and single-stranded break repair pathways. In our positive control, we recorded
higher average percentages of comet tail DNA across all tested timepoints in relation to our
negative control, which indicates successful hindrance of DNA strand-break repair by

knockdown (Figure 36C, 36D).

In our negative control group, we observed that by the 96-hour post-irradiation
mark, the percentage of DNA in comet tails had returned to levels similar to those in non-
irradiated control samples, which was set as our baseline (Figure 37A). Specifically, we
recorded an average of 5.32% DNA in comet tails within our non-irradiated negative control
sample, a baseline value consistent with a prior study conducted by our group (Sahu et al.,
2021). It is worth highlighting that baseline damage levels in Comet assays of planarian cells
exhibit variability across different research groups. For instance, Yin and colleagues reported
lower baseline values compared to our study (Yin et al., 2016), while baselines exceeding
10% DNA in comet tails were reported in two separate studies (Peiris et al., 2016c;

Barghouth et al., 2022).

This baseline level of detected DNA damage in unirradiated samples may arise from
both endogenous DNA damage inherent within cells and pragmatic limitations of the assay
that could introduce artefactual DNA damage to cells during the experimental procedure.
These artefacts may include mechanical or enzymatic damage inflicted upon DNA during the
cell dissociation process. Additional DNA damage may also be introduced during the
electrophoresis step, as DNA at this stage is devoid of its protective cellular environment,
rendering it more susceptible to damage from sources such as heat and light (Olive and
Banath, 2006). We took measures to mitigate the impact of non-endogenous DNA damage
by employing a gentler dissociation process, and by conducting electrophoresis under cold

conditions while ensuring the samples were shielded from light.
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(A) Visual representation of either an undamaged or damaged nucleus post-electrophoresis.

(B) Demonstration of Comet finding and analysis using OpenComet software (Gyori et al., 2014),
measuring head and tail parameters and their respective intensities. (C) Quantification of percentage
comet tail DNA over time in GFP (negative control), ATR + Parp-1 (positive control) and Dkc RNAi-
treated animals. Statistically significant differences, with unpaired t-test p-values <0.001, were
observed at each corresponding timepoint compared to the GFP control. (D) Representative
fluorescence images showing the extent of comet tail formation at various timepoints after irradiation

in Dkc and control RNAi samples. Abbreviation — hpi: hours post-irradiation. 156
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Figure 37. Comet assay analysis of DNA stand break repair capacity in cells under various RNAi-

treated backgrounds. (A) Quantification of the average percentage of comet tail DNA in cells at

96 hours post-irradiation (hpi) and in non-irradiated samples across different RNAi treatments.

(B) Representative fluorescence images showing the extent of comet tail formation in cells, both

at 96 hpi and under non-irradiated conditions, under different RNAi-treated backgrounds.
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In the assessments of our genes-of-interest, we observed that samples subjected to
Dkc RNAI in conjunction with sub-lethal irradiation exhibited delayed DNA repair kinetics
when compared to the non-targeting GFP control. This delay is evidenced, with statistical
significance, by the consistently higher average percentages of DNA within comet tails at all
tested timepoints following irradiation in the Dkc RNAI group, relative to the negative
control group (Figure 36C). Moreover, the level of DNA damage did not return to baseline
levels by 96 hours post-irradiation in cells subjected to Dkc RNAI (Figure 36C, Figure 37A).
The reduced rate of DNA strand break repair in Dkc RNAi-treated animals implicates the

gene as a novel and potentially conserved regulator of this process following irradiation.

However, in the cases of cells subjected to single-RNAi of Simap, Kin-17, Rab32, Rasl-
12, and DMXL-1, we observed that their post-irradiation DNA strand-break repair kinetics
closely resembled those of our negative control group. This is supported by the absence of
statistically significant differences in the percentages of comet tail DNA relative to negative
controls at each corresponding timepoint following irradiation. Furthermore, akin to the
negative control group, the percentage of comet tail DNA in samples subjected to RNAi of
SImap, Kin-17, Rab32, Rasl-12, and DMXL-1 returned to baseline levels at the 96-hour post-
irradiation timepoint (Figure 37A). Our findings indicate that these five genes are not

essential for repairing DNA strand breaks in planarians following irradiation.

Concurrently, we evaluated the extent of DNA strand breaks in cells subjected to
each gene knockdown under non-irradiated conditions. We achieved this by performing the
Comet assay on unirradiated samples taken at 24 hours after the final injection dose. This
experiment aimed to investigate whether any of our genes-of-interest play a role in DNA
strand break repair and thus contribute to the preservation of genomic stability during
homeostasis. Our observations revealed that all gene knockdowns, including our positive
control, exhibited baseline levels of DNA damage, with no significant differences observed
compared to our negative control group (Figure 37A). This observation suggests that our
genes-of-interest are not essential for maintaining genomic stability under non-irradiated
conditions. Alternatively, it is possible that the assay lacks the necessary sensitivity to detect
relatively low levels of DNA damage in the absence of a genotoxic agent, such as gamma

radiation.
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Taken together, our assay has unveiled a novel and potentially vital role of Dkc in the
repair of DNA strand breaks in planarians following irradiation. In contrast, for animals
subjected to RNAi targeting Simap, Kin-17, Rab32, Rasl-12, and DMXL-1, the observed
defects in neoblast cell-cycle re-entry may be attributed to factors unrelated to DNA strand
break repair, necessitating further exploration. While the Comet assay demonstrates that
the knockdown of these five genes does not compromise DNA strand break repair, it is
important to recognize that DNA strand breaks represent only one of the many forms of
DNA damage that can occur in the genome after irradiation (Reisz et al., 2014). One
limitation of the Comet assay is its restricted ability to detect only DNA strand breaks, hence
potentially overlooking other forms of DNA damage that can result from exposure to
gamma radiation. Such lesions can include crosslinks, oxidative damage, and erroneous base
modifications (Breimer, 1988; Reisz et al., 2014; Cadet and Davies, 2017), whose ongoing
presence could inhibit stem cell proliferation. Furthermore, although our assay provides
evidence of functional DNA strand break repair in animals subjected to RNAi of SImap, Kin-
17, Rab32, Rasl-12, and DMXL-1, the assay does not offer insights into repair fidelity. Thus, it
remains plausible that our genes-of-interest continue to uphold important roles in the
broader DNA repair process, potentially contributing to the repair of lesions beyond strand

breaks, as well as potentially influencing repair fidelity.

Another constraint inherent to our assay is its inability to pinpoint the specific cell-
of-origin for each comet. While our assay offers valuable insights into global DNA strand
break repair in planarians subjected to targeted gene knockdown coupled with irradiation, it
lacks the capacity to distinguish and measure DNA damage specifically occurring in stem
cells or non-stem cells. It is conceivable that the effects of these gene knockdowns on the
DNA repair process vary between stem and non-stem cells. Therefore, our assessment of
global DNA strand break repair, while informative, cannot be directly extrapolated to stem

cells without further investigation.
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RNAi of SImap, Kin-17, and Dkc renders planarians sensitive to 10 Gy acute
gamma radiation

In Chapter 4, our primary RNAi screen revealed that individually silencing SImap, Kin-
17, Dkc, Rab32, Rasl-12, and DMXL-1 rendered planarians sensitive to a 15 Gy dose of acute
whole-body gamma radiation. Recognizing that the impact of each of these six genes on
planarian radiotolerance may vary, we investigated the survival of planarians subjected to
targeted gene knockdown in conjunction with a 10 Gy dose of whole-body acute gamma
irradiation. Notably, the 10 Gy dose employed in this experiment was intentionally set lower
than the sub-lethal 15 Gy dose previously used in our RNAi screen and subsequent gene
characterization assays. One aim of this experiment was to identify and categorize target
genes capable of rendering planarians sensitive to 10 Gy gamma irradiation upon
knockdown. Such an effect would elucidate a subgroup of knockdowns that demonstrate a
more pronounced degree of radio-sensitization, thereby exerting a stronger influence on
planarian radiotolerance as compared to genes whose RNAi effects are only penetrant at

the 15 Gy dose.

In addition, this assay provided an opportunity to validate whether bottleneck
effects influenced our earlier observations of animal mortality when gene knockdown was
combined with 15 Gy irradiation. In our 15 Gy experiments, our negative control group
displayed an average initial stem cell survival rate of 2.86% (Figure 32A), closely mirroring
the 3.01% previously recorded in our group for wild-type planarians irradiated at the same
dose (Sahu et al., 2021). Given the relatively small number of surviving stem cells at the 15
Gy dose, there was a potential for bottleneck effects to arise, particularly in the context of
RNAI targeting SImap, Kin-17, and Dkc. In these three cases, even fewer stem cells initially
survived the 15 Gy dose (Figure 32A), possibly leading to a scenario where no rescue-
competent stem cells remained due to random chance, characteristic of a bottleneck effect.
Conducting the combined RNAI and irradiation assay at a lower dose, such as the 10 Gy
dose, where an initial stem cell survival rate of 13.40% was previously recorded for wild-
type planarians (Sahu et al., 2021), would make the stem cell recovery process less

susceptible to the influence of bottleneck effects.
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Figure 38. RNAi of SImap, Kin-17 and Dkc renders planarians sensitive to 10 Gy gamma irradiation
(A) Morphology of animals subjected to targeted RNAi in combination with 10 Gy acute gamma
irradiation, captured through brightfield microscopy. n=10 for all conditions. Scale bars represent 1
mm. Images of surviving animals were captured at the 50-day post-irradiation mark, while animals
displaying morphological changes were documented at various timepoints in correlation with the
survival curves outlined in (B). (B) Survival curves showing the outcomes for animals subjected to
targeted gene RNAi and sub-lethal irradiation. n=10 for all conditions. Survival curves for Rab32,
Rasl-12, and DMXL-1 RNAi were omitted as these knockdowns coupled with 10 Gy irradiation failed
to show any instances of animal mortality. (C) Quantification of Smedwi-1* cells/mm? in various
RNAi-treated animals at 21 days post-exposure to 10 Gy gamma radiation. Asterisks (**) indicate
statistically significant differences compared to the GFP control with unpaired t-test p-values <0.001.
(D) Representative Smedwi-1 fluorescence in situ hybridisation images of planarian tail regions
derived from animals subjected to targeted RNAI at 21 days post-irradiation. Scale bars represent

0.5 mm.

In our assay, we observed that single-RNAi targeting Simap, Kin-17, and Dkc
efficiently rendered planarians sensitive to a 10 Gy dose of acute whole-body gamma
radiation. Specifically, we documented a 100% mortality rate (n=10) among animals
subjected to the individual knockdown of these three genes in combination with 10 Gy
irradiation (Figure 38B). All animals that perished in this assay displayed anterior regression,
ventral curling, and eventual tissue lysis (Figure 38A), a sequence of events reminiscent of
the stereotypical ablation-in-stem-cell-function phenotype within planarians (Reddien et al.,
2005; Rink, 2013). In contrast, no instances of mortality nor abnormal morphological
changes were observed in animals subjected to single-RNAi treatments targeting Rab32,

Rasl-12, and DMXL-1 in conjunction with 10 Gy gamma irradiation (Figure 38A).

These findings place Simap, Kin-17, and Dkc in a distinct category due to their more
potent radio-sensitizing effects upon gene knockdown. Our observations further emphasize
their crucial roles as indispensable regulators of planarian radiotolerance. In addition,
achieving 100% lethality following the combined treatment of gene knockdown and 10 Gy
irradiation provides confidence that the knockdown-induced impairments in the planarian

stem cell recovery process are not caused by bottleneck effects.
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Furthermore, we conducted in situ hybridization at 21 days post-irradiation targeting
the stem cell marker, Smedwi-1. This investigation aimed to establish a correlation between
our observations of animal mortality and the underlying stem cell activities in animals
subjected to SImap, Kin-17, and Dkc RNAi coupled with 10 Gy gamma irradiation. While we
had previously observed a complete abolition of stem cell recovery in SImap, Kin-17, and
Dkc RNAi-treated animals at 15 Gy (Figure 32B, Figure 33), we also observed disruptions in
post-irradiation stem cell recovery at 10 Gy, albeit with varying degrees of impairment
among different genes. Specifically, the complete absence of stem cell recovery at 15 Gy for
SImap-RNAi-treated animals was observed to extend to the 10 Gy dose, as no stem cells
were detected within these animals at 21 days post-irradiation (Figure 38C, 38D). The
effects of SiImap-RNAI also appeared to be stronger than that of our positive-control, which
consisted of ATR RNAi-treated animals exposed to 10 Gy irradiation, as some degree of stem
cell recovery was observed in the latter (Figure 38C, 38D). This finding may be linked to our
earlier observation of impacted stem cell maintenance upon Simap RNAi under non-
irradiated conditions (Chapter 4 — Figure 23), as SImap RNAi-treated animals may harbour

pre-existing stem cell defects even prior to irradiation treatment.

In the cases of Kin-17 and Dkc RNAI, the animals displayed a delayed stem cell
expansion phenotype following 10 Gy irradiation. These animals exhibited a reduced
number of stem cells compared to the non-targeting GFP control at 21 days post-irradiation,
with the differences being statistically significant (Figure 38C, 38D). Although some degree
of stem cell recovery was observed in animals subjected to RNAi of ATR, Kin-17, and Dkc in
conjunction with 10 Gy irradiation, we infer that the level of stem cell activity within these
animals was inadequate to sustain their essential functions, ultimately leading to the

observed fatal outcomes.
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Chapter 5 — Conclusion and future perspectives

In this chapter, we analysed the phylogeny and investigated the radiation-responsive
functions of SImap, Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1. These six genes were selected
for investigation given their observed capacity to sensitize planarians to gamma radiation
upon knockdown, as detailed in Chapter 4. Phylogenetic analyses revealed that the Rasl-12
gene in our study represents a platyhelminth-specific innovation. In contrast, Simap, Kin-17,
Dkc, Rab32, and DMXL-1 were identified to exhibit strong conservation across metazoans.
To shed preliminary insight into the functions of our target genes, we conducted a thorough
literature review to understand the documented functions of their orthologues, where
present. These genes were discerned to uphold diverse functions across various model
systems, with Kin-17 standing out as the only gene that had been directly linked to radiation

response or DNA repair processes prior to this study.

We then utilized the planarian model system to examine the in vivo functions of
these six genes in the context of adult stem cell radiation response and recovery. Our
approach involved probing the functionality of various recovery stages, encompassing DNA
strand break repair, cell-cycle re-entry, stem cell proliferation, and stem cell differentiation,
to pinpoint the specific stage of recovery that is impacted by each targeted gene

knockdown.

Collectively, our findings enable us to categorize our genes-of-interest into two
distinct groups based on their impact on planarian stem cell dynamics following knockdown
and irradiation. Firstly, the application of RNAI targeting Simap, Kin-17, and Dkc led to a
state of proliferation incompetency within the residual population of surviving stem cells, as
stem cell recovery was completely abolished within the RNAi-treated animals exposed to 15
Gy gamma irradiation. In contrast, assessments of Smedwi-1* and H3P* cell dynamics in
animals subjected to RNAI targeting Rab32, Rasl-12, and DMXL-1 revealed that some, if not
all, of the surviving stem cells retained the capacity to proliferate after exposure to the
same dose. However, these knockdowns induced an aberrantly prolonged state of neoblast

cell-cycle arrest, resulting in a substantial delay in the stem cell recovery process. This
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categorization of genes, with Simap, Kin-17, and Dkc in one subset and Rab32, Rasl-12, and
DMXL-1 in another, can also be extended to their effects on planarian survival after
exposure to a lower, 10 Gy dose of acute gamma radiation. Specifically, RNAi of SImap, Kin-
17, and Dkc induced a more pronounced radio-sensitizing effect in planarians by rendering
them sensitive to 10 Gy irradiation. In contrast, the latter group of gene knockdowns did not

possess such potency.

In both these assays, incorporating additional intermediate timepoints would
improve the precision of recovery kinetics analysis for stem cells, progeny cells, and mitotic
cells in response to both knockdown and irradiation. For instance, our initial stem cell
number measurement was conducted at 3 days post-irradiation, with the primary focus on
examining the stem cell recovery phase. However, this assay does not capture the kinetics
of stem cell number decline immediately after irradiation. In the future, evaluating stem cell
numbers at multiple timepoints between exposure and the 3-day post-irradiation mark can
help us understand whether any of the knockdowns influence the pattern of stem cell
decline. This in turn may illuminate knockdown-induced defects that affect the decision-

making process of stem cells regarding their fate post-irradiation.

Furthermore, the penultimate and final timepoints where stem cell numbers were
measured were at day 14 and day 21 post-irradiation, respectively. There is a relatively large
gap between these two timepoints, and our extrapolation of stem cell numbers over this
period may cause us to overlook crucial details, particularly in the cases involving Rab32,
Rasl-12, and DMXL-1 RNA.. This is because stem cell numbers were observed to be in the
early incremental phase in these three cases. Examining the dynamics of both stem cell and
H3P* cell counts more precisely during the progression of this phase may provide insight
into whether the rate of stem cell proliferation is affected by the knockdowns once the state
of cell-cycle arrest is eventually withdrawn. This may clarify whether proliferation defects,
additional to the abnormally prolonged state of cell-cycle arrest, contribute to the overall

delay in stem cell recovery.
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Subsequently, we conducted alkaline Comet assays to assess whether knockdown-
induced impairments in DNA stand break repair might be responsible for the observed
deficiencies in stem cell proliferation post-irradiation. We observed that RNAi of Dkc
hindered global DNA strand break repair following exposure to 15 Gy gamma radiation.
However, animals subjected to RNAI targeting SImap, Kin-17, Rab32, Rasl-12, and DMXL-1

did not display post-irradiation DNA strand break repair defects.

One limitation of the alkaline Comet assay is that it measures both single-stranded
and double-stranded breaks collectively (Olive and Banath, 2006). Given that most DNA
breaks formed after irradiation are single-stranded (Roots et al., 1985), there is a potential
oversight in assessing the repair of double-stranded breaks. Deficiencies in double-stranded
break repair due to knockdown may be substantially less apparent due to the
disproportionate ratio between these two types of lesions. Future optimization of the
neutral Comet assay, which specifically quantifies DNA double-stranded breaks (Olive and
Banath, 2006), could be beneficial. By integrating the results of the neutral Comet assay
with existing data from the alkaline Comet assay, we can clarify the distinction between the
repair of single-stranded and double-stranded breaks. This in turn can inform us on whether

any of our genes-of-interest contribute to either or both of these crucial processes.

Another recognized limitation of our Comet assay strategy is its inability to
specifically quantify DNA strand breaks and their repair within stem cells. To address this
challenge, studying the effects of targeted gene knockdown on stem cell DNA strand-break
repair could involve immunofluorescence assays targeting DNA repair factors such as
yH2AX, Rad51, and PAR, in combination with the stem cell marker, Smedwi-1. Notably,
within our research group, commercially available guinea pig polyclonal Rad51 antibodies
and rabbit polyclonal PAR antibodies have proven successful in generating signals within
planarian tissue sections. The next phase entails generating and optimizing an antibody that
reacts specifically with planarian Smedwi-1, and co-staining it alongside Rad51 or PAR. As
for yH2AX, a marker for double-strand breaks, commercially available antibodies targeting
human yH2AX have demonstrated cross-reactivity with planarian yH2AX in the literature
(Yin et al., 2016; Thiruvalluvan et al., 2018), albeit with suboptimal signal-to-noise quality

ratios. However, our prior attempts using human, Drosophila, and a custom-made planarian
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antibody to target planarian yH2AX were unsuccessful, necessitating further optimization

efforts.

Besides DNA repair, neoblast cell-cycle re-entry, proliferation, and differentiation,
another vital cellular process for animal recovery from gamma radiation is the mitigation of
oxidative stress. This is because a significant source of cytotoxic damage following exposure
to gamma radiation is attributed to the activity of reactive oxygen species (ROS), whose
intracellular concentrations surge after radiation exposure (Azzam et al., 2012). Exploring
whether the heightened radiosensitivity of planarians can be linked to knockdown-induced
deficiencies in oxidative stress-relief pathways could be beneficial. Efforts by Jaenen and
colleagues have successfully optimized the use of Carboxy-H2DCFDA and PO1 to measure
ROS levels within planarian cells in vivo (Jaenen et al., 2021). Replicating these methods in
future studies can allow us to assess the ROS scavenging capabilities of planarians under
various RNAi-treated backgrounds, shedding light on the potential role of our target genes

in antioxidant pathways.

Another informative experiment for future exploration involves examining whether
our genes-of-interest similarly contribute to tolerance against other genotoxic agents.
Alternative to gamma radiation, chemical alkylating agents such as Methyl methane-
sulfonate (MMS) and Nitrosoguanidine (MNNG) have been previously dose-calibrated in
planarians (Hollenbach et al., 2011; Stevens et al., 2017; Knakievicz et al., 2008). These
agents could be used to study their effects on planarians under specific RNAi-treated
backgrounds. Identifying genes that collectively impart tolerance against multiple genotoxic

agents would reinforce their potential roles in the broader DNA repair process.

While this study has established our genes-of-interest as important regulators of
planarian radiotolerance in vivo, whether these genes also impart chemoresistance to
planarians is another area of interest. This is especially pertinent for the genes — SImap, Kin-
17, Dkc, Rab32, and DMXL-1, which are conserved in humans. Exploring whether these
genes influence planarian stem cell responses to select anti-tumour drugs in vivo may offer
valuable insights into how their respective human gene counterparts function in normal and

cancer stem cells during chemotherapy.
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Taken together, the experiments conducted thus far have offered valuable insight
into the roles of our target genes in various cellular processes critical for recovery from sub-
lethal irradiation. However, a more comprehensive understanding of their contributions to
planarian radiotolerance requires a deeper molecular investigation. To achieve this, a
combinatorial RNAi and RNA-sequencing approach in the future could be useful. In multiple
model systems, Kin-17 and Dkc have been observed to directly interact with DNA, while
Rab32, Rasl-12, SImap and DMXL-1 have documented roles as signalling transducers in
essential pathways. Silencing these genes and examining the resulting changes in cellular
transcriptomes, both with and without exposure to gamma radiation, could be insightful to
understand how our genes-of-interest influence signalling pathways and gene regulatory
networks that potentially govern planarian radiotolerance. To specifically examine the
regulatory functions of these genes in stem cells, conducting RNA-sequencing on sorted

stem cells derived from RNAi-treated animals would be a practical approach.

In the wider framework, examining the orthologous genes in other model systems to
understand their potential contributions to radiotolerance holds significant value. This
approach could unveil novel and conserved regulators of radiation resistance that may be
widely employed by different animals to counteract the detrimental effects of gamma
radiation. Notably, the genes — Slmap, Kin-17, Dkc, Rab32, and DMXL-1, conserved between
planarians and mammals, could also be of biomedical relevance. Currently, we are actively
collaborating with Dr. Sounak Sahu (Sharan group, NIH) to investigate the functions of
Rab32, Kin-17, and FHL-A (elaborated in Chapter 4) in human U20S osteosarcoma cells.
Ongoing experiments involve siRNA knockdowns of these three genes, followed by two
phenotypic assessments in vitro. The first involves quantifying how the knockdowns
influence cell survival rates after exposure to a sub-lethal dose of gamma radiation. The
second aspect involves yH2AX staining to assess whether the knockdowns impact the
process of double-stranded break repair in vitro. Our future plans include expanding the
investigation to encompass the remaining genes identified in this study as crucial for
planarian radiotolerance. Any observations of radio-sensitization from this primary assay in
U20S cells will lead to further study of the gene’s effects on tumour organoids in secondary

assays.
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Overall, conserved genes found to also regulate the mammalian stem cell response
to gamma radiation could emerge as prospective targets for therapeutic interventions. Such
interventions could involve pharmaceutical modifications to their activity, potentially
offering clinical advantages such as imparting radioprotection to normal stem cells, or by

sensitizing cancer stem cells to radiotherapy
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Concluding remarks

In this project, we adopted a functional genomics approach to investigate the
mechanisms employed by planarian stem cells to withstand relatively high doses of acute
gamma radiation. Planarians, which harbour abundant populations of experimentally
tractable adult stem cells, served as an attractive in vivo model system for advancing our
comprehension of stem cell radiation response and tolerance. Our primary objectives were
to understand the transcriptomic responses of planarian stem cells when challenged with

acute gamma radiation, and to identify novel regulators of planarian radiotolerance in vivo.

In the introductory chapter, we provided a brief description of DNA damage and the
DNA damage response. We then discussed the genotoxic effects of ionizing radiation,
followed by examining how normal and cancer stem cells in mammals differentially respond
to ionizing radiation exposure. We conducted a thorough literature review of acute ionizing
radiation tolerance across metazoans and discussed the use of alternative model organisms
in the study of radiotolerance. We outlined the distinctive traits that make planarians an
attractive in vivo model system to expand our understanding of adult stem cell radiation

response and tolerance.

In Chapter 3, we generated SPLiT-Seq libraries of irradiated planarians. Our single-
cell gene expression atlases unveiled three distinct neoblast clusters exhibiting varying
sensitivity to gamma radiation. Additionally, RNA velocity analyses unveiled time and dose-
dependent changes in neoblast fate trajectories following irradiation. By investigating the
markers enriched in each neoblast cluster and integrating these findings with the inferred
cell fate transitions, we proposed a model linking neoblast cluster affiliation with cell cycle

stage, with stem cells in S/G2/M phases being more susceptible to acute gamma radiation.

In Chapter 4, we integrated our single-cell data with our previous post-irradiation
transcriptome of bulk X1 cells to select candidate genes for an RNAi screen. Our RNAI
screen, which encompassed the silencing of 105 single genes, unveiled six genes — SImap,
Kin-17, Dkc, Rab32, Rasl-12, and DMXL-1 — whose knockdowns heightened planarian

sensitivity to gamma radiation in vivo. Our screen also unveiled 20 additional single-gene
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knockdowns that significantly delayed the stem cell recovery process following sub-lethal
irradiation, although these knockdowns alone were insufficient to cause animal mortality.
Notably, multiple members of the FHL family and another LIM-domain-containing protein,
LHX-1, collectively upregulated in our RNA-sequencing dataset of gamma-irradiated X1 cells,
were among the gene knockdowns causing this delay phenotype. To probe for redundancies
between these genes, we silenced their expression in all possible combinatorial pairs,
revealing four RNAi pairs — FHL-A + FHL-3, FHL-A + LHX-1, FHL-2 + FHL-4, and FHL-4 + LHX-1,

that sensitized planarians to gamma radiation.

In Chapter 5, we investigated the in vivo functions of SImap, Kin-17, Dkc, Rab32,
Rasl-12, and DMXL-1 in the regulation of planarian radiotolerance. We first determined that
the genes — SImap, Kin-17, Dkc, Rab32, and DMXL-1 were conserved across metazoans. The
documented functions of their orthologues in other model systems were reviewed.
Furthermore, we identified that the Rasl-12 gene in our study represents a platyhelminth-
specific innovation. In our in vivo assessments of gene function, we assessed the integrity of
various post-irradiation recovery phases, encompassing DNA strand break repair, neoblast
cell-cycle re-entry, proliferation, and differentiation. We found that the residual surviving
stem cells in Simap, Kin-17, and Dkc RNAi-treated animals were proliferation incompetent
after exposure to 15 Gy acute gamma radiation. Additionally, single-RNAI targeting these
three genes were sufficiently potent to sensitize planarians to 10 Gy acute gamma radiation.
In contrast, RNAi of Rab32, Rasl-12, and DMXL-1 led to an abnormally prolonged state of
cell-cycle arrest in the remaining stem cells, resulting in significantly delayed stem cell
recovery that ultimately prevented animal survival. Through the alkaline Comet assay, we
were able to establish a link between the failure in neoblast cell-cycle re-entry and impaired

DNA strand-break repair in animals subjected to Dkc RNAI.

Future work aims to enhance our bulk and single-cell RNA-sequencing datasets by
implementing higher sensitivity methods, enabling a more comprehensive understanding of
the gene regulatory networks that may drive planarian radiotolerance. Moreover, applying
omics-based approaches to the study of our genes-of-interest in the future could improve
our mechanistic understanding of their functions in planarians both under homeostatic and

irradiated conditions. Additionally, future efforts could include testing the genes identified
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in this study as crucial for planarian radiotolerance in other model organisms, potentially
revealing conserved mechanisms employed by animals to counteract the deleterious effects
of gamma radiation. The potential conservation of these mechanisms in mammals may also
hold biomedical relevance, as targeting these genes could be explored for imparting

radioprotection to normal stem cells, or to sensitize cancer stem cells to radiotherapy.
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Appendix Table 1. List of Neoblast cluster markers and associated statistics

Integrated Neoblast Cluster 1 Marker genes

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
H1.A MSTRG.8605 1.09E-176 2.768 1 0.277
Smedwi-1 MSTRG.11390 1.52E-174 2.688 0.827 0.082
EFla-1 MSTRG.18279 1.62E-174 2.642 0.656 0.043
RRM1 MSTRG.9822 1.09E-158 2.384 0.693 0.056
Smedwi-2 MSTRG.20672 5.69E-145 2.291 0.656 0.055
EFla-2 MSTRG.18267 5.59E-131 2.248 0.626 0.058
Vasa-1 MSTRG.20195 5.50E-129 2.203 0.571 0.106
Tub3a MSTRG.6262 2.89E-114 2.054 0.632 0.069
Hsp90a MSTRG.20956 1.63E-112 2.126 0.638 0.072
H2A MSTRG.5669 1.29E-67 1.903 0.632 0.069
SART-3 MSTRG.4084 1.74E-93 2.000 0.933 0.215
H1.B MSTRG.6486 4.00E-93 2.192 0.442 0.04
H2B MSTRG.20196 1.12E-79 1.890 0.687 0.122
EEF2 MSTRG.8811 7.56E-87 1.874 0.466 0.048
H.9.1h MSTRG.8603 7.55E-81 1.718 0.252 0.012
HSPD1 MSTRG.19445 1.73E-76 1.693 0.288 0.018
Bruli MSTRG.6703 1.49E-70 1.617 0.299 0.019
YBX-2 MSTRG.15848 5.24E-70 1.585 0.196 0.007
Hsp90b MSTRG.20955 7.27E-70 1.730 0.724 0.152
CCAR-1 MSTRG.15974 2.79E-67 1.556 0.233 0.013
UMSBP MSTRG.15777 3.06E-67 1.529 0.411 0.048
TUB4b MSTRG.13335 3.99E-67 1.757 0.331 0.031
RPL4 MSTRG.2815 8.14E-67 1.472 0.19 0.007
RPL3 MSTRG.7334 3.61E-66 1.629 0.16 0.004
DDX43 MSTRG.3517 1.10E-65 1.694 0.982 0.402
TMEM145 MSTRG.21016 2.74E-65 1.807 0.601 0.113
PPP6R1 MSTRG.5338 4.55E-65 1.598 0.368 0.04
RPL7a MSTRG.7157 8.83E-65 1.667 0.632 0.122
EIFAG MSTRG.14077 1.77E-64 1.674 0.233 0.014
NUP210 MSTRG.14458 2.73E-64 1.547 0.742 0.17
Integrated Neoblast Cluster 2 Marker Genes
Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
H1.A MSTRG.8605 4,12E-149 2.811 0.991 0.264
Smedwi-1 MSTRG.11390 3.34E-78 2.383 0.631 0.113
RRM1 MSTRG.9822 3.05E-63 1.973 0.504 0.169
Tub3a MSTRG.6262 1.24E-60 1.463 0.95 0.494
SART-3 MSTRG.4084 5.86E-60 2.286 0.39 0.067
Smedwi-2 MSTRG.20672 2.22E-53 1.772 0.661 0.222
Vasa-1 MSTRG.20195 5.76E-50 1.566 0.385 0.081
H1.B MSTRG.6486 1.22E-49 2.184 0.389 0.058
Smedwi-3 MSTRG.22903 9.08E-46 2.150 0.619 0.169
EFla-1 MSTRG.18279 7.93E-44 1.474 0.817 0.403
H2B MSTRG.20196 2.91E-40 2.194 0.356 0.07
Bruli MSTRG.6703 4.29E-38 2.161 0.299 0.058
Hsp90a MSTRG.20956 5.42E-37 1.285 0.803 0.427
HSPD1 MSTRG.19445 6.40E-37 2.033 0.312 0.068
EFla-2 MSTRG.18267 2.25E-36 2.063 0.275 0.054
H.9.1h MSTRG.8603 3.35E-34 1.511 0.596 0.238
YBX-2 MSTRG.15848 3.40E-33 2.031 0.303 0.072
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Appendix Table 1 (continued)

EF-2 MSTRG.8811 5.95E-31 1.619 0.454 0.162
Rad50 MSTRG.12624 7.12E-28 1.751 0.265 0.036
Hsp90b MSTRG.20955 4.70E-27 2.028 0.298 0.084
H2A MSTRG.5669 9.00E-27 1.596 0.385 0.132
Hsp70 MSTRG.13213 1.62E-23 1.745 0.362 0.133
RPL3 MSTRG.7334 5.98E-23 1.708 0.115 0.014
TOP2B MSTRG.11752 2.03E-21 1.582 0.248 0.07
FMC1 MSTRG.15536 2.30E-21 1.281 0.495 0.231
CCAR-1 MSTRG.15974 3.37E-21 1.691 0.307 0.104
UMSBP MSTRG.15777 1.73E-20 1.671 0.202 0.05
BRG-1 MSTRG.13350 2.48E-20 1.336 0.25 0.144
TMEM145 MSTRG.21016 4.20E-20 1.740 0.128 0.021
EIFAG MSTRG.14077 6.47E-20 1.467 0.294 0.099
Integrated Neoblast Cluster 3 Marker genes
Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
H1.A MSTRG.8605 2.30E-125 1.606 0.688 0.368
Smedwi-1 MSTRG.11390 2.48E-69 1.503 0.262 0.134
SART-3 MSTRG.4084 3.59E-45 1.427 0.237 0.131
Vasa-1 MSTRG.20195 5.86E-32 1.304 0.256 0.122
Tub3a MSTRG.6262 2.05E-31 1.390 0.896 0.477
H1.B MSTRG.6486 2.43E-30 1.338 0.294 0.090
Smedwi-3 MSTRG.22903 2.59E-28 1.125 0.368 0.184
EFla-1 MSTRG.18279 2.72E-27 1.282 0.810 0.472
C3H8.02L MSTRG.22724 3.90E-25 1.315 0.390 0.148
slc38a-4 MSTRG.9785 1.75E-24 1.280 0.163 0.087
H2A MSTRG.5669 1.79E-24 1.170 0.279 0.111
YBX-2 MSTRG.15846 1.89E-24 0.851 0.217 0.008
ACTB MSTRG.3619 2.53E-23 0.783 0.148 0.114
RPL4 MSTRG.2815 2.86E-22 0.579 0.252 0.163
Tub4B MSTRG.11531 3.78E-22 0.883 0.224 0.083
MRVI1 MSTRG.16792 5.49E-21 0.933 0.251 0.175
pmp5 MSTRG.4614 5.86E-20 0.819 0.135 0.094
Rosl MSTRG.18995 6.44E-20 0.751 0.240 0.152
Tub4A MSTRG.14813 7.23E-19 0.960 0.804 0.533
HNRPUL1 MSTRG.10587 7.24E-19 0.632 0.093 0.058
Hmcn-1 MSTRG.7905 7.25E-19 0.627 0.132 0.099
Hsp90 MSTRG.8165 7.84E-18 0.677 0.219 0.142
A2ML1 MSTRG.12008 8.05E-18 0.678 0.125 0.081
AMPKy MSTRG.8330 1.10E-18 0.591 0.152 0.106
N/A MSTRG.3940 1.28E-16 0.532 0.116 0.091
Hsp70 MSTRG.13147 1.22E-16 0.546 0.228 0.164
Slc4a-1 MSTRG.8586 2.16E-15 0.520 0.11 0.078
VWASA MSTRG.16317 2.64E-14 0.529 0.144 0.099
SYNE-1 MSTRG.5145 4.10E-11 0.582 0.1 0.054
3HiB MSTRG.4204 4.64E-09 0.534 0.217 0.163

Key — Pct.1 represents the percentage of cells within the target Neoblast cluster with

detectable expression of the corresponding gene. Pct.2 represents the percentage of cells
where the gene is detected in all other clusters except the target Neoblast cluster.
Highlighted genes are referenced in text (Chapter 3).
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Appendix Table 2. Differentially expressed genes (Log2FC > 1, P-value < 0.05) from pseudo-bulk
analysis between wild-type Neoblasts 1 and wild-type Neoblasts 2.

Upregulated in wild-type Neoblasts 1 versus wild-type Neoblasts 2

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
MPCP MSTRG.18502 3.10E-08 1.507 0.273 0.009
6PGD MSTRG.1675 3.20E-07 1.412 0.359 0.037
SYLM MSTRG.21087 2.70E-05 1.406 0.297 0.028
KCNH2 MSTRG.8535 4.10E-06 1.321 0.365 0.05

RLA2 MSTRG.15815 7.20E-06 1.294 0.34 0.041
RS21 MSTRG.2390 5.60E-05 1.286 0.26 0.014
RL11 MSTRG.4583 4.40E-07 1.278 0.377 0.046
DPOD1 MSTRG.10465 1.40E-05 1.265 0.273 0.014
BRD1 MSTRG.14727 4.10E-06 1.238 0.346 0.041
MTMRE MSTRG.15314 7.70E-05 1.233 0.279 0.023
RS14 MSTRG.11423 1.70E-07 1.232 0.432 0.069
DPOG1 MSTRG.13338 7.50E-07 1.224 0.383 0.05

IF2P MSTRG.3618 4.50E-06 1.216 0.365 0.05

CAF1A MSTRG.18513 1.30E-04 1.215 0.31 0.041
BMR1B MSTRG.19318 9.20E-05 1.193 0.267 0.018
CNNM4 MSTRG.14423 3.70E-04 1.193 0.254 0.018
UBE4B MSTRG.17995 5.00E-05 1.184 0.273 0.018
LEUTX MSTRG.17691 2.40E-06 1.178 0.414 0.073
SC6A2 MSTRG.15483 2.70E-04 1.171 0.303 0.041
STRC MSTRG.15911 3.60E-04 1.158 0.254 0.018
LIMA1 MSTRG.568 4.80E-05 1.136 0.273 0.018
FBP12 MSTRG.9884 3.30E-04 1.136 0.334 0.06

SSH2 MSTRG.20860 1.10E-04 1.133 0.322 0.046
MADD MSTRG.235 1.10E-04 1.132 0.254 0.014
GPDA MSTRG.2616 9.60E-05 1.118 0.267 0.018
ADDA MSTRG.611 2.90E-04 1.114 0.267 0.023
IF4A3 MSTRG.15619 2.40E-07 1.114 0.414 0.06

IGFN1 MSTRG.13018 1.30E-03 1.092 0.26 0.028
RACK1 MSTRG.22464 1.50E-07 1.084 0.604 0.156
CEP70 MSTRG.13267 1.60E-04 1.079 0.402 0.092
PLK1 MSTRG.7935 1.80E-04 1.073 0.26 0.018
AFG1L MSTRG.20578 2.70E-04 1.065 0.285 0.032
GSH1 MSTRG.16208 2.80E-05 1.061 0.328 0.041
EPS15 MSTRG.12018 7.20E-05 1.061 0.31 0.037
FKBP4 MSTRG.77 1.10E-03 1.051 0.254 0.023
KC1G2 MSTRG.6966 1.70E-04 1.044 0.291 0.032
FBX38 MSTRG.10992 2.00E-05 1.037 0.359 0.055
MBTD1 MSTRG.8252 1.80E-05 1.035 0.395 0.073
GBB3 MSTRG.12399 1.60E-04 1.025 0.273 0.023
ESYT2 MSTRG.670 1.80E-04 1.025 0.291 0.032
IF5A1 MSTRG.22720 5.90E-05 1.021 0.26 0.014
FLOT1 MSTRG.2398 9.60E-05 1.019 0.297 0.032
OFUT2 MSTRG.9207 1.70E-03 1.012 0.267 0.032
MGT5A MSTRG.5513 9.80E-04 1.01 0.273 0.032
CNOT4 MSTRG.13339 3.70E-03 1.009 0.297 0.055
RFFL MSTRG.14105 2.00E-04 1.006 0.334 0.055
ATAD2 MSTRG.3476 2.60E-05 1.003 0.365 0.06
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Appendix Table 2 (continued)

Downregulated in wild-type Neoblasts 1 versus wild-type Neoblasts 2

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
MAGP MSTRG.12760 1.44E-03 -1.632 0.135 0.205
UBNX4 MSTRG.14610 2.91E-03 -1.395 0.117 0.278
PRP16 MSTRG.4439 1.22E-03 -1.291 0.11 0.278
FANCI MSTRG.16231 2.15E-03 -1.285 0.104 0.256
P85B MSTRG.21789 5.96E-03 -1.276 0.098 0.251
ENASE MSTRG.15059 5.61E-03 -1.204 0.112 0.22

S61A1 MSTRG.834 9.33E-03 -1.177 0.086 0.256
PD1A4 MSTRG.4061 1.18E-02 -1.165 0.117 0.265
CSKI1 MSTRG.19455 5.86E-03 -1.149 0.129 0.256
ARMC8 MSTRG.18191 1.79E-03 -1.144 0.135 0.256
WDFY4 MSTRG.12481 5.07E-03 -1.135 0.135 0.26

ANR17 MSTRG.4664 4.37E-04 -1.132 0.194 0.306
SMC1 MSTRG.7817 3.57E-02 -1.193 0.196 0.352
KI21B MSTRG.18180 4.38E-03 -1.128 0.129 0.246
RBM4B MSTRG.17825 8.31E-03 -1.115 0.117 0.215
DTWD2 MSTRG.12145 3.11E-03 -1.113 0.11 0.251
CDC16 MSTRG.15497 8.40E-03 -1.113 0.178 0.278
HROB MSTRG.19230 5.74E-03 -1.112 0.123 0.246
AB12B MSTRG.5569 1.17E-02 -1.111 0.135 0.256
PDCel MSTRG.6082 5.89E-03 -1.104 0.104 0.237
SMC2 MSTRG.17822 1.57E-03 -1.103 0.117 0.251
XKR9 MSTRG.8669 7.57E-03 -1.102 0.166 0.21

DOC11 MSTRG.5909 9.87E-03 -1.089 0.104 0.233
0oDO1 MSTRG.7184 8.86E-03 -1.063 0.153 0.269
TDRD7 MSTRG.147 8.86E-03 -1.062 0.103 0.196
CCNL2 MSTRG.22099 5.87E-03 -1.060 0.166 0.265
ATR MSTRG.23227 1.21E-02 -1.050 0.11 0.228
P20L1 MSTRG.8883 3.35E-02 -1.033 0.123 0.265
APBA3 MSTRG.9223 4.10E-02 -1.015 0.11 0.237

Key: Pct.1 represents the percentage of Neoblast Cluster 1 cells with detectable expression
of the corresponding gene. Pct.2 represents the percentage of Neoblast Cluster 2 cells with
detectable expression of the corresponding gene. Highlighted genes are referenced in text

(Chapter 3).
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Appendix Table 3. Differentially expressed genes (Log2FC > 1, P-value < 0.05) from pseudo-bulk
analyses between Neoblasts 1 at 3 hours post 10 Gy irradiation against wild-type Neoblasts 1

Upregulated in Neoblasts 1 at 3 hours post 10 Gy irradiation relative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
slc38a-4 MSTRG.9785 5.52E-05 2.011 0.318 0.092
Cdorf51 MSTRG.17503 4.41E-04 1.770 0.398 0.172
ATXN2L MSTRG.3214 6.24E-04 1.679 0.155 0.011
RBCK1 MSTRG.22714 5.90E-05 1.560 0.409 0.138
TBC1D20 MSTRG.8513 1.37E-03 1.405 0.164 0.023
Rad51C MSTRG.11576 1.12E-04 1.305 0.273 0.057
LUC7L3 MSTRG.18867 3.31E-03 1.271 0.185 0.023
TLE1 MSTRG.21461 1.68E-03 1.267 0.176 0.011
MAPK10 MSTRG.2001 8.76E-03 1.220 0.185 0.034
NR1L3 MSTRG.19781 2.69E-03 1.169 0.167 0.011
H.108.10b MSTRG.2824 3.06E-03 1.146 0.247 0.069
CYLD MSTRG.2983 7.60E-03 1.121 0.167 0.023
ND-20 MSTRG.11477 5.99E-03 1.120 0.203 0.046
TRAF3 MSTRG.542 2.19E-03 1.088 0.167 0.011
NOVA2 MSTRG.19688 5.91E-03 1.062 0.203 0.046
ZCCHC14 MSTRG.23094 1.05E-02 1.059 0.16 0.011
EIF-2 MSTRG.7182 1.51E-02 1.048 0.185 0.046
LIMS1 MSTRG.3473 3.30E-02 1.022 0.182 0.08

AxinB MSTRG.521 1.41E-02 1.017 0.136 0.034
SNRK MSTRG.925 4.22E-03 1.015 0.128 0.011

Downregulated in Neoblasts 1 at 3 hours post 10

Gy irradiation relative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
NDUFS6 MSTRG.6193 2.60E-04 -2.071 0.018 0.161
Nop60B MSTRG.9959 6.98E-03 -1.298 0.027 0.126
RMDN1 MSTRG.12061 3.77E-08 -1.182 0.7 0.854
GRIN1B MSTRG.3810 2.86E-03 -1.160 0.027 0.138
CPT1A MSTRG.12714 4.12E-02 -1.142 0.064 0.138
MPHOSPH8 MSTRG.14064 1.05E-04 -1.141 0.355 0.575
DYRK2 MSTRG.17475 6.09E-03 -1.132 0.027 0.126
AMMECR1 MSTRG.15737 1.68E-02 -1.112 0.055 0.149
AHNAK MSTRG.7906 1.41E-02 -1.092 0.1 0.218
RPS25 MSTRG.15728 3.28E-03 -1.091 0.082 0.23

Cccbc17 MSTRG.16105 1.14E-03 -1.085 0.318 0.475
ANKRD28 MSTRG.22364 1.90E-02 -1.076 0.136 0.253
H2A.j MSTRG.1771 8.74E-03 -1.067 0.038 0.105
FAM155A MSTRG.18397 2.70E-02 -1.034 0.036 0.115

Key — Pct.1 represents the percentage of Neoblasts 1 cells at 3 hours post 10 Gy irradiation
with detectable expression of the corresponding gene. Pct.2 represents the percentage of
wild-type Neoblasts 1 cells with detectable expression of the corresponding gene.
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Appendix Table 4. Differentially expressed genes (Log2FC > 1, P-value < 0.05) from pseudo-bulk
analyses between Neoblasts 1 at 3 hours post 5 Gy irradiation against wild-type Neoblasts 1

Upregulated in Neoblasts 1 at 3 hours post 5 Gy irradiation relative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
slc38a-4 MSTRG.9785 5.96E-04 2.182 0.318 0.142
UMSBP MSTRG.15778 5.16E-07 1.693 0.264 0.019
UBXN6 MSTRG.919 1.19E-05 1.512 0.255 0.038
CNOT4 MSTRG.13339 1.96E-03 1.421 0.173 0.057
COASY MSTRG.6514 8.69E-04 1.397 0.192 0

Cdorf51 MSTRG.17503 2.02E-02 1.257 0.364 0.172
PNPL7 MSTRG.1246 2.44E-03 1.228 0.184 0.038
HTT MSTRG.5095 1.92E-03 1.225 0.236 0.085
H.90.11a MSTRG.7658 4.05E-03 1.202 0.185 0.038
PHTF2 MSTRG.15676 5.25E-03 1.157 0.192 0.038
RBCK2 MSTRG.22714 5.39E-06 1.116 0.409 0.113
H.34.6e MSTRG.20883 3.86E-04 1.092 0.136 0.009
KARS MSTRG.1419 3.62E-04 1.088 0.2 0.038
LRRC24 MSTRG.3408 2.76E-03 1.055 0.164 0.038
TDC7 MSTRG.2704 3.14E-04 1.052 0.188 0.038
PCNX1 MSTRG.17283 9.58E-04 1.032 0.164 0.028
LARS MSTRG.10349 8.69E-04 1.030 0.174 0

ORAB-1 MSTRG.22316 4,75E-03 1.022 0.164 0.028

Downregulated in Neoblasts 1 at 3 hours post 5 Gy irradiation rel

ative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
UPS34 MSTRG.10066 2.30E-02 -1.506 0.091 0.189
CG6282 MSTRG.2186 2.51E-03 -1.452 0.018 0.123
RIMS2 MSTRG.11775 3.64E-03 -1.341 0.236 0.368
SUPT20H MSTRG.19964 1.06E-02 -1.269 0.082 0.198
NSA2 MSTRG.9135 8.73E-03 -1.142 0.082 0.198
CHRM3 MSTRG.10577 5.49E-07 -1.099 0.536 0.755
H.35.2a MSTRG.4901 4.77E-02 -1.021 0.109 0.189
ITSN1 MSTRG.19591 4.64E-02 -1.012 0.145 0.226
SPRK3 MSTRG.19190 4.92E-02 -1.003 0.145 0.217

Key — Pct.1 represents the percentage of Neoblasts 1 cells at 3 hours post 5 Gy irradiation
with detectable expression of the corresponding gene. Pct.2 represents the percentage of
wild-type Neoblasts 1 cells with detectable expression of the corresponding gene.
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Appendix Table 5. Differentially expressed genes (Log2FC > 1, P-value < 0.05) from pseudo-bulk
analyses between Neoblasts 1 at 24 hours post 10 Gy irradiation against wild-type Neoblasts 1

Upregulated in Neoblasts 1 at 24 hours post 10 Gy irradiation relative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
Ubm?2 MSTRG.17023 3.03E-09 1.931 0.39 0.055
RL37 MSTRG.23038 1.04E-06 1.678 0.31 0.123
GCR037 MSTRG.19362 2.68E-05 1.612 0.15 0
MAPKKK3 MSTRG.6508 8.36E-08 1.544 0.53 0.191
NSA2 MSTRG.9135 2.08E-04 1.466 0.27 0.082
Dkc MSTRG.9959 1.08E-03 1.488 0.22 0.027
MAPKAPK2 MSTRG.6513 9.82E-06 1.310 0.39 0.127
MRTO4 MSTRG.7179 3.34E-04 1.295 0.24 0.064
XIAP MSTRG.456 1.38E-04 1.263 0.35 0.136
ABCF1 MSTRG.9034 1.93E-06 1.256 0.26 0.073
SMT3 MSTRG.6033 4.25E-05 1.255 0.28 0.064
FAU MSTRG.19511 8.00E-07 1.250 0.5 0.173
RhoGEF10 MSTRG.7881 2.91E-06 1.245 0.61 0.3
RPS-26 MSTRG.15549 2.93E-04 1.243 0.3 0.109
14-3-3T MSTRG.16752 2.23E-07 1.241 0.26 0.073
Tincar-like MSTRG.3292 3.55E-04 1.234 0.17 0.027
TUBB4b MSTRG.7466 2.85E-04 1.215 0.64 0.291
WHSC1L1 MSTRG.12507 2.95E-08 1.211 0.71 0.327
ETFb MSTRG.451 1.96E-04 1.206 0.22 0.045
BTF3 MSTRG.598 8.88E-05 1.199 0.25 0.055
RL18 MSTRG.5388 1.53E-07 1.187 0.63 0.282
HIG1 MSTRG.18733 4.31E-05 1.187 0.35 0.118
ATP5G1 MSTRG.17876 6.97E-06 1.182 0.36 0.091
Calmil MSTRG.4051 3.19E-03 1.181 0.23 0.091
TNX9 MSTRG.5940 6.70E-05 1.176 0.36 0.118
RAN MSTRG.21224 3.64E-08 1.163 0.68 0.3
YBX1 MSTRG.15848 3.12E-05 1.158 0.95 0.709
H.8.11d MSTRG.16867 9.69E-06 1.147 0.31 0.064
TIFla MSTRG.21584 4.51E-05 1.142 0.42 0.173
Dnal MSTRG.5473 9.94E-05 1.137 0.28 0.109
MATE1 MSTRG.2562 2.62E-02 1.126 0.34 0.209
PPIB MSTRG.12048 8.00E-05 1.125 0.22 0.036
UMSBP MSTRG.15777 3.82E-11 1.124 0.91 0.618
TXN2 MSTRG.12229 5.22E-03 1.095 0.16 0.045
RS6 MSTRG.1199 8.41E-06 1.093 0.69 0.4
RPL19 MSTRG.17345 4.21E-06 1.080 0.67 0.391
H.43.11a MSTRG.11928 4.60E-05 1.080 0.61 0.355
YBX2 MSTRG.15845 6.44E-08 1.080 0.75 0.436
H.45.1e MSTRG.1950 2.82E-03 1.076 0.31 0.145
EEF1D MSTRG.22674 7.05E-03 1.074 0.18 0.064
SRP20 MSTRG.12827 2.61E-02 1.064 0.19 0.055
RPS4 MSTRG.76 4.35E-05 1.063 0.56 0.245
RTP4-like MSTRG.10424 3.02E-03 1.060 0.1 0.009
SARNP MSTRG.20498 7.40E-03 1.044 0.18 0.064
Tex9 MSTRG.3070 4.98E-02 1.041 0.12 0.009
MOK MSTRG.13512 7.12E-05 1.040 0.44 0.182
RPS13 MSTRG.8816 1.99E-02 1.030 0.27 0.109
CALM?2 MSTRG.11180 5.93E-04 1.028 0.29 0.1
FTH1 MSTRG.12670 3.55E-02 1.021 0.12 0.018
ADF6 MSTRG.7931 2.80E-06 1.020 0.45 0.145
PDIAG MSTRG.5061 4.11E-02 1.010 0.19 0.036
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Appendix Table 5 (continued)

Downregulated in Neoblasts 1 at 24 hours post 10 Gy irradiation relative to wild-type

Average log,

Gene Name Identifier P_value fold change pct.1 pct.2
RBCK1 MSTRG.1905 3.38E-06 -2.335 0.09 0.357
LRRC24 MSTRG.3408 2.81E-03 -1.410 0.04 0.194
N/A MSTRG.16517 1.22E-03 -1.346 0.18 0.385
SNRNP27 MSTRG.9276 6.20E-04 -1.337 0.07 0.266
MITD1 MSTRG.823 1.62E-03 -1.293 0.12 0.312
PNPLA7 MSTRG.1246 7.41E-03 -1.257 0.05 0.194
GRIK4 MSTRG.13500 1.21E-03 -1.221 0 0.13

DIP2A MSTRG.16159 7.39E-04 -1.149 0.02 0.185
TTC398B MSTRG.10321 2.12E-02 -1.116 0.03 0.139
FLO1 MSTRG.2398 1.79E-03 -1.114 0.02 0.166
NUDT17 MSTRG.13298 9.46E-03 -1.090 0.24 0.385
ATXN2L MSTRG.3214 1.11E-02 -1.065 0.05 0.185
BLH8 MSTRG.20883 1.79E-03 -1.058 0.02 0.166
CPLX1 MSTRG.3538 8.54E-03 -1.057 0.24 0.394
COASY MSTRG.6514 1.44E-02 -1.052 0.02 0.13

GTF2IRD2 MSTRG.20805 2.33E-02 -1.042 0.07 0.185
PGBD4 MSTRG.54 3.14E-02 -1.036 0.1 0.194
Hb.20.10d MSTRG.8560 6.43E-03 -1.031 0.08 0.239
RPS6KA3 MSTRG.21623 4.91E-02 -1.025 0.02 0.148
SF3B3 MSTRG.1242 3.90E-02 -1.015 0.13 0.312
NPalp MSTRG.6657 4.18E-02 -1.013 0.03 0.166
PATS1 MSTRG.19698 4.94E-02 -1.011 0.07 0.166
MRP1 MSTRG.6056 9.97E-03 -1.004 0.16 0.321

Key — Pct.1 represents the percentage of Neoblasts 1 cells at 24 hours post 10 Gy irradiation
with detectable expression of the corresponding gene. Pct.2 represents the percentage of

wild-type Neoblasts 1 cells with detectable expression of the corresponding gene.
Highlighted genes are referenced in text (Chapter 3).
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Appendix Table 6. Differentially expressed genes (Log2FC > 1, P-value < 0.05) from pseudo-bulk
analyses between Neoblasts 1 at 24 hours post 5 Gy irradiation against wild-type Neoblasts 1

Upregulated in Neoblasts 1 at 24 hours post 5 Gy irradiation relative to wild-type

Average log,
Gene Name Identifier P_value fold change pct.1 pct.2
MATE1 MSTRG.2562 6.34E-06 2.087 0.396 0.209
Ank1 MSTRG.13808 8.88E-05 1.448 0.297 0.091
RPS25 MSTRG.15728 3.90E-04 1.433 0.257 0.082
SMT3 MSTRG.17023 6.01E-03 1.410 0.168 0.055
RhoGEF10 MSTRG.7881 4.36E-05 1.354 0.515 0.3
RPL18 MSTRG.5388 7.70E-05 1.324 0.505 0.282
FAU MSTRG.19511 4.61E-04 1.285 0.366 0.173
Dkc MSTRG.9959 1.55E-02 1.268 0.179 0.027
14-3-3T MSTRG.15606 2.02E-03 1.257 0.218 0.073
UGDH MSTRG.12666 1.84E-02 1.243 0.149 0.055
ABCF1 MSTRG.9034 2.04E-02 1.217 0.188 0.073
RPLPO MSTRG.23294 4.87E-05 1.187 0.614 0.391
NCAPH MSTRG.11727 2.40E-02 1.179 0.129 0.045
Dnal MSTRG.5473 2.07E-02 1.176 0.218 0.109
ATP5G1 MSTRG.21785 5.89E-03 1.156 0.109 0.018
RPS5 MSTRG.22251 1.29E-04 1.148 0.505 0.282
NSA2 MSTRG.9135 8.04E-04 1.143 0.198 0.082
ACBD6 MSTRG.10208 8.25E-03 1.134 0.327 0.191
MSH6 MSTRG.21454 7.36E-03 1.118 0.228 0.1
CypA MSTRG.2885 3.90E-05 1.090 0.624 0.427
UBB MSTRG.17258 1.50E-02 1.088 0.248 0.127
CTNS MSTRG.5239 4.02E-02 1.076 0.149 0.073
ARID2 MSTRG.18864 1.20E-02 1.071 0.158 0.055
RPS-26 MSTRG.15549 1.92E-02 1.068 0.218 0.109
MAPKAPK2 MSTRG.6513 2.47E-02 1.067 0.238 0.127
TIM17B MSTRG.9432 2.32E-02 1.066 0.327 0.209
HEN1 MSTRG.11886 1.58E-02 1.062 0.109 0.027
MOK MSTRG.13512 8.59E-04 1.053 0.376 0.182
RPS6 MSTRG.1199 1.66E-04 1.052 0.594 0.4
RPLP2 MSTRG.15815 1.71E-03 1.051 0.337 0.164
TMOSF3 MSTRG.5235 1.10E-02 1.042 0.129 0.036
slc3a-1 MSTRG.6120 4.,18E-02 1.019 0.109 0.055
MX2 MSTRG.1546 3.07E-02 1.007 0.168 0.1
PES3 MSTRG.20107 6.66E-03 1.006 0.158 0.045
RPL10A MSTRG.277 2.33E-02 1.004 0.327 0.218
Downregulated in Neoblasts 1 at 24 hours post 5 Gy irradiation relative to wild-type

Average log,
Gene Name Identifier P_value fold change pct.1 pct.2
Tub3A MSTRG.3735 2.75E-06 -1.851 0.04 0.328
Slc38-all MSTRG.9785 4.63E-02 -1.490 0.238 0.358
Unc22 MSTRG.13018 8.17E-03 -1.489 0.04 0.185
TTC25 MSTRG.20562 1.15E-03 -1.443 0 0.14
BPTF MSTRG.4811 5.49E-04 -1.434 0.089 0.313
SEMA-like MSTRG.5812 1.05E-03 -1.360 0.02 0.185
N/A MSTRG.17895 3.62E-04 -1.280 0.129 0.367
NARFL MSTRG.9121 1.15E-03 -1.240 0 0.152
H.73.5¢ MSTRG.3056 3.62E-04 -1.232 0.089 0.322
H.68.1g MSTRG.13348 4.24E-02 -1.180 0.059 0.167
UBX-6 MSTRG.919 7.42E-04 -1.165 0.079 0.295

235



Appendix Table 6 (continued)

PLOD-1 MSTRG.20691 3.44E-03 -1.157 0.03 0.185
CEP135 MSTRG.23315 1.31E-03 -1.139 0.03 0.204
SF3B3 MSTRG.1242 1.62E-03 -1.120 0.109 0.322
H.20.12e(T3) | MSTRG.7529 1.90E-03 -1.101 0.05 0.231
PRKRIP1 MSTRG.21865 4.85E-03 -1.101 0.02 0.158
RNF34 MSTRG.14105 2.00E-04 -1.095 0.05 0.276
N/A MSTRG.23323 2.19E-02 -1.087 0.129 0.285
ANKRD28 MSTRG.16982 5.15E-03 -1.053 0.03 0.176
ABCC1 MSTRG.6056 5.04E-03 -1.031 0.139 0.331
MED14 MSTRG.19471 7.75E-03 -1.010 0.04 0.167
INPP5A MSTRG.20568 8.47E-03 -1.005 0.04 0.185
BTBD2 MSTRG.5766 2.25E-02 -1.003 0.03 0.167

Key — Pct.1 represents the percentage of Neoblasts 1 cells at 24 hours post 5 Gy irradiation
with detectable expression of the corresponding gene. Pct.2 represents the percentage of
wild-type Neoblasts 1 cells with detectable expression of the corresponding gene.

Highlighted genes are referenced in text (Chapter 3).
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Appendix Table 7. List of primer sequences for cloned genes

Gene Identifier Forward Primer Reverse Primer
Ulk-2 dd_Smed_v6_1620_0_1 | cgtggtgagaatgttcag ctagtctgtcgtcgegatc
HFM-1 dd_Smed_v6_24408_0_4 | gaccacacaagtgttggc ctgttgtcaaattgcggcec
Dnal dd_Smed_v6_5753_0_1 | cagtcaaacaatcccgcg ggattccgtaaagccaccg
Nucb1 dd_Smed_v6_6010_0_1 | ggctcaaggtcgaacgaag tcccaatgeccgtcttgatt
ZNFX-1 dd_Smed_v6_10633_0_1 | tgggtggccagtgtaaagg ccaacactttcgtgggcatg
RNF144-A dd_Smed_v6_4845_0_1 | acatttggtgttcatgcggc ccactttttcgegectcttc
Shk2 dd_Smed_v6_2745_0_2 | tccttgttcatgggaggcg cgttgtgattgccgtcgatg
MMP1 dd_Smed_v6_274_0_1 gtgactgcacacgaaatgg cttcagcagagacttgccg
Tspan5 dd_Smed_v6_1003_0_1 | ctggtagacatgcttgccg caccgatcaaaataccgag
TNFAIPS dd_Smed_v6_2386_0_1 | gctcgatgaagtgcaatcg tgtgccgatcgatcattge
Rab32 dd_Smed_v6_1037_0_1 | tcactacgtcattcggagag gagttttgcgctggcttatc
Mib-1 dd_Smed_v6_4880_0_1 | gtcatcggattcgaaggaa tttgttctgggaacctctgg
MMP19 dd_Smed_v6_321 0_1 tgggacacgctattggcttg tctecgtcttgaagtgecc
MAPKKK4 dd_Smed_v6_4259_0_1 | ggacgtctttgtcgaggttg acgcgatgaatatcccaag
TBX-2 dd_Smed_v6_17143_0_1 | agttcgatcgcttgaccatc atggcacttggtttggactc
FHL-A dd_Smed_v6_5037_0_1 | tcggataggatcatcgcgc gaaactcttggctccgatcg
FHL-2 dd_Smed_v6_10293_0_1 | gtttgcagtacatgccagg tcctgggcaaaagatttga
FHL-3 dd_Smed_v6_1251 0_1 | cggacgacaaagtagtttg ctcaaatcatgatgtttag
FHL-4 dd_Smed_v6_1244 0_1 | aacatctgtgcgagtgttgg accagccagagtttgtttgc
LHX-1 dd_Smed_v6_8252_ 0_1 | ggatccgtgatcattcttgg ctgggatcaatttcgctgac
Tspan6 dd_Smed_v6_9692_0_1 | atcataccaccgctgcatc ggcagagaatcaccacaac
Tspanl8 dd_Smed_v6_5409_0_2 | ctgggagggtgcatatttg gatgcagatgcagataacg
Tspanll dd_Smed_v6_8060_0_1 | tggtcactgctattcgttcg gcttgattgctcccattcac
Wnt11-1 dd_Smed_v6_14391 0_1 | gtccacgagaaacttcttgg acttcacggtaccccctacc
JSAP-1 dd_Smed_v6_3798_0_1 | tctactgtaggccgctgtca acgaagaggctggattctc
BIGH3 dd_Smed_v6_1088_0_1 | catgtgacccttttgccttt ttccgcttcgaggaactaa
wnt5b dd_Smed_v6_15469_0_1 | cggtgtcgttcatgctattgc tccagtttgcactctegacc
TLK dd_Smed_v6_6431 0_1 | gcggcttttctgaggttcac ccagacatcgaccttgctg
Tspan-39D dd_Smed_v6_440_0_1 gacagttatagctgctctgg gcaaatgaccaccaaagc
PDLIM7 dd_Smed_v6_10318 _0_1 | ataacctgtgactcggtggc tcctaggggaatttcgeac
LTBP1 dd_Smed_v6_7311 0_1 | ttcccagagatttgcggacc cgcataaattgtcgcctecg
RAB27B dd_Smed_v6_10266_0_1 | cattaggctgcttgcattagg | tccatggcctcttcaactcg
PAK2 dd_Smed_v6_3244 0_8 | caatcaaagactccgaaacg | tggtttcactttccgagagg
JAG-1 dd_Smed_v6_6929_0_1 | acctcaaaacgaccttgtgg caagtgccttgacgattcc
Mth dd_Smed_v6_16587_0_1 | tctgcgtccaattcggtgat caagcgcgagtggaatttg
PTPRS dd_Smed_v6_16093_0_1 | gacctagacacgccaaagct | ctaaagggccctgagttgc
LRRK2 dd_Smed_v6_7343_0_1 | gtgcttcttcaacggatcgc gcattcgattcgtgtctgec
PTPN13 dd_Smed_v6_4490_0_1 | tcccgagcagaaacacgaa tccgttgatccaacccagg
TRAF2 dd_Smed_v6_13174_0_1 | tcagtgaaatggaggcaaacc | tgtccaagcatctttccage
EGF2 dd_Smed_v6_4666_0_1 | tgccatccagattttgtgca gaccaacaaagcgatgaa
CTSB dd_Smed_v6_81_0_1 tgggcatttggagctgttga atcctttgtcgecccatgtc
TTF-1 dd_Smed_v6_33456_0_1 | aacatctttgccaggaatgc ggaattgtggaggatgctg
Rab9B dd_Smed_v6_6588 0_1 | tgcaaaggtatgtcaccaaca | ccaagcttgaaaacccatg
Rasl-12 dd_Smed_v6_11635_0_1 | gattcctcgatgcctatgga gtcggaagttttctgecaat
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Appendix Table 7 (continued)

DIx6
RFX-2
POSTN
IGFBP7
Ank2
BMP7
NFX-1
FAM200B
CBS

LTBP3
bHLHa30
BEST2
ETS-1-like
NDP52
GPCR154-like
C33E10.6-like
DMXL-1
RASGRP3
ST13
SH3GLB1
Mapkkk2
Mapkkk19
Kin17
ZFAND5
BBS-2
BRCTCP-1
Rpz-1
AMERL-1
NUB1L
SLMAP
GTF2IRD1
arhGAP15
TMEM107
FBXO-like-1
CDPK1
ABL-1
MAP3k1-like
PTHrP
THADA
Ubb-like-1
TADBPL
EB2
EGRPI-1
TIGD-7
MAPKKK3
NSD2

dd_Smed_v6_9596_0_1
dd_Smed_v6_11406_0_1
dd_Smed_v6_1505_0_1
dd_Smed_v6_4437 0_1
dd_Smed_V6_10835_0_1
dd_Smed_v6_17402_0_1
dd_Smed_v6_4795 0_1
dd_Smed_v6_15477_0_4
dd_smed_v6_1585 0 1
dd_Smed_v6_2649 0_1
dd_Smed_v6_6869 0_1
dd_Smed_v6_8073_0_1
dd_Smed_v6_9165 _0_1
dd_Smed_v6_2828 0 1
dd_Smed_v6_13150 _0_1
dd_Smed_v6_9974 1 2
dd_Smed_v6_5944 0_1
dd_Smed_v6_15742 0_1
dd_Smed_v6_668 0 1
dd_Smed_v6_4055 0_1
dd_Smed_v6_2030 _0_1
dd_Smed_v6_3989 0 1
dd_Smed_v6_5219 0 1
dd_Smed_v6_2038 0_1
dd_Smed_v6_10186_0_1
dd_Smed_v6_8247 0_1
dd_Smed_v6_688 0 1
dd_Smed_v6_1660_0_6
dd_Smed_v6_3402_0_5
dd_Smed_v6_3763_0_1
dd_Smed_v6_3260 _0_1
dd_Smed_v6_3975_0_2
dd_Smed_v6_13204_0_5
dd_Smed_v6_2369 0_1
dd_Smed_v6_299 0 1
dd_Smed_v6_5996 _0_1
dd_Smed_v6_3194 0 1
dd_Smed_v6_16180_0_1
dd_Smed_v6_12316 0_1
dd_Smed_v6_783 0 1
dd_Smed_v6_10863_0_2
dd_Smed_v6_5879 0 5
dd_Smed_v6_7038 0_1
dd_Smed_v6_12091 0_1
dd_Smed_v6_12176 0_1
dd_Smed_v6_17850_0_1

attgcctcctcatcectectc
aacgcgctcagttatacagc
gcatgggaagcagctaagtc
ggagtttgcaatgcaggttt
cggatttactccccttcaca
aaacatggtcatccgttggt
gttgcgatgatgtgtgtgg
aagcgagaacgggagagtg
ctggagttgcgaggaaaatc
cgtgtgcaatgatggatttc
ccgcagataaaacatttttag
aattaatggtggcgacaagg
ctcaagaatgcttgcaatgg
ggcctgtccactatgtttgg
ttgcaaattctttggcactc
gcgtgcaaatgcagttagtg
gaatcaacaggtgggagcga
cctccaaccgttgatgttct
aatccggattccgetcttge
ggagccgaatctagctttec
aattcctgcacggaaacaac
acctgatcaaccgaccagac
cgtcaatttggtgggaaaag
cagctttgcaaaacaggatg
gttgtgattggtggcagttg
tgcacctcagtcttgcaatc
cacgggaccttttggattta
ggcatcttattgttttggtagc
gtgttgcatatcagcgagga
atcactgccaaccaacacaa
ggtgcaaattcttgggagtc
tcgtgcccattgtcaataaa
caaaataggaactatggaag
gcaactggttttatttgttcac
ggtggaattatttggcatgg
tcagggttaggcacttccag
acagacgaggtcgaaattgg
tcgtatggctttgtcgactg
tgcgagtatttgtgecactc
gatgttgaataaatttgaatg
gcaatttcctaaagtcagtgg
aaaaagtgcgccatgaattt
caaatgtgccatgtgtaggg
cgcttccgaaaaagacacgg
aggtggcgaattgttctgtc
ctgatgcaatgacagattcag

tgatttgttccctgttgega
atgttccgggcaagttttcc
cagtggttttccgccattat
ttgccttegtgtttcaactg
gcaattgtcttgcgacttga
ttctgaggggctatgatcca
tccgctcacagacattecc
acgtgagccactgcaaatg
cagtcattggagcgttgaga
tgcaatcgcatgtaaagctc
aacagaggaggtggcaatg
ggccagttattttgetttcg
gaaacgcacaaaccaaac
gaaacaaaacgccatcag
cgccaacattccaactatcc
acccttagctcgcattgttg
gtgaaggggcaaaggagg
ttccaaggtgctcatgtcag
tcattggaccagccecttc
tcaagtcgctcaagttctcg
acacgaatgcaacctttcc
catttggatacctgccttgg
tcegttectgttecagtttc
gcaatcaccgataaaaatg
taacttgtgaggcgttgctg
ttgaaatacttgcgccattg
cacccccgtcatgtatctct
ctgtacagccacagcaagg
gcaatgagattcccatcaa
cgtagcttttggctttcctg
caattattttcaatgttagg
tggtccegttaaaaccatgt
caaataactaacgaaattg
acgcacataaggttttcc
ccactgcaatcacattttgg
tccgttaatccgaaatcage
acattctgtttgccggtgag
ttcggtcatttegttgtctg
ttgatgatgccagcttgttc
cctctggttctcatcaatac
ctcgtggcegctgagaaatg
cacatttgttacggcatcg
tgtcgagaactggcatgg
ggatgcgcaggacaattatc
tgcaacccatggatgaac
cattttcagaagacgattc
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Appendix Table 7 (continued)

YBOX-3
arhGEF10
1433T
Dkc
Larpl-1
UMSBP
DRG-1
VRK2
CBX4
DDX50
Emx-2
Nudcl
ALX4
ST18
FAX

dd_Smed v6 52 0 1
dd_Smed_v6_11936_0_1
dd_Smed_v6_138 0 1
dd_Smed_v6_4087_0_1
dd_Smed_v6_1572 0 1
dd_Smed v6 62 0 1
dd_Smed_v6_5779 0_1
dd_Smed_v6_11627 0_1
dd_Smed_v6_12608 0_1
dd_Smed_v6_673 0 1
dd_Smed_v6_56082_0_1
dd_Smed_v6_3736_0_1
dd_Smed_v6_16955 0_1
dd_Smed_v6_18107_0_1
dd_Smed_v6_1736_0_1

tggtttcatcagtgttgacg
ccagatttgcaactgaatgg
catcgccttggattgaagag
ccaaaccgggtattgatgtc
ggatccaattctgccaaatg
gtttgtttgtatacgcattgg
attgagggtgcaaaagatgg
aatacgttcacgccgacatc
gctttacccgaacgtcactg
tgtaagcagtgacgacgatg
tgacaggattttctgttgcag
tagacacattgtgcccggac
cagtgaatcccacccagtcc
agttccaccagtctcatcgg
catgcatatcgecttttgec

caaaaacgtaaagtcgtg
ggcaccattgcgaataag
caatttgcaagcttctgcac
tttgcgtggactccgtaac
tgttgacttcttgecgcacac
caattaacaccgaaaacg
cgatcgatggagtttgttg
tacaagccggtttccagtc
cagaaccattgcatttgac
gaacctccctcaatcgatc
gattgagagatgccgegag
tgtgcaaatgcgtccattgg
tggaccttggaaactccgc
gcacccagagagacttctg
gaggataattgacgcttgg
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Appendix Table 8. List of RNAi candidate genes and their selected features

Gene Proportional Log; Fold Transcription | DNA/RNA | Signalling | Mammalian
expression in FACS | change factor binding activity orthologue
categories (X1, 24 hpi) function activity
X1 X2 Xins

BRCTCP-1 | 0.859 | 0.106 | 0.036 | +4.13 NO YES NO ABSENT

Rpz-1 0.689 | 0.013 | 0.298 | +3.52 NO NO YES ABSENT

Kinl7 0.672 | 0.216 | 0.113 | +4.37 NO YES NO PRESENT

HFM-1 0.627 | 0.124 | 0.249 | +2.43 NO YES NO PRESENT

Dkc 0.602 | 0.260 | 0.138 | +3.03 NO YES NO PRESENT

DDX50 0.565 | 0.314 | 0.121 | +2.19 NO YES NO PRESENT

Nudcl 0.402 | 0.411 | 0.188 | +2.62 NO NO YES PRESENT

VRK2 0.538 | 0.292 | 0.170 | +3.00 NO NO YES PRESENT

LRRK2 0.534 | 0.283 | 0.183 | +3.88 NO NO YES PRESENT

NUB1L 0.518 | 0.284 | 0.198 | +2.66 NO NO NO ABSENT

Emx-2 0.512 | 0.388 | 0.100 | +2.90 YES YES NO PRESENT

CBX4 0.485 | 0.439 | 0.076 | +2.51 NO NO YES PRESENT

UMSBP 0.472 | 0.297 | 0.231 | +2.66 NO YES NO PRESENT

YBOX-3 0.466 | 0.356 | 0.178 | +3.05 YES YES NO PRESENT

GTF2IRD1 | 0.437 | 0.070 | 0.493 | +2.79 YES YES NO PRESENT

Ubb-like-1 | 0.422 | 0.546 | 0.032 | +2.15 NO NO NO ABSENT

FBXO-I-1 0.418 | 0.342 | 0.240 | +3.20 NO NO YES ABSENT

THADA 0.414 | 0.411 | 0.175 | +2.11 NO NO YES PRESENT

MAPKKK3 | 0.410 | 0.265 | 0.325 | +2.72 NO NO YES PRESENT

NSD2 0.405 | 0.336 | 0.259 | +2.40 NO YES NO PRESENT

arhGEF10 | 0.401 | 0.351 | 0.247 | +3.00 NO NO YES PRESENT

DRG-1 0.394 | 0.266 | 0.340 | +2.37 YES YES NO PRESENT

TMEM107 | 0.390 | 0.217 | 0.393 | +3.37 NO NO YES PRESENT

NFX-1 0.383 | 0.460 | 0.156 | +3.87 YES YES NO PRESENT

ST13 0.373 | 0.390 | 0.237 | +2.57 NO NO YES PRESENT

NDP52 0.368 | 0.574 | 0.058 | +2.75 NO NO YES PRESENT

TADBPL 0.366 | 0.383 | 0.252 | +3.15 YES YES NO PRESENT

Larp-1-L 0.366 | 0.424 | 0.211 | +2.76 NO YES NO ABSENT

ZFANDS 0.341 | 0.306 | 0.353 | +2.76 YES YES NO PRESENT

FAM200B | 0.340 | 0.593 | 0.067 | +2.64 NO NO YES PREENT

TLK 0.336 | 0.523 | 0.141 | +3.78 NO NO YES PRESENT

JSAP-1 0.336 | 0.413 | 0.252 | +2.67 NO NO YES PRESENT

Tspan5 0.317 | 0.082 | 0.602 | +2.98 NO NO YES PRESENT

SLMAP 0.309 | 0.452 | 0.239 | +2.62 NO NO YES PRESENT

C33E10.61 | 0.302 | 0.620 | 0.078 | +4.66 NO YES NO ABSENT

AMERL-1 | 0.301 | 0.446 | 0.254 | +3.44 NO NO NO PRESENT

BBS-2 0.300 | 0.351 | 0.349 | +2.40 NO NO YES PRESENT

1433T 0.299 | 0.272 | 0.429 | +2.78 NO NO YES PRESENT

BEST2 0.274 | 0.336 | 0.390 | +2.96 NO NO YES PRESENT

TIGD-7 0.269 | 0.240 | 0.491 | +2.18 NO YES NO PRESENT

MMP1 0.262 | 0.141 | 0.597 | +3.92 NO NO NO PRESENT
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Appendix table 8 (continued)

MMP19 0.260 | 0.094 | 0.647 | +3.90 NO NO NO PRESENT
JAG-1 0.251 | 0.639 | 0.111 | +3.66 NO NO YES PRESENT
TBX-2 0.247 | 0.290 | 0.463 | +3.30 YES YES NO PRESENT
FHL-2 0.226 | 0.447 | 0327 | +2.11 NO NO YES ABSENT

DMXL-1 0.215 | 0.422 | 0.363 | +5.22 NO NO YES PRESENT
arhGAP15 | 0.198 | 0.462 | 0.340 | +2.29 NO NO YES PRESENT
ZNFX-1 0.187 | 0.262 | 0.551 | +2.83 NO YES YES PRESENT
CBS 0.115 | 0.189 | 0.696 | +2.82 NO NO YES PRESENT
PAK2 0.102 | 0.117 | 0.781 | +3.75 NO NO YES PRESENT
Mapkkk2 | 0.092 | 0.192 | 0.717 | +2.99 NO NO YES PRESENT
ST18 0.091 | 0.638 | 0.271 | +4.55 YES YES NO PRESENT
RFX-2 0.086 | 0.240 | 0.674 | +2.56 YES YES NO PRESENT
MAPKKK4 | 0.081 | 0.319 | 0.600 | +2.48 NO NO YES PRESENT
Shk2 0.069 | 0.598 | 0.333 | +2.72 NO NO YES PRESENT
Mapkkk19 | 0.067 | 0.361 | 0.572 | +2.03 NO NO YES PRESENT
EB2 0.067 | 0.328 | 0.605 | +3.76 NO NO YES PRESENT
ALX4 0.065 | 0.346 | 0.589 | +2.87 YES YES NO PRESENT
Ulk-2 0.062 | 0.414 | 0.525 | +4.20 NO NO YES PRESENT
DIx6 0.052 | 0.356 | 0.592 | +2.79 YES YES NO PRESENT
RNF144-A | 0.048 | 0.160 | 0.792 | +2.86 NO NO NO PRESENT
PTHrP 0.044 | 0.084 | 0.872 | +3.39 NO NO YES PRESENT
TTF-1 0.042 | 0.375 | 0.583 | +2.67 YES YES NO PRESENT
LHX-1 0.041 | 0.238 | 0.720 | +3.12 YES YES YES PRESENT
RASGRP3 | 0.037 | 0.203 | 0.760 | +3.05 NO NO YES PRESENT
Mib-1 0.037 | 0.145 | 0.818 | +3.55 NO NO YES PRESENT
EGRPI-1 0.036 | 0.131 | 0.833 | +3.17 YES YES NO ABSENT

ETS1I 0.036 | 0.196 | 0.769 | +3.44 YES YES NO ABSENT

FAX 0.036 | 0.191 | 0.773 | +2.80 NO NO NO PRESENT
PTPRS 0.032 | 0.144 | 0.823 | +4.88 NO NO YES PRESENT
MAP3k1-L | 0.031 | 0.196 | 0.773 | +3.14 NO NO YES ABSENT

LTBP3 0.029 | 0.283 | 0.687 | +2.72 NO NO YES PRESENT
RAB27B 0.029 | 0.318 | 0.653 | +3.52 NO NO YES PRESENT
Tspanl8 0.029 | 0.651 | 0.321 | +3.42 NO NO YES PRESENT
EGF2 0.026 | 0.099 | 0.875 | +2.51 NO NO YES PRESENT
Rab9B 0.025 | 0.180 | 0.795 | +2.58 NO NO YES PRESENT
LTBP1 0.024 | 0.198 | 0.778 | +2.54 NO NO YES PRESENT
CTSB 0.022 | 0.148 | 0.830 | +3.17 NO NO YES PRESENT
Tspan-39d | 0.021 | 0.146 | 0.832 | +2.45 NO NO NO PRESENT
Rab32 0.021 | 0.134 | 0.845 | +3.78 NO NO YES PRESENT
TRAF2 0.020 | 0.474 | 0.506 | +3.75 NO NO YES PRESENT
Ank2 0.020 | 0.129 | 0.851 | +2.46 NO NO YES PRESENT
FHL-3 0.019 | 0.084 | 0.897 | +2.40 NO NO YES ABSENT

Nucb1 0.017 | 0.378 | 0.604 | +3.15 NO YES YES PRESENT
ABL-1 0.017 | 0.315 | 0.667 | +2.54 NO NO YES PRESENT
POSTN 0.016 | 0.061 | 0.923 | +2.83 NO NO YES PRESENT
TNFAIPS 0.016 | 0.225 | 0.759 | +2.56 NO NO YES PRESENT
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Appendix Table 8 (continued)

SH3GLB1 | 0.014 | 0.188 | 0.799 | +3.09 NO NO YES PRESENT
bHLHa30 | 0.013 | 0.754 | 0.234 | +3.22 YES YES NO PRESENT
BIGH3 0.011 | 0.051 | 0.937 | +3.57 NO NO YES PRESENT
PTPN13 0.010 | 0.144 | 0.846 | +3.87 NO NO YES PRESENT
Dnal 0.010 | 0.059 | 0.931 | +2.47 NO NO YES PRESENT
IGFBP7 0.009 | 0.069 | 0.922 | +2.38 NO NO YES PRESENT
PDLIM7 0.007 | 0.048 | 0.944 | +2.40 NO NO YES PRESENT
CDPK1 0.007 | 0.098 | 0.895 | +3.65 NO NO YES PRESENT
FHL-4 0.007 | 0.035 | 0.958 | +2.59 NO NO YES ABSENT

GPCR154-| | 0.006 | 0.125 | 0.869 | +3.15 NO NO YES ABSENT

BMP7 0.006 | 0.085 | 0.908 | +2.03 NO NO YES PRESENT
FHL-A 0.005 | 0.073 | 0.922 | +2.09 NO NO YES PRESENT
Tspan6 0.005 | 0.039 | 0.956 | +3.53 NO NO YES PRESENT
Rasl-12 0.004 | 0.084 | 0.912 | +4.02 NO NO YES ABSENT

wntl1-1 0.002 | 0.040 | 0.959 | +3.94 NO NO YES PRESENT
Tspanll 0.002 | 0.064 | 0.935 | +3.15 NO NO YES PRESENT
wnt5b 0.002 | 0.066 | 0.932 | +2.69 NO NO YES PRESENT
Mth 0.000 | 0.019 | 0.980 | +4.05 NO NO YES PRESENT
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Appendix Table 9. List of genes excluded from RNAi screen

Epidermal-progeny associated genes

Gene Identifier Log, Fold Change | Reference(s)
—X1, 24 hpi
Prog-1 | dd_Smed_v6_332_0_1 +1.72 Eisenhoffer et al., 2008
Agat-1 | dd_Smed_v6_920_0_1 +3.49 Eisenhoffer et al., 2008
Mcp-1 | dd_Smed_v6_10436_0_1 | +3.14 Eisenhoffer et al., 2008
Odc-1 dd_Smed_v6_4916_0_1 +3.61 Eisenhoffer et al., 2008
CplAl | dd_Smed_v6_2162_0_1 +3.74 Eisenhoffer et al., 2008
Pmp-4 dd_Smed_v6_2147 0 1 +4.36 Zhu et al., 2015
Pmp-5 dd_Smed_v6_5958 0 1 +3.63 Zhu et al., 2015
Pmp-6 dd_Smed v6 263 0 1 +3.80 Zhu et al., 2015
Pmp-8 dd_Smed_v6_3226 0 1 +4.21 Zhu et al., 2015
Pmp-9 dd_Smed _v6_468 0 1 +3.92 Zhu et al., 2015
Pmp-11 | dd_Smed_v6_771_0_1 +3.74 Zhu et al., 2015
Ren-1 dd_Smed_v6 5307 0_1 +3.93 Fincher et al., 2018; Plass et al., 2018
H.93.2a | dd_Smed_v6 3680 0_1 +4.19 Fincher et al., 2018; Plass et al., 2018
Hb.18.1f | dd_Smed_v6_5905 0_1 +2.47 Fincher et al., 2018; Plass et al., 2018
Pfn-1 dd_Smed_v6_3725 0 1 +2.63 Fincher et al., 2018; Plass et al., 2018

Apoptosis-associated genes

Gene Identifier Log, Fold Change | Reference(s)

— X1, 24 hpi
Slo-1 dd_Smed_v6_17366_0_1 | +2.73 McFerrin et al., 2012
CalpA dd_Smed_v6_1752_0_3 +3.85 Smith and Schnellmann, 2012
Calp9 dd_Smed_v6_1971 0 1 +3.74 Smith and Schnellmann, 2012
DTHD1 | dd_Smed_v6 15379 0.1 | +2.34 Park et al., 2007
Casp3 dd_Smed_v6_4986 0 1 +2.50 Brentnall et al., 2013
Casp2 | dd_Smed_v6_7164 0_1 | +2.98 Vigneswara and Ahmed, 2020
SMPD1 | dd_Smed v6 5377 0 1 +3.04 Andrieu-Abadie and Levade, 2002
DNMI1L | dd_Smed_v6 388 0 1 +3.38 Frank et al., 2001
GzmA dd_Smed_v6_66_0_1 +4.34 Trapani and Smyth, 2002
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Appendix Table 10. Complete list of genes screened and their knockdown phenotypes

Gene % animal mortality % stem cell count relative to GFP
15 Gy 0 Gy 15 Gy, 7 dpi 0 Gy

Ulk-2 10 0 39.15 98.45
HFM-1 0 0 93.32 100.28
Dnal 0 0 86.86 99.11
Nucb1l 0 0 97.01 100.52
ZNFX-1 0 0 89.60 99.37
RNF144-A 0 0 103.32 97.63
Shk2 0 0 99.45 99.45
MMP1 0 0 101.19 98.41
Tspan5 0 0 85.22 97.54
TNFAIPS 0 0 105.24 100.95
Rab32 100 0 5.81 97.24
Mib-1 10 0 42.12 98.03
MMP19 0 0 99.53 99.06
MAPKKK4 0 0 67.16 97.74
TBX-2 0 0 86.57 98.39
FHL-A 0 0 13.61 98.95
FHL-2 0 0 22.55 99.53
FHL-3 0 0 14.04 101.08
FHL-4 0 0 18.30 100.21
LHX-1 0 0 21.70 98.01
Tspan6 0 0 99.66 99.81
Tspanl8 0 0 103.08 99.08
Tspanll 0 0 91.77 100.69
wntll-1 0 0 96.21 101.46
JSAP-1 0 0 45.96 99.94
BIGH3 0 0 99.35 100.04
wnt5b 0 0 94.18 97.07
TLK 0 0 89.05 98.64
Tspan-39D 0 0 83.84 101.10
PDLIM?7 0 0 85.19 99.80
LTBP1 0 0 94.63 98.16
RAB27B 0 0 38.30 98.81
PAK2 0 0 100.45 100.93
JAG-1 10 0 34.47 100.26
Mth 0 0 97.95 101.87
PTPRS 0 0 89.15 100.84
LRRK2 0 0 101.75 99.32
PTPN13 0 0 100.03 100.15
TRAF2 0 0 80.00 98.68
EGF2 0 0 94.18 100.23
CTSB 10 0 22.98 98.34
TTF-1 0 0 33.61 100.03
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Appendix Table 10 (continued)

Rab9B
Rasl-12
DIx6
RFX-2
POSTN
IGFBP7
Ank2
BMP7
NFX-1
FAM200B
CBS

LTBP3
bHLHa30
BEST2
ETS1I
NDP52
GPCR154-like
C33E10.6-like
DMXL-1
RASGRP3
ST13
SH3GLB1
Mapkkk2
Mapkkk19
Kinl7
ZFAND5
BBS-2
BRCTCP-1
Rpz-1
AMERL-1
NUBI1L
SLMAP
GTF2IRD1
arhGAP15
TMEM107
FBXO-like-1
CDKPK1
ABL-1
MAP3k1-like
PTHrP
THADA
Ubb-like-1
TADBPL
EB2
EGRPI-1
TIGD-7

0
100

OO0 0000000 O OO O

OO0 000 0O 0O OO0 O O|0O

OO 0O 000000000000 0D0OD0OD0OD0D0OD0ODO0O OO0 0O OO 0O 0OD0OD OO OO OO0 O 0Oj0O0OO/O|O|O

40.43
7.36
74.61
83.90
98.30
101.19
94.56
89.04
91.95
103.28
104.95
87.71
90.14
84.21
99.30
27.23
17.87
101.42
11.06
94.47
98.08
70.50
75.63
41.70
3.47
95.02
91.25
98.58
47.23
113.01
104.52
2.13
104.89
94.46
87.71
93.63
102.33
25.95
90.73
93.29
48.51
88.88
85.45
90.16
102.24
95.90

99.48
97.21
101.94
100.89
99.79
101.00
99.47
98.34
98.76
100.98
100.72
98.52
99.54
97.91
99.55
100.84
98.98
100.91
99.03
98.44
100.40
97.56
100.97
99.82
94.16
101.13
99.17
99.36
98.57
99.04
97.31
78.32
99.19
98.87
101.93
97.45
100.32
99.60
100.71
101.11
99.26
97.09
99.12
97.34
100.05
98.82
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Appendix Table 10 (continued)

MAPKKK3
NSD2
YBOX-3
arhGEF10
1433T
Dkc
Larpl-1
UMSBP
DRG-1
VRK2
CBX4
DDX50
Emx-2
Nudcl
ALX4
ST18

FAX

0
0
0
0
0

100

OO0 0000000 O

OO0 00O 0O 00O OO0 OO0 OO O OO

86.44
60.15
75.54
91.32
55.86
5.96
49.78
97.05
93.64
94.60
87.71
99.86
84.49
103.22
100.06
92.97
99.43

99.17
100.62
97.31
99.52
100.70
95.45
100.42
97.72
100.41
100.61
99.04
100.43
98.62
97.25
101.08
98.88
97.37
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Appendix Table 11: List of key reagents

Reagent Manufacturer and catalogue number

TRizol Invitrogen — 15595026
Oligo(dT)1s Invitrogen —S0131
Superscript Reverse Transcriptase Il Invitrogen — 18080093
RNAse H NEB — M0297S
OneTaq 2X Master mix NEB — M0482L

Smal NEB — R0141S
NEBuffer r2.1 NEB — B6002S

T4 DNA Polymerase NEB — M0203S

T7 RNA Polymerase NEB — M0251S

TURBO DNAse

Invitrogen — AM2238

10X DIG RNA labelling mix

Roche — 11277073910

10X FITC RNA labelling mix

Roche — 11685619910

20X EvaGreen

Biotium — 31000

Proteinase K (RNA Grade)

Invitrogen — 25530049

Anti-DIG-POD Roche — 11207733910
Anti-FITC-POD Roche — 11426346910
Alexa-Fluor-488 Invitrogen — A20000
5-TAMRA Invitrogen — C1171
DAPI Invitrogen — D1306

Anti-H3P (Ser 10), Rabbit polyclonal

Sigma-Aldrich — 06-570

Goat anti-Rabbit IgG (Heavy chain)-AF-488

Invitrogen — A27034

Horse Serum

Gibco — 26050070

Western Blocking Reagent

Roche — WESTBL-RO

Draqg5

Invitrogen — 65-0880-92

Concanavalin-A-AF-488 conjugate

Invitrogen — C21401

Bovine Serum Albumin

Sigma-Aldrich — A9418

SUPERase-In RNAse Inhibitor

Invitrogen — AM2694

Maxima H Minus Reverse Transcriptase

ThermoFisher — EP0753

KAPA Pure Beads

Roche — KK8000

Nextera XT DNA Library Preparation Kit

Illumina — FC-131-1024

T4 DNA Ligase

NEB — M0202L

Dynabeads MyOne Streptavidin C1

Invitrogen — 65001

RiboLock RNAse Inhibitor

ThermoFisher — EO0381

TRIzol LS

Invitrogen — 10296028

Glycogen, RNA-grade

ThermoFisher — R0O551

DH5-alpha competent cells

ThermoFisher — EC0111
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