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Abstract:

The study of tissue renewal in adult organisms has widely been viewed as a source to uncover
the triggers for the disruption of cell lineages in pathologies such as cancer. One of pathways
involved in this process is the Hippo pathway. The Hippo pathway acts as a mechanosensor
of extracellular physical forces. These inputs lead to the control of organ growth through the
regulation of cellular fate. However, the exact mechanisms and biological processes that
underly this maintenance of cellular fate remain elusive and require further characterization.
One of this biological processes is cellular senescence. Cellular senescence has been linked
with the onset of tumoral transformation and other age-associated disorders similar to
dysregulations of the Hippo pathway. Other processes that share similarities with Hippo in
regards to tumorigenesis include the regulation of cell cycle progression, cytoskeleton
maintenance and transcriptional regulation. Nonetheless, the connection between the Hippo
pathway and these biological processes have been poorly characterized so far. To better
understand these mechanisms we use planarians (Schmidtea mediterranea). These are
ageless flatworms able to regenerate any body part and constantly resize according to food
availability.

The aim of this thesis revolves around highlighting the importance of cellular senescence,
transcriptomic and cytoskeletal regulation and cell cycle progression downstream of the Hippo
pathway to properly maintain cellular differentiation in vivo. In order to assess the role of these
biological processes we use a RNAI screening approach by inhibiting putative effectors of the
pathway representative of these biological functions.

All in all, we found that cellular senescence predates and contributes to the loss of cellular
differentiation. Moreover senescence rescues are able to prevent such phenotype.
Furthermore we show that defects in maintenance of the cytoskeletal architecture impair
proper metaphase progression of the cell cycle and induce dedifferentiation. We also detect
that deregulation in transcription also impairs the progression of the cell cycle and is
associated with loss of cellular identity. Finally we also correlate defects in the progression of
the cell cycle with proliferation and alterations in growth and degrowth dynamics according to
the nutrient status of the planarian.

In conclusion we affirm that the biological processes of cellular senescence, cytoskeletal
maintenance, transcriptional regulation and cell cycle progression are linked with the Hippo
molecular pathway and their physiological regulation are key for maintaining the cellular fate.
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GENERAL INTRODUCTION

PREFACE: TISSUE SELF-RENEWAL MAINTENANCE

Tissues self-renewal and homeostatic maintenance are biological processes accomplished
thanks to cell proliferation and the establishment of the different cellular identities. The fine
tuning of these processes are also key in order to avoid pathologies in the adult and maintain
the tissues. Often, the alteration of the pathways involved in these processes lead to an
increase of organ size coupled with overgrowths. However, the exact mechanisms and
molecular pathways that underly these processes remain elusive and require further
characterization. [1] Furthermore, the study of these mechanisms has been regarded as a
tool to better understand pathologies that involve the disruption of cellular identity such as
cancer. For instance, the accumulation of senescent cells has been regarded as one of the
biological processes linked with the onset of tumoral transformation and other age-associated
disorders.[2] Nonetheless, the connection between the aforementioned molecular pathways
and the triggers of tissue dystrophies remains poorly studied. To better understand these
connection, the experimental model used is the freshwater flatworm Schmidtea mediterranea,
an organism that constantly resize and renew their tissues according to food availability. [3]

CHAPTER 1: PLANARIAN AS A MODEL SYSTEM

Schmidtea mediterraneais a fresh water flat worm also known as planaria from the
Dugesiidae family, Tricladida order, Platyhelminthes phylum of the Protostomia clade [4].
Freshwater planarians can be found all over the world, with the exception of Antarctica and
some islands. They live in a great variety of freshwater bodies, including rivers, streams,
ponds, lakes, springs, caves, and also in artificial water reservoirs and canals. Freshwater
planarians need the continuity of water bodies to survive since they cannot tolerate desiccation
[5]. The genus Schmidtea is found endemic to the Western Palearctic region. S. mediterranea
appears scattered across the western Mediterranean islands and is also found in two localities
on the coasts of Catalonia (Spain) and one in continental Tunisia.[6] This species is viewed
as a model organism generally used in regeneration and developmental studies [7].

NEOBLASTS IN PLANARIAN REGENERATION AND HOMEOSTASIS

Planarians can regenerate an entire organism from any fragment of their body by rebuilding
lost tissue with the correct pattern. On the other hand, they are also constantly resizing
according to food availability and temperature through a process that involves re-patterning of
existing tissues [7-9].

The high regenerative capability of these animals resides on their population of adult stem
cells, called neoblasts. Neoblasts are somatic (also called adult) stem cells present throughout
the planarian mesenchyme and absent in the pharynx and in front of the eyes. They represent
around 25-30% of the total animal cell population. Nowadays, neoblasts are collectively
considered pluripotent stem cells. Nonetheless, the exact number and precise localization
remains unknown. Pluripotency is viewed as a transient state that leads to a maijority of
multipotent progeny cells. These different multipotent cells later give rise to the different
tissues[10]. They are irradiation sensitive cells with a unique transcriptomic profile that allow
them to be detected by in-situ hybridization with transcripts against smed-piwi [11] and smed-
h2b [12]. They are small cells (5-8 um) with a high nucleus:cytoplasm ratio [10]. This feature
together with their X-ray sensitivity and their ability to rapidly expel the fluorescent DNA-
binding dye Hoechst 33342 allow them (X1) to be separated and quantifiable by Fluorescence-
activated cell sorting from progenitors (X2) and differentiated cells (Xins) [13]. Moreover, they
present indefinite telomerase activity allowing them to maintain their telomere longitude during
regeneration and fission reproduction providing the animal its alleged immortality[14].

Previous studies have revealed that the population of neoblasts appears heterogeneous with
pluripotent stem cells called cNeoblasts together with lineage-committed progenitors



segregated between gamma (y)-class, zeta (¢)-class and nu (v)-class[15]. In which y-class is
related with gut linage; C-class with epidermal lineage and v-class with the neural one [13, 16].
A representation of the model can be seen in Figure 1. As active cycling cells, neoblasts can
be detected by immunohistochemistry with anti-PH3 antibody [17] or through BrdU
incorporation assays [18].
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Figure 1: Model of planarian stem cell hierarchies. It is based on single cell RNA-seq
(scRNA-seq) and Waterfall/pseudotime analyses. cNeoblasts are hypothesized to give rise to
the oNeoblasts both with pluripotent capabilities depicted on the first tier. These give rise to _,
Y, v, and Group 4 neoblasts represented at the middle tier. This model argues that each of
these neoblasts subclasses give rise to tissue specific cell lineages depicted on the third tier
such as epithelium for {Neoblasts, gut for yNeoblasts, and neurons for vNeoblasts. Question
marks depict the cell types with unknown ability to self-renew. Modified from [13].

After any amputation, neoblasts respond to the injury and proliferate, forming unpigmented
new tissue at the stump region named blastema [19]. Two mitotic peaks are observed during
this process. The first one occurs around 6h after the injury and is general, as it takes place
across the entire animal. The second one appears around 48h after injury and is local, as it
occurs specifically in the stumped area [17]. In the case of head regeneration, the process is
completed after 14 days.

Silencing of several signaling pathways such as the JNK leads to the formation of smaller
blastemas since it modulates the expression of wound response genes together with triggering
an early apoptotic response post amputation and attenuating the onset of stem cell mitosis
for a coordinated regeneration response[20].

During homeostasis, neoblasts are the source of the constant cell turnover required to
maintain the body size. They produce the new cells that migrate and undergo multiple
determination steps, intercalate in their target tissue and differentiate in the proper cell type.
Changes in the body size are achieved through variations in the balance between cell
proliferation and cell death. Under starvation conditions animal size reduction correlates with
an increase of cell death whereas mitotic quota stays basal. Conditions revert upon nutrient
availability: a decrease of cell death and mitotic increase occurs[21].

PLANARIAN ANATOMY

Planarians are triploblastic animals around 3 to 8 mm in length that share with vertebrates a
bilateral symmetry and well-defined dorsoventral, mediolateral and anteroposterior axes [22—
24]. They are also acoelomates with an enveloping tissue across organs called parenchyma.



S. mediterranea presents a sexual strain that through cross reproduction generates capsules
with multiple embryos named cocoons, and an asexual strain which accomplishes
reproduction through fission processes, generating a genetically homogenous population [7].
The later strain has been used for the development of this project.

They are characterized by an anterior cephalic region with two eyes connected by an optic
chiasm [25]. They also present a bilobed cerebral ganglion dorsally located. This ganglion
constitutes the animal nervous system together with two ventral nerve cords. These cords
progress up to the posterior region of the animal from which a nervous plexus derives. This
nervous plexus is responsible for the innervation of the musculature, pharynx and gut. It can
be labeled for instance by Immunostaining using an antibody against SYNAPSIN (3C11)[26].
Several types of neurons have been described in the planarian brain. These include:
serotonergic [27], dopaminergic [28], glutamatergic [29], octopaminergic [30], GABAergic [31],
cholinergic [32] and chemoreceptors [33]. Dopaminergic neurons can be detected using
markers for tyrosine hydroxylase (smed-th) since it is the rate limiting enzyme in dopamine
synthesis. On the other hand, chemoreceptors can be detected with cintillo a member of the
DEG/ENaC superfamily of sodium channels. Its name means "head ribbon" in Spanish [34,
35]. On the other hand, neural committed neoblasts and early progeny can be visualized by
markers against the transcription factor Collier/Olfactory-1/Early B-cell factor (smed-coe) [27]
and the homeobox transcription factor smed-nkx2.1 [36] among others. The LIM homeobox
transcription factor smed-lhx1/5-1 has also been characterized in planarians as required for
the maintenance and regeneration of the serotonergic lineage [37, 38].

The digestive system is constituted by a blind intestine ramified into three main branches that
converge into a pharynx located in the center of the animal. This pharynx is located ventral to
the muscular mouth used for food ingestion[39] It also presents an excretory system
composed by protonephridia based on a dorsal network of channels with specialized flame
cells with constant beating flagella.[40]

The muscular system extends throughout the whole planarian body and shapes it. It is
composed by three fiber layers: circular, diagonal and longitudinal, from outside to inside. It
acts as a plexus connecting the dorsal and ventral part of the animal and shapes organs such
as the pharynx and the gut [41]. It is a major secretor of extracellular matrix (ECM) together
with other elements that compose the matrisome of the animal [27].

The animal is also covered by a monolayer of epithelial tissue. It is composed by differentiated
non-ciliated and multi-ciliated cells on top of a basal lamina [42]. Locomotion is accomplished
mainly by the action of cilia located in the ventral region. They also present secretory structures
in the apical part called rhabdites that connect with several secretory cells present on the
parenchyma [43]. These are responsible for the mucus secretions that act as a protector layer
for the animal. A summary of the planarian anatomic structures can be observed at Figure 2.
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Figure 2: Diagram of the major organ systems in the freshwater planarian Schmidtea
mediterranea. A. Transverse section of the animal. The most remarkable features include the
three muscular layers, the pharynx and its cavity at the medial part of the animal and the
epidermal monolayer with their cilia projections. 1, ventral epithelial cells; 2, cilia; 3, basal
membrane; 4, subepidermal nerve plexus; 5, gland cells; 6, dorso-ventral muscles; 7, circular
muscles; 8, longitudinal muscles; 9, diagonal muscles; 10, rhabdite cells; 11, submuscular
nerve plexus; 12, protonephridial network; 13, gut diverticula; 14, gut lumen; 15, goblet cells;
16, gastrodermal cells; 17, gastrodermal plexus; 18, pharynx cavity wall; 19, pharynx cavity;
20, pharynx parenchyma; 21, pharynx outer nerve net; 22, pharynx inner nerve net; 23,
pharynx lumen; 24, pharynx outer musculature; 25, pharynx inner musculature; 26, pharynx
radial musculature; 27, dorsal epithelial cells; 28, testis; 29, yolk glands; 30, oviduct; 31, lateral
nerves; 32, longitudinal ventral nerve cord; 33, transverse commissures; 34, parenchyma. B.
Representation of the central nervous system characterized by a bilobed brain ganglia
together with the two ventral nerve cords and their projections C: Depictions of the digestive
system characterized by a blind ramified gut with the pharynx at the center and the excretory
system composed of a dorsal protonephridia network. D: Representation of the hermaphrodite
reproductive system of the sexual strain. Scale bar: 1mm.Obtained from[7].
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The epidermal lineage has been well characterized in planarians. The epidermal committed
neoblasts called ¢ -neoblasts loss their proliferative capabilities once they start expressing
smed-nb32 and migrate towards the epidermis. Afterwards the sequential expression of
smed-agat/smed-zpuf/smed-vim correlates with the appearance of differentiated epidermal
cells localized in the sub-epidermal or epidermal layer. Finally smed-vim+ (vimentin) cells
terminally differentiate to the different polarized epidermal cell types [44, 45].

CHAPTER 2: HIPPO PATHWAY AND DISEASE

This chapter will consist in a summarized description of the Hippo pathway as well as its
evolutionary significance together with the regulators, implications in disease and in the
planarian model necessary to contextualize the results obtained in the lab.

THE HIPPO PATHWAY

The Hippo pathway is a cell-cell communication pathway initially described as a regulator of
organ size through cell death and proliferation regulation in response to the environment. Its
inhibition lead to the appearance of overgrowths in Drosophila [46] and an increase of organ
size coupled with overgrowths in mammals [47]. Nonetheless, recent studies indicate a wider
variety of functions of the pathway besides growth control[48], placing it as a pivotal pathway
in the regulation of cell fate and maintenance of pluripotency [49]. It has also been directly
linked with tumorigenesis in animal models and in humans [50].

The Hippo pathway consists of a highly-conserved kinase cascade which modulates the
phosphorylation and nuclear localization of Yorkie, a nuclear effector responsible for the
transcription of multiple genes. At its core, Hippo (Hpo) (Mst1/2 in mammals) interacts with the
adaptor Salvador (Sav) and phosphorylates Warts (Wts) (Lats 1/2 in mammals) which mainly
phosphorylates on S168 the main nuclear effector of the pathway named Yorkie (Yki)
(YAP/TAZ in mammals) and leads to its degradation. Unphosphorylated Yki on the contrary is
able to enter the nucleus and interact with several DNA binding factors to induce the
transcription of its targets. For instance, Scalloped (Sd) which was the first described DNA-
binding partner of Yki, characterized in Drosophila wing discs [51, 52].

Environmental signals that impact on cell-cell contact, as tight junctions or cell adhesions, are
the main inputs that trigger the activation of the pathway. The subcellular localization and
activity of YAP/TAZ are tightly regulated by cell substrate rigidity and topography, actin
cytoskeleton remodeling, and by specific regimens of cell stretching [53, 54]. Therefore,
YAP/TAZ act as mechanosensors and mechanotransducers able to regulate cellular
proliferation, differentiation and death thorough environmental signals[55]. Some upstream
regulators described in Drosophila act at this level, triggering the inhibition of the pathway core
kinase cassette. The main ones include the Expanded-Merlin-Kibra (Ex-Mer-Kbr) complex or
the signals regulated by the transmembrane Fat protocadherin [56]. Downstream of the kinase
cassette, Yki can interact with Sd, or with other DNA binding transcription factors in a tissue-
specific manner, triggering a transcriptional specific response. For example, Yki interacting
with Homothorax (Hth) and Teashirt (Tsh) in the progenitor cells of Drosophila eye imaginal
discs leads to the expression of the microRNA bantam[57], while the Yki-Sd complex activates
the expression of diap1 (Drosophila inhibitor of apoptosis) and CTGF (Connective Tissue
Growth Factor) [58]. These evidences reveal a high complexity in both the Hippo pathway
trigger and response elements (Figure 3).
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Figure 3: Hippo pathway components. Representation of the key components of the
pathway in Drosophila and mammals. Obtained from [52].

EVOLUTIONARY PRESPECTIVE

The Hippo pathway presents its core elements in a wide array of species from premetazoan
to mammals. Matts, Hippo or Warts appear in unicellular species such as Tefrahymena
thermophile (earlier eukaryotes) , Acanthamoeba castellanii (Amoebozoa & Dictyostelia) and
Fonticula alba (Holomycota) respectively [59]. This is in contrast to Capsapsora owczarzaki
(Holozoa) which presents an intact Hippo pathway[60] (Figure 4). Nonetheless, these three
pathway components retain their intrinsic activities presenting a conserved function in human
cells with conserved key domains and capacity of integration into the Hippo regulatory
network. These evidences suggest that the pathway could originate from these ancestor
components.
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Figure 4: Schematic illustration of the Hippo pathway evolution from unicellular
organisms to Bilateria. The color of lines was matched with the firstly emerged Hippo
pathway component in the indicated species. The presumed complex formation and regulation
were indicated by a question mark. Obtained from [59].

On the other hand, the number of paralogous genes that are present in the mammalian
pathways are absent in the Drosophila one. This can be attributed to a whole genomic
duplication in fishes where the paralogues where firstly identified. This is because the majority
of these paralogs have been later found conserved in amphibians and mammals. An specific
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example of this process is the emergence of TAZ as a duplication of the original Yorkie giving
its redundant role in the mammalian Hippo pathway [59].

HIPPO REGULATORS AND APICAL-BASAL POLARITY

It has been described that many upstream regulators of the Hippo pathway are components
of the adherens junctions (AJ), tight junctions (TJ) or members of the apical-basal complexes.
These elements are key to maintain adherence and the differentiated state among epidermal
cells. They divide these cells into an apical domain and a basolateral one thanks to the
establishment of a mesh of actin-myosin filaments. These filaments connect the junctional
complexes together and form a cell cortex under the inner face of the plasma membrane [61].
Specifically, Igl2 has been described as a modulator of the Par complex. This is an upstream
inhibitor complex of Hippo. It acts through the stabilization of the apical complex preventing
the interaction of the aPKC with the core kinases cascade of the Hippo pathway [61, 62].

Moreover, it presents two distinctive roles that have been hypothesized to be key in the
aforementioned maintenance of cell polarity:

The first one is related to the ability of Lgl family of proteins to regulate polarized exocytosis
as demonstrated by yeast models [63, 64]. This finely tuned mechanism allows the transport
of specific secreted and transmembrane macromolecules to the cell surface in order to
maintain the molecular identities of the apical, lateral and basal membrane domains. The
specific mechanism is thought to be through the interaction with t-SNARE proteins (target
soluble N-ethylmaleimide attachment protein receptor) found in plasma membranes and other
components of the exocyst complex or by regulating the fusion of post-Golgi transport vesicles
to target membranes [63] (Figure 5).

The second role involves the Lgl family of proteins being part of the cytoskeleton through their
interactions with the heavy-chain of the non-muscular myosin Il (NMII). This is an actin-based
motor protein essential for proper cell adhesion, migration and polarity.

Generally, unphosphorylated Lgl is localized at the basolateral domain where it restricts
activity of the nonmuscle myosin Il isoform A (NMII-A) and inhibits the assembly of actin-
myosin Il cytoskeleton. On the contrary, phosphorylated Lgl appears at the apical domain
dissociated from the cytoskeleton, unable to influence the actin-myosin Il cytoskeleton [65,
66]. This allows the proper differentiation of the two cellular poles (Figure 5).
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Figure 5: Two models of Lgl function in the maintenance of cell polarity. a. Lgl as a
regulator of polarized transport. Phosphorylation by aPKC inactivates Lgl at the apical
membrane domain and directs its transport activities toward the basolateral membrane. b. Lg|
as a regulator of actomyosin cytoskeleton. Nonphosphorylated, active Lgl at the basolateral
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membrane domain negatively regulates the assembly of the actin-myosin Il cytoskeleton,
which is formed at the apical membrane where Lgl is inactivated by aPKC. Asymmetric
assembly of the actomyosin cytoskeleton helps maintain cell polarity. Obtained from [67].

Defects in both functions lead to a loss in the cellular apical-basal polarity. This attribute has
most commonly been associated with the epidermal-mesenchymal transition. This
phenomenon that plays a key role in development in features such as the establishment of
the mesoderm during gastrulation or in the emigration of the neural crest from the neural tube
[68, 69] can also be ectopically reactivated in diseases such as cancer [70]. During tumor
progression, this process can allow cells to acquire a gain of stem-like properties that correlate
with a more malignant phenotype and poor prognosis. For example, Snaill has been
characterized as one of the main stemness inducers among the plethora of transcription
factors that play a role in epithelial-mesenchymal transition (EMT) (others include Zeb, Twist,
and Prrx families) of mesenchymal cells of different origins such as embryonic cells, healthy
adult cells or cells with a pathological origin [71].

ROLE OF HIPPO IN CANCER

The role of hippo itself in cancer appears to be more ambiguous since it is reported to present
dual roles of a tumor suppressor and an oncogene [72, 73]. The hypothesis involved with
this duality of functions are diverse and extensive. This is in part due to the fact that the
effectors YAP and TAZ bind to various transcription factors depending to the cellular context.
Also, Hippo itself presents a crosstalk from and to other pathways. Finally, mutations to
upstream regulators of the pathway themselves often lead to several different outcomes [74,
75]. One example of tumor suppression occurs in mouse intestine regeneration where loss of
YAP leads to WNT hypersensitivity resulting in stem cell expansion and hyperplasia [76]. On
the other hand , an example of oncogenic process indicates that the nuclearization of YAP/TAZ
in differentiated tissues often leads to increase of genomic instability, EMT together with
increased migration, metastasis and increased resistance to anoikis (apoptosis induced by
the lack of cell attachment) [77, 78]. Nonetheless it must be remarked that the majority of these
de-regulations occur through epigenetic silencing mechanisms. This is the reason why seldom
mutations associated with core Hippo pathway genes have been characterized in human
cancers. [79]

ROLE OF HIPPO IN PLANARIANS

The first study of the Hippo pathway on Platyhelminthes was performed in Macrosomum
lignano and revealed the functional conservation of the pathway between flatworms and
mammals. The results showed that Hippo silencing leads to the regeneration of bigger
structures together with an increase in proliferation and overgrowths formation in homeostasis.
On the other hand, upon yki silencing a decrease on proliferation was observed [80].

Studies in Schmidtea mediterranea revealed a blotted phenotype upon yki silencing due to
defects in the excretory system coupled with an unexpected increase in cell proliferative rates
[81]. Nonetheless a more recent study preformed in our lab regarding hippo silencing in the
same species revealed an increase of mitosis coupled with an increase of Yki protein levels
in the nucleus, suggesting that in fact the role of Hippo signal in growth control is also
conserved in S. mediterranea. The blotted phenotype after yki inhibition could be caused by a
specific role of Yki in the excretory system, which masks its role in growth.

Furthermore, hippo silencing in planarians also resulted in the decrease of apoptosis and the
development of overgrowths and unpigmented regions (Figure 6A). Despite this shift on
cellular turnover mechanisms, body size and cell number were maintained. This result was
explained by the observation that mitotic cells were accumulated in M phase, due to defects
on the ensemble of the mitotic spindle. Finally, in the unpigmented regions and overgrowths,
markers of pluripotency and of terminally differentiated cells were co-expressing aberrantly,
pointing to a loss of identity commitment, a feature shared with tumor progression (Figure 6B).
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Moreover, it was found that hippo inhibition in planarians depleted of cycling cells (or
neoblasts) may lead to the dedifferentiation of postmitotic cells. Specifically, under sublethal
irradiation doses (17,5 Gy) hippo (RNAi) animals increased the number of smedwi+ cells
compared to the sublethal irradiated animals. Importantly, anti-H3P immunostaining indicated
there were no differences in the number of mitotic cells between the sublethal irradiated/hippo
(RNAI) planarians and the sublethal controls. This indicated that the increase of smedwi+ cells
was not attributed to an increased proliferation but rather due to the dedifferentiation of
postmitotic cells that regain the expression of stem-cell markers.

Thus, in S.mediterranea hippo inhibition leads to overgrowths and unpigmented regions which
are composed by undifferentiated cells. Three observations could account for this phenotype:
the arrest of cells in M phase, the decrease of apoptosis (which impedes the elimination of
unhealthy cells) and the inability of differentiated cells to maintain their differentiated state. All
these features are known to be present in any tumoral process (Figure 6 B).

To further analyze the cellular and molecular nature of the pathway, transcriptomic analysis of
hippo silenced animals after one, three and four weeks of inhibition were performed and
compared with respective controls in order to identify putative target genes of the pathway that
appear differentially up or downregulated [82].
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Figure 6: Hippo pathway in planarians. A. hippo RNAi phenotype in planarians. White
arrowheads indicate overgrowths and white discontinuous boxes unpigmented regions. B.
Model of the Hippo pathway role in planarians. Modified from [82].

CHAPTER 3: SENESCENCE

Cellular senescence is a complex concept that involves many different biological functions
that are still in the process of being properly characterized. Therefore, this chapter will be
focused on the characteristics that are able to contribute to the discussion according to the
results found in planarians.

According to the International Cell Senescence Association (ICSA) cellular senescence is
defined as a cell state triggered either by stress or some specific physiological processes
characterized by a prolonged and generally irreversible cell-cycle arrest, secretory features,
macromolecular damage and altered metabolism. These features can often be inter-
dependent [83].

CELL CYCLE ARREST

The cell cycle arrest that occurs in cellular senescence implies the cessation of cell division.
It is characterized by profound chromatin changes, and tumor-suppressor activation [84—-88] .
These features may results in genomic instability that leads to chronification, resulting in
chromosomal instability, DNA damage, loss of cell identity and failure of the cell death
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programs activation (apoptosis) [89-92]. This type of arrest differs from quiescence for the
fact that the latter is temporary with proliferation being reinstated afterwards. On the other
hand, this kind of arrest is also different form terminal differentiation since in this case cells
acquire specific functions triggered by different pathways from the ones involved in
senescence. Moreover, senescent cells acquire a new and distinctive phenotype different from
the ones that identify differentiated cells. It must be remarked though, that in specific
circumstances, especially during tumorigenesis, senescent cells can reenter the cell-cycle
and trigger dedifferentiation [93, 94].

Senescent cell cycle arrest is mainly regulated through the tumor suppressor pathways of
retinoblastoma (pRB) family and p53 proteins [95]. pRB1 is phosphorylated by cyclin
dependent kinases (CDKs; CDK4, CDK6, CDK2). This phosphorylation leads to the repression
of the transcription factor E2F family activity, which are required for the progression of cell
cycle. This occurs in senescent cells thanks to the persistent activation of pRB [96, 97].

SENESCENT ASSOCIATED SECRETORY PHENOTYPE

Senescent cells secrete a wide variety of factors globally included in the term senescent
associated secretory phenotype (SASP). Some of the most definitory molecules of the SASP
include cytokines, chemokines and matrix metalloproteases. It mediates many of the
senescence effects. Especially, it mediates the spread of senescence in an autocrine and
paracrine manner [98, 99]. The composition of the SASP varies wildly across cell types, the
original stimulus and the endurance of the senescent phenotype[100]. Thus, it is important to
properly characterize it in each biological context. Specially because it will unveil novel and
context-specific secretory signatures tied to different types of senescent progressions.

TELOMERE SHORTENING

One of the most defining characteristics of cellular senescence in regards to damage is
telomere shortening consequence of serial passages of DNA replication due to the DNA-end
replication problem [101]. Telomeres are evolutionary conserved repetitive sequences of DNA
found as loops at chromosomal ends and stabilized by the Shelterin protein complex. This
makes the region inaccessible by the DNA damage response (DDR) and the double-strand
DNA break (DSB) repair pathways [102].

Telomere shortening culminates in the destabilization of the DNA loops, uncapping of the
telomeres resulting in telomere dysfunction-induced foci (TIFs) and the activation of DDR
causing the cell cycle arrest through p53 as mentioned before. This can also be replicated by
disrupting genes involved in telomere maintenance [103].

Senescence can also be induced through persistent DNA damage caused by several
genotoxic agents such as irradiation (ionizing and UV).

LYSOSOME ALTERATIONS

Lysosomes have been reported to increase in number and size in senescent cells [104]. They
also accumulate defects leading to a change in their pH to more basic. This change is
specifically related to senescence-associated beta-galactosidase (SA-B-gal) activity.
Nonetheless, although the SA-B-gal is prominent in senescent cells it has been reported to be
not required nor determinant for a cell to become senescent [105]. Accumulations of
aggresomes in these defective lysosomes, especially of lipofuscin also stimulate expression
of the anti-apoptotic factors of the Bcl-2 family, providing the cell with apoptosis resistance.
Apoptosis resistance is also one of the key features of senescent cells [106].

NUCLEAR CHANGES

Downregulation of Lamin B1 is also one of the main attributes linked to cellular senescence.
Lamin B1 is a major component of the nuclear lamina [107, 108]. Its downregulation leads to
a reduction of the nuclear integrity coupled with a special rearrangement of H3K9me3 giving
rise to senescence-associated chromatin structures[109]. Interestingly, these epigenetic
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modifications appear to be stimulus and context dependent. For instance, oncogene induced
senescence leads to the loss in local connectivity of regions rich with H3K9m3 and Lamin B1
which in turn perturbs long-range chromatin interactions [110]. On the other hand, replicative
senescence shows loss of long-range and gain of short-range chromosomal interactions [111].

Downregulation of Lamin B1 coupled with the reduction of nuclear integrity also facilitates the
SASP excretion by contributing to the formation of cytoplasmic chromatin fragments (CCF)
[112].

A summary of all the previously mentioned markers is depicted in Figure 7.
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Figure 7: General hallmarks of cellular senescence. The ones discussed in this chapter
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apoptosis resistance and downregulation of Lamin B1 and disruption of the nuclear membrane

.Obtained from [113].

SENESCENCE IN DEVELOPMENT
Senescence appears at various sites at specific time windows during development across
multiple evolutionary distant organisms. It presents similarities with stress-induced
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senescence which leads to a permanent cell cycle arrest but also presents distinctive features
[114].

These features could potentially be categorized in three branches: organ regression, cellular
balance and tissue growth.

In the first category we have the example of the regression of the mesonephros in mammals
and birds also known as the pronephros in axolotl and Xenopus. This structure acts as a
temporary kidney for the embryo to be replaced at later stages of development and which
parts are reused to generate other structures in the adult. Inhibition of senescence in the
mesonephros in mice has revealed defects in the establishment of tissues originated from
such structure [115].

In the second category we find the senescence present in the mouse endolymphatic sac that
could modulate the balance of cell populations by causing arrest and posterior clearance of
certain subpopulations in comparison to others [115].

In the third category, we find the presence of senescent cells at the apical ectodermic ridge
were they could act as a signaling center regulating limb patterning and growth [116].

All and all, these differences between developmental senescence and stress-induced
senescence suggest that the latter could be adapted from the first one as a novel mechanism
to offer protection against stress conditions [114].

SENESCENCE IN REGENERATION

Senescence is also present in regenerative processes in a wide range of organisms. As
mentioned in development it also plays timed specific roles with different outcomes depending
on the model organism and the tissue affected.

There are examples of a transient tissue-damaged induced senescence promoting
regeneration in models such as in zebrafish fin regeneration [117] and in salamander limb
regeneration [118]. In these cases the incomplete elimination of senescent cells could lead to
fibrotic tissue and block tissue formation [119].

Moreover, induced cell reprogramming towards pluripotency in mice through the expression
of the Yamanaka factors (Oct4, Sox2, KIf4 and c-Myc) is enhanced in tissues with an
accumulation of senescent cells [119].

A general consensus of the pathways involved in these processes as well as the specific SASP
factors that could be involved in each of them has yet to be reached. Nonetheless, it is
generally agreed that the mechanisms should involve mechanisms of proliferation,
dedifferentiation, matrix remodeling or immune system activation respectively [120].

Another aspect of senescent cells in regeneration occurs more commonly in mammalian organ
regeneration such as in the liver or the kidneys [121, 122]. In these contexts, senescent cell
accumulation results in regeneration impairment most likely due to the accumulation of non-
proliferative cells and deregulation of the SASP with pro-fibrogenic factors that promote tissue
fibrosis. Nonetheless, once more, understanding the fine differences between such senescent
footprints will be the key to properly understand the different mechanisms of tissue
regeneration across species [120].

SENESCENCE IN CANCER

Senescence also presents a dual role in tumorigenic transformations. Traditionally, stress-
induced senescence has been viewed together with apoptosis as a tumor suppressor
mechanism that prevents cell cycle progression and thus tumor formation. Therefore disabling
senescence is an step required for cancer cells to grow [2]. However, it is described that the
SASP exuding from senescent cells present a paracrine effect which carry a cocktail of pro-
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tumorigenic factors as well including pro-inflammatory cytokines, growth factors and matrix-
remodeling enzymes aiding in the proliferation, metastasis and migration of tumorigenic cells.

Overall, further characterization of the different roles of each type of senescent cells present
in the tumor microenvironment as well as the timeframe of their activation will help elucidate
the triggers for tumoral transformation as well as the development of new targeted therapies
[123].

ROLE OF SENOLYTICS AND SENOMORPHICS

Senolytics are broadly used as treatments to eliminate senescent cells since they present a
senescent-specific cell killing activity[124]. Among these compounds Navitoclax (ABT-263)
specifically inhibits the Bcl-2 antiapoptotic family of proteins in order to compensate the
decrease of apoptosis linked with cellular senescence [125].

Senomorphics on the other hand, suppress senescence by suppressing SASP expression. In
the case of Rapamycin this is achieved through the decrease activation of Stat3 pathway
[126].

SENESCENCE IN PLANARIANS

In planarians it has been previously reported that in post-irradiation conditions an
accumulation of senescent cells occurs [127]. However, the lack of further evidences still rise
concerns of the actual evidences of senescence existing as a physiological mechanism in
planarians. One of the main concerns involve their lack of conservation of several components
of DDR and cell cycle checkpoints components. This suggest that as a whole, DNA damage
response mechanisms as well as the cell cycle checkpoints could have drifted as a collective
over the course of evolution. As an specific example, it has been reported that DNA damage
response after irradiation downstream of ATM highlights a loss of p53 function in driving
apoptosis in planarians [128].

CHAPTER 4: CELLULAR DEDIFFERENTIATION

Cellular differentiation refers to the process that a cell undergoes from the asymmetric stem
cell division until it achieves its terminal identity. During this path, the cell gains progressive
commitment towards its final identity thanks to a dynamic combination of specific transcription
factors that allow the activation of the appropriate genetic programs in order to obtain a specific
differentiated cell from each lineage[129].

In order to maintain proper tissue functions, the identity of their constituent cells must be
stable. This stabilization is maintained thanks to the establishment of specific epigenetic
programs (through histone modifications and specific enhancer conformations) that allow the
activation of a fixed genetic program key for the cellular identity stability [130]. Nonetheless,
such programs can be altered and trigger a loss of cell identity. Thus, cell dedifferentiation
refers to events in which differentiated or committed cells acquire characteristics of less
mature cells [131]. During this process, the telomeres are reset and start to elongate, although
the exact dynamics and lengths in different tissues remain still to be elucidated [132, 133]. A
clear example of this process in vitro is the production of iIPSC cells from terminally
differentiated cells through the overexpression of a specific combination of transcription
factors, the Yamanaka factors mentioned in the previous chapter[134]. However, an even
more striking example of this production of stem cells has been characterized in vitro just by
altering the Hippo pathway. In this case, transient expression of YAP/TAZ was sufficient to
induce dedifferentiation of a range of differentiated cells into somatic stem cells of the same
tissue [49]. It has also been reported that ectopic activation of YAP in adult mice promote the
dedifferentiation of hepatocytes [135].0n the other hand, halting YAP overexpression induces
the rapid reappearance of differentiated cells in the intestinal crypts [76]. These evidences go
in line with the hippo RNAI planarian model introduced in chapter 3 [82].
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Nonetheless, dedifferentiation is a mechanism that also occurs naturally. Specifically, after
tissue loss or damage in some species. As indicated in the previous chapter, the limb
regeneration in urodele amphibians is achieved through this mechanism. After amputation,
the cells adjacent to the wound dedifferentiate and form a blastema of undifferentiated cells
that proliferate and later redifferentiate in order to regenerate the tissues of the lost limb [136].

This concept is difficult to visualize in the classical model of the Waddington landscape. In this
model sequential developmental fate decisions induce an adult stem cell (ASC) to gain a
defined identity according to descending cell lineages [137]. Nonetheless, a new model has
recently been proposed, the so called “wobbling Penrose landscape”, which is not as strongly
influenced by the vertebrate model of stem cells an encompasses better the diversity of
stemness existing across metazoans. In this model, cell totipotency follows the logic of a
Penrose staircase, an “Escherian loop” of stemness that juxtaposes the implicit gravitational
force represented in the Waddington landscape, refuting the idea that a stem cell begins its
journey at the top of a hill. Thus, at any point, the stem cell can initiate cascades of cellular
phenotypes at different hierarchies of potency. These cascades may give rise to different
lineages but with the ability to turn back at any point in ascending trajectories of potency. This
means different forms of cellular dedifferentiation, for example. All these paths depict a
dynamic or rather “wobbling” landscape. This representation therefore is opposed to the
inevitable progressive loss of stem cell potency [138]. The visual representation model can be
seen in Figure 8.
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Figure 8: A graphical visualization of the ‘wobbling Penrose landscape’ metaphor. The
dark blue stairs represent the Penrose staircase of stemness in which the stem cell depicted
in orange make turns in a continuous loop. At any step, represented by funnels, the cell can
descend stemness echelons depicted as gray downhill walls and remain at that level or further
descend to a differentiated state depicted in the lighter blue tones depicted in the upper legend.
The Escherian movement attributed to the cell allow a continuous passage to any stemness
passage through dedifferentiation processes for example, depicted by the ropes or back to
totipotency depicted by the ladders. It opposes the hilly Waddingtonian landscape depicted in
the upper insert. Obtained from[138].

CHAPTER 5: CELL CYCLE

The cell cycle is the universal process of cell division to generate identical daughter cells
achieved through accurate genome duplication followed by proper division. The whole process
takes 24h for human cells cultured in vitro. The cycle is divided in four sequential phases: G1,
S, G2, M. During the S-phase (S for DNA synthesis) the genomic DNA is accurately duplicated.
This phase takes roughly half of the cycle. Together with the gap phases G1 and G2 it makes
up the interphase of the cycle that takes up to 95% (23 hours) of the cycle. This is followed by
the M-phase (for mitosis) which is the shortest phase of the cycle (1 hour) that segregates the
DNA copies and divide the nucleolus and cytoplasm (cytokinesis) culminating in the formation
of the two daughter cells. It must be remarked that the duration of the cell cycle phases is
widely variable between different species and cell types. The budding yeast for example
progresses through the 4 phases in just 1,5 hours and in the Xenopus fertilized egg (during
early development) just in under 30 minutes due to the lack of G1 and G2 phases [139, 140].

G1 and G2 are required for the appropriate cell and organelle growth but moreover, they
provide check-points in order to ensure cell cycle sustainability before entering the S and M
phases respectively. In yeast for example, the lack of nutrition leads to a cell cycle arrest at
G1 until conditions improve and the cell-cycle is postponed [141]. This effect has been
connected with the energy requirements and other ATP intermediates necessary for DNA
duplication. This has also been connected with the enhancement of mitochondria fusion.
During the G1/S transition mitochondria form hyperpolarized tubes prior to mitosis. This
hyperpolarization enhances catabolic capabilities to overcome the energetic requirements to
bypass this stage of the cell cycle[142]. Thus, G phase may be very variable in length. When
cells remain arrested for very long periods of time they enter a quiescence stage of the cycle,
called G0[140]. Examples of G2 arrest also occur in Caenorhabditis elegans larvae under
starving conditions [141]. An ideogram of the 4 phases can be seen at Figure 9.

Mistakes produced during the DNA duplication, chromosome separation or insufficient growth
during the cell cycle need to be detected and consequently the cycle must be blocked until the
situation is resolved. Therefore, in the majority of eukaryotic cells exist three main checkpoints
of cell cycle progression: the restriction point at late G1, at the G2/M transition and at the
spindle-assembly metaphase to anaphase transition during M-phase. The core regulation of
these checkpoints is mediated by the cyclin dependent kinases (Cdks) which are activated by
their binding to their respective paired cyclins. Cyclins, are proteins that undergo processes of
synthesis and degradation according to each phase of the cycle thus regulating the whole
process. In vertebrates 4 Cdk proteins exist; one for each cell cycle stage [143]. In yeast, on
the contrary, one Cdk binds to all cyclins.[139]

1) Cyclin E is highest in late G1 and binds to Cdk2 protein and activates the G1-S
transition.

2) Cyclin Ais highest during S phase until mitosis and binds to Cdk2 and Cdk1 to promote
chromosome duplication.

3) Cyclin B is highest at the G2/M transition and goes down at mid-mitosis. It binds to
Cdk1 to enter the M phase.

4) Finally, Cyclin D synthesis is initiated at early G1 phase. It interacts with Cdk4 and
Cdk6 and allows the progression through the restriction point.
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An ideogram of the 4 phases and their regulations can be seen at Figure 9.
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Figure 9: Cell cycle progression and checkpoints. The cell cycle consists of four phases
(G1,S, G2 and M) regulated by different Cyclin-Cdk complexes. Cyclin levels change
depending of the phase of the cycle and are represented by the thickness of the crescents.
The restriction point at G1 marks the decision to enter a new cycle or remain quiescent
(G0).Obtained from[143].

In planarians, there are some peculiarities that suggest that some differences exist in their cell
cycle progression. One of the most sticking ones is the lack of conservation of MAD1 and
MAD2, two near-universally conserved proteins responsible of the spindle-assembly
checkpoint (SAC), guarding cells from aneuploidies by arresting the cycle as long as at least
on chromosome remains unattached to the mitotic spindle. Other components of the SAC
complex have also been lost in planarians. Arrests in the M checkpoint occur therefore
MAD1/2 independently.[144]

In planarians Rb has conserved the ancestral role in cell division and cell death. Nonetheless
flatworms as a phylum have undergone a loss of an activating E2F homolog. Flatworms have
also lost a cyclinE homolog, a critical regulator of Rb activity in other systems. Its canonical
binding partner though, CDK2 still exists in planarians but has very low expression based on
RNA-seq data suggesting it may no longer function in cell cycle [145].
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Planarians also present only a single homolog of the vertebrate p53 family with both tumor-
suppressor (vertebrate p53) and self-renewal (vertebrate p63) properties. This goes in line
with the hypothesis of an ancestral molecule that presented the properties of p53, p63 and
p73 in vertebrates and was further split amongst its paralogs. Furthermore, so far, no homolog
of p21 has been found in planarians thus making impossible to test if the smed-p53 functions
through p21 to trigger cell cycle arrest after stress is inflicted [146]. This evidences go in line
with the previous chapter where it was mentioned the lack of apoptotic induction of p53 post
irradiation stress [128].

Overall these peculiarities of the planarian cell cycle open the question of how they affect their
proliferation capabilities and which evidences one must gather to better understand how the
cell cycle checkpoint mechanisms work in this particular system. Therefore, this thesis benefits
from the information the assays in cell cycle progression may provide in the Hippo pathway
context. This is due to the important implications the cycle holds in relation to the proliferation
and loss of cell identity previously discussed.

CHAPTER 6: GROWTH AND mTOR PATHWAY

Cell cycle entry and progression in order to trigger proliferation described in the previous
chapter lead to continuous decrease in cell size with every division. Therefore, cell growth is
essential to allow this continuous cell turnover. This growth requires large amounts of the novo
synthesized macromolecules (proteins, lipids and nucleic acids). This synthesis requires large
amounts of energy consumption. Thus, cells are able to monitor the amount of nutrients and
energy reserves they possess before entering the cycle. One key example is the ability of the
Drosophila ovaries to adjust their division rate according to nutrient availability and reduce the
production of eggs in times of scarcity [147]. One of the key pathways being described to play
a role in this context is the TOR pathway since it monitors growth and proliferation in response
changes in nutrient availability [148].

The TOR pathway is an evolutionary conserved molecular pathway with TOR as its core
element [149]. TOR (target of Rapamycin) is a serine/threonine kinase that monitors signals
from nutrients like amino acids and growth factors like insulin and insulin-like growth factor
(IGF). One of their main downstream target effectors is the synthesis of proteins for
appropriate growth. These include cell-cycling-driving proteins such as cyclins described in
the previous chapter[150]. Thus, it has been hypothesized that the checkpoint at late G1 in
which cells happen to enter a new cell cycle or not in order to trigger proliferation could be
mediated by TOR. This evidence is gathered from the fact that inhibition of TOR signaling
arrests cells at late G1. This could be a way for the cell to determine if they have sufficient
nutrients and energy available before committing to proliferation. This could be similar to the
checkpoint described in yeasts[151]. The proposed mechanism suggests that under nutrient
and energy rich conditions, TOR is active and increases protein synthesis. This leads to an
increase of Cyclin E levels which promotes the progression of the late G1 phase of the cycle
as previously described [150]. Thus, TOR ends up promoting the progression of the cycle in a
nutrient and energy dependent way.

THE MTOR PATHWAY

TOR appears in two different complexes, mTORC1 and mTORC2. In mTORC1 it interacts
with a regulatory associated protein of TOR (raptor) and its role is mainly focused in protein
translation. mMTORC2 on the other hand presents the rapamycin-independent companion of
TOR (rictor) and its role is mainly focused in actin cytoskeleton organization [149].

MTORCH1 receive diverse upstream stimuli: mainly by extracellular growth factors or through
amino acids. These growth factors act via tyrosine kinase receptors (RTKs) which signals are
propagated to mTORC1 via PI3K/Akt or RAS/Erk signaling cascades [149, 152, 153]. Akt
positively modulates mTORC1 in two different ways: through phosphorylating and inactivating
the tuberous sclerosis proteins 1 and 2 complex (TSC1/2) (a negative regulator of mMTORC1)
and through phosphorylation and dissociating from mTORC1 the TORC1 inhibitory factor
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proline-rich Akt substrate of 40 kDa (PRAS40). It is worth mentioning that a negative regulator
of this PI3K-Akt axis is the phosphatase and tensin homologue (PTEN) which acts as a tumor
suppressor that appears mutated in many cancers [154].

MTORC1 presents many effectors as well. The most characteristic ones involve translation
regulation. This role is done by the ribosomal protein S6 kinases (S6Ks) and also by the
eukaryotic initiation factor 4E(eiF4E)-binding proteins (4E-BPs). The later ones repress
translation initiation by inhibiting the translation initiation factor eiF4E. Thus, TORC1 activation
through phosphorylation leads to inactivation of 4E-BPs [149].

Moreover, it has been seen that Rapamycin (inhibitor of mTOR) is able to suppress DNA
double strand break repair through the recruitment impairment of BRCA1 and Rad51 to DNA
repair foci [155]. Similar effects have been associated with oncogenic forms of Akt that lead to
the cytoplasmatic retention of BRCA1 and Rad51 independently of phosphorylation. This is in
spite of the positive role of Akt in non-oncogenic cells [156].

GROWTH IN PLANARIANS AND MTOR

As mentioned in the planarian chapter, planarians constantly regulate their body size
according to food availability. Thus, upon feeding, planarians grow. A depiction of this process
can be visualized in Figure 10. It has been described that planarians present a mitotic peak
after 1 day of feeding and progressively decrease their proliferative ratio until they reach a
plateau by day 5 [157, 158]. In parallel, it has been observed that during the first days post-
feeding cell death decreases to a minimum allowing the cell balance to shift towards an
accumulation in numbers [159].

So far, the insulin/mTOR signaling pathway has been the only one described in planarians to
be able to control their body size. Inhibition of insulin-like peptides or mTOR leads to a lack
of proliferation and growth impairment [160-162]. Moreover, a novel negative regulator of
MTOR named SMG-1 has also been described in planarians. It's downregulation has been
associated with an hyperproliferative response that leads to the formation of lethal ectopic
overgrowths [161]. The tumor suppressor PTEN has also been described to present a similar
phenotype in planarians upon downregulation leading to overgrowths formation [163].

Strikingly, a de novo and taxonomically restricted family of genes identified as blitzschnell (bls)
was also described to play a role in growth and cell proliferation in planarians. Their silencing
lead to faster regeneration and an increase of cell number during homeostasis. In feeding
conditions this increase in cell number leads to an increase in body size whereas in starving
conditions it leads to a decrease of cell size and the formation of overgrowths. Interestingly,
its expression is downregulated after feeding. Moreover, there are hints that suggest bls genes
are integrated within the insulin/Akt/mTOR network. For instance, bls could be acting as an
inhibitor of the mTOR pathway since upon bls2/3/5 inhibition mTOR and Akt appear
upregulated and vice versa.

Overall, these phenotypes in planarians are the representation of the impairment of the tumor
suppressor function and the associated defects in the progression of the cell cycle. This is
explored in the previous chapter with the phenotype presented upon the inhibition of the p53
homolog [146].
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Figure 10: Planarian dynamics of growth and degrowth. A. Animal size comparison during
a process of starvation from 7 to 90 days. Lack of food leads to a planarian degrow whereas
food intake allows them to grow back again. B. Ideogram representing the mitotic neoblasts
during a process of starvation. Despite being less in number the more their decrease in size,
the relative proportion is maintained. Obtained from[164].
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OBJECTIVES:

General Objective

The general objective of this thesis has been to understand the molecular mechanisms
required for tissue renewal, maintenance of cellular identities and growth regulation. | have
focused in the characterization the Hippo signaling pathway by studying differentially
expressed genes (DEGSs) in hippo RNAI planarians compared to controls.

Specific Objectives

1. Toreanalyze a previous RNA-seq experiment to find DEG that function in cellular
senescence in other model systems.

1.1.  To functionally characterize those genes by RNAi experiments to see whether they
are able to phenocopy hippo RNA..
To establish markers to detect senescence in planarians
To investigate whether the downregulation of those genes is able to
modulate senescence.
1.4. To test senolytic drugs in planarians and investigate whether they could
rescue the phenotype of hippo RNA..

_—
Wi

2. To reanalyze a previous RNA-seq experiment to find the most prevalent GO
Ontology Terms that could mediate the Hippo-mediated tissue renewal and
investigate their function.

2.1.  Toidentify representative genes of each GO Ontology Term and study their function
by RNAI to see whether they are able to phenocopy hippo RNAI

2.2.  To functionally characterize by RNAi and with the appropriate tools the implication
of several candidates in the GO Ontology Terms-related function.

3. To define the role of ccdc175, a putative effector of hippo, in tissue renewal
linking cellular senescence and cellular differentiation.

3.1.  To pursue the identification of putative promoters of ccdc175 to better characterize
its tissue specification.

4. To study the function of mitofusin2 (mfn2) by RNAi experiments in planarians in
two different contexts: feeding and starvation.
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RESULTS:

CELLULAR SENESCENCE MEDIATES THE FORMATION OF OVERGROWTHS AFTER
HIPPO SILENCING IN PLANARIANS
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Catalunya, Spain

2 Institut de Biomedicina de la Universitat de Barcelona (IBUB), Universitat de Barcelona,
Barcelona, Catalunya, Spain

The accumulation of senescent cells in old organisms, or upon chronic damage, contributes
to chronic inflammation and age-associated disorders, including cancer. On the other hand,
the Hippo signaling pathway is a key hub in the control of cellular renewal and is found
systematically deregulated in tumoral processes. However, the relationship between the
Hippo signaling, cellular senescence and tumoral transformation has been poorly studied.

Planarians (Schmidtea mediterranea) are ageless flatworms that endow a continuous tissue
renewal and have the ability to regenerate. It has been demonstrated that Hippo inhibition in
planarians promotes cellular dedifferentiation and the formation of overgrowths. In this study
we characterize the function of two downstream hippo target genes related with cellular
senescence (syne and trrap). Functional characterization of their RNAI inhibition revealed a
decrease of apoptosis and the presence of overgrowths, phenocopying hippo inhibition.
Interestingly, the appearance of senescent cells before the formation of the overgrowths in
those RNAI animals, as well as in hippo RNAis, was demonstrated by using different markers:
accumulation of SA-B-Gal, a decrease of Imnb1 expression levels and increase of p53 and
pRb. Moreover, a partial rescue of the phenotype was observed when hippo RNAi animals
were treated either with the senolytic drug Navitoclax or the senomorphic drug Rapamycin.

Our results suggest that in planarians cellular senescence contributes to the onset of tumoral
transformation observed when Hippo is downregulated.
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INTRODUCTION

Cellular senescence implies the cessation of cell division. This is caused by several external
stressors. Failure in relieving the stress and/or repairing the damage results in genomic
instability and chronification, which leads to DNA damage, loss of cell identity and failure in
the activation of cell death programs (apoptosis).Senescence is characterized by tumor-
suppressor activation, profound chromatin changes and secretome alterations [1-5]
Moreover, accumulation of senescent cells contributes to age-dependent chronic inflammation
and age-associated disorders. [6-9]

On the other hand, regeneration and tissue renewal are essential homeostatic processes in
adult organisms that require a strict control since its misregulation may contribute to diseases,
such as cancer. Due to the tight relation found between the physiological processes
responsible for organ growth and the pathological ones linked to tumor formation [10, 11], the
Hippo pathway and its effectors have gained the interest of the scientific community in regards
to their role on cancer progression.

The Hippo pathway is a cell-cell communication pathway initially described as a regulator of
organ size through cell death and proliferation in response to the environment, which inhibition
leads to the appearance of overgrowths in Drosophila [12] and an increase of organ size
coupled with overgrowths in mammals [13]. Recent studies indicate a wider variety of functions
of the pathway besides growth control, placing it as a pivotal pathway in the regulation of cell
fate and maintenance of pluripotency [14]. It has also been directly linked with tumorigenesis
in animal models and in humans [15].These evidences reveal a high complexity in the Hippo
pathway response elements. However, the relationship between the Hippo signaling, cellular
senescence and tumoral transformation has been poorly studied.

Recently, the Hippo pathway has been characterized in planarians as a hub in regulating cell
renewal through the control of cell death, differentiation and proliferation in response to cell-
cell contact [16]. Schmidtea mediterranea is an emerging model in biomedicine broadly used
in regeneration and stem cell studies. Planarians can regenerate an entire organism from any
fragment of their body by rebuilding lost tissue with the correct pattern. On the other hand,
they are also constantly resizing according to food availability through a process that involves
re-patterning of existing tissues [17].smed-hippo (hippo from now on) silencing in planarians
results in the decrease of apoptosis and the development of overgrowths and unpigmented
regions formed by cells with a loss of identity, a feature shared with tumor progression in
mammals. It has been reported that cellular senescence plays a role in multiple biological
processes from tissue repair to organismal ageing [18-23].

Here we study two genes whose expression is modulated by the Hippo pathway in planarians
and are related to cellular senescence in liver tumorogenic cell lines Hep3B and Huh7 and in
hepatocellular carcinoma cells : synet1 and trrap [24—26]. We adapt senescent assays to
planarians to detect it upon RNAI inhibition of nesprin-1, smed-syne1 (syne1 from now on),
transformation/transcription domain associated protein, smed-trrap (trrap from now on)and
hippo. We also present a senolytic and a senomorphic treatment as tools to rescue
senescence-associated phenotypes in planarians [27-29]. These drugs prevent the formation
of the characteristic overgrowths of hippo RNAI. All in all, we describe the role of hippo
regulating cellular senescence and maintaining cellular identity in planarians.

RESULTS
hippo putative effectors syne? and trrap phenocopy hippo RNAI

We re-analyzed a previously published RNA-seq experiment on hippo RNAI planarians at 1,
3 and 4 weeks of inhibition compared to controls and focused at the 1 week RNAI timepoint to
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check for early response transcripts that could be linked with the initiation of the hippo RNAI
phenotype but still are kept downregulated at the later timepoints of 3 and 4 weeks (Figure 1
A, A)[16]. At this early stage, syne? and trrap were revealed as two of the few downregulated
transcripts with a significant Log2 Fold Change. (Figure 1B). Both of them stayed
downregulated at 3 and 4 weeks as well (Figure 1C). gfp is used as a control because it is a
gene not present in planarians and its inhibition does not affect its transcriptome.

We found synet and trrap as interesting candidates, as these represent novel putative
downstream effectors of the Hippo pathway in any organism and they have been previously
linked to senescence in other model systems. Syne1 is known to act as the link between the
actin cytoskeleton and the nucleus and has been related with the maintenance of nuclear
shape through cytoskeleton interactions. Its role has been mainly described in tumorigenic cell
lines. It was shown to be involved in the transduction of mechanic signals and chromatin
status. Defects in its expression cause nuclear deformations that lead to cellular senescence
[24]. On the other hand, Trrap is an adapter protein found in complexes with histone
acetyltransferase activity (HAT) that plays an important role in the DNA Double-strand break
(DSB) repair mechanism. Moreover, trrap has been described as an oncogene in several
tumorigenic contexts. Specifically, in hepatocellular carcinoma cells it has been reported that
depletion of frrap induces G2/M arrest and senescence in a p53- and p21-independent
manner[25, 26].

Our results showed that hippo RNAIi phenocopy in syne1 and trrap RNAi animals regarding
the presence of overgrowths and/or unpigmented regions after 3 weeks of inhibition in a
significant number of planarians (Figure 1D). To determine if the phenotype was caused by an
early imbalance of cellular populations due to a decrease of apoptosis as previously described
in hippo RNAI [16], we performed a Caspase-3 activity assay [30] after 2 weeks of RNAIi. We
confirmed that RNAIi of either syne1 or trrap presented a decrease of apoptotic activity
matching hippo RNAIi phenotype (Figure 1E). As negative control, other candidate effectors
unrelated to senescence and with diverse expression patterns (ly71 antibody reactive, smed-
lyar; from now on lyar, serine/arginine repetitive matrix 2,smed-srrm2; from now on srrm2 and
sco-spondin, smed-sspo; from now on sspo) (Figure S1B, S1C) were also tested and
presented a lower penetrance of the unpigmented and overgrowth phenotype (Figure S1A)
although also presented a decrease in apoptosis (Figure S1D). A summary of the biological
function attributed to each candidate can be seen at Table S1 and a representation of their
conserved domains between planarians and humans are depicted in FigureS1E.

hippo, syne1 and trrap downregulation positively correlate with senescence markers

In order to characterize the possible role of the Hippo pathway in regulating senescence we
first established senescence markers in planarians. These include the transcript quantification
of the senescent markers smed-p53 (p53 from now on) , smed-pRb (pRb from now on) and
smed-Imnb1 (Imnb1 from now on) and the improvement of a previously published senescence-
associated beta-galactosidase (SA-f3-gal) activity assay in whole-mount planarians [31]. We
validated Imnb1 as a senescent marker by testing its expression in a post-irradiation context
[31] in which senescence is induced. Downregulation of Lamin B1 coded by the gene Imnb1
is one of the main attributes linked to cellular senescence since Lamin B1 is a major
component of the nuclear lamina [32, 33]. It is responsible for keeping the nuclear lamina
integrity as well as the chromatin conformation of the nuclei [34].

We validated Imnb1 level as a senescent marker by testing its expression in a post-irradiation
context [31] in which senescence is induced. We could corroborate by whole mount in-situ
hybridization (WISH) that the level of Imnb1 decreased progressively each day post irradiation
until the seventh day of post irradiation (Figure S2A). Imnb1 expression analysis by WISH and
gPCR revealed that the expression decreased in syne1, trrap and and hippo RNAIi animals
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after 1 week of inhibition (Figure S2B). Second, the levels of pb3 and pRb appeared
significantly upregulated in all 3 downregulations (Figure 2A). Finally, we stained for SA-B-gal
activity at the same conditions. SA-B-gal activity was detected in hippo, syne1 and trrap RNAI
animals after 1 week of inhibition before the emergence of the phenotype. The accumulation
of positive cells was mostly detected at the periphery of the animal close to the dorsoventral
border (Figure 2B).

The senolytic drug Navitoclax and the macrolide compound Rapamycin rescue the
hippo RNAi phenotype

To better understand the importance of senescence in the hippo RNAi phenotype, rescue
experiments were conducted co-injecting dsRNA of hippo together with the drugs Navitoclax
(16 nM) or Rapamycin (40 nM) for a period of 3 consecutive weeks. The objective was to
detect how important is the role of cellular senescence in hippo RNAi animals for the formation
of unpigmented regions and overgrowths. We thought that it could also help to elucidate how
much of the phenotype is due to senescence. Whereas Navitoclax acts by activating the
apoptotic pathway, Rapamycin is not a senolytic strictly speaking and removes senescent cells
through the inhibition of the mTOR pathway activating autophagy [35, 36]) (Figure 3A, A’). The
Navitoclax concentrations were extrapolated from senolytic xerograph assays performed on
mice [27] whereas the Rapamycin concentration was adapted from a previous experiment on
homeostatic planarians. This specific Rapamycin concentration was used to ensure that the
mTOR pathway was being effectively inactivated in these animals [29].

No phenotype was observed in the co-injections of gfp dsRNA together with either Rapamycin
or Navitoclax compared to the gfp controls co-injected with  DMSO. However, injection of
dsRNA of hippo together with Rapamycin revealed a rescue phenotype of up to 40% of the
animals (10 out of 15) compared to animals injected with hippo RNAi and DMSO (5 out of 15
animals).In the case of the Navitoclax, the rescue percentage was 60% (11 out of 15 animals)
compared to animals injected with hippo RNAi and DMSO (2 out of 15 animals) (Figure 3B).
We consider as a rescue the animals that present no visible phenotype after the injections
compared to their respective controls. On the other hand, animals that present unpigmented
areas across their bodies or overgrowths protruding from the sides of the animal are
considered to present the phenotype. Representatives of each category for each condition are
summarized in Figure B’. The contingency tables of significance of each condition are found
in Figure 3B”.

In order to measure the senolytic effect of Navitoclax through the activation of apoptosis we
next checked the apoptotic activity in hippo RNAI planarians rescued with Navitoclax. We
observed higher levels of caspase-3 activity when compared to the hippo RNAI animals co-
injected with DMSO (Figure 3C) suggesting that a rescue is occurring through an activation of
apoptotic activity.

As a readout of the effect of rapamycin, the number of cells positive for phospho-histone H3
(H3P") [37] was analyzed. We expected a decrease in mitosis when treating hippo RNAI
planarians with Rapamycin compared with untreated hippo RNAI planarians. A significantly
decrease in the case of hippo RNAI animals treated with Rapamycin compared to untreated
hippo RNAI animals was observed (Figure 3D). We also detected the previously published
[29] effect of Rapamycin in control planarians as a slight decrease of H3P+ cells in rapamycin
treated gfp controls compared to untreated controls(Figure 3D) [29]. This results suggests that
Rapamycin compensates the increase of H3P+ cells observed after hippo RNAI.
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DISCUSSION

The results reported here suggest that hippo leads to the formation of overgrowths through a
prior accumulation of senescent signals (Figure 1). RNA-seq experiments on hippo RNAI
animals have shown two conserved genes which have been previously related to senescence.
Among them we found syne1 and trrap, whose RNAIi phenocopies the one of hippo. synet
and frrap have been described to present a prevalent role in preventing senescence in vitro
and in the mouse model respectively (TableS1) [24, 25]. We also show that their silencing
leads to a decrease in apoptotic activity 1 week prior the emergence of the overgrowths. This
suggests that a decrease in apoptotic activity is a prerequisite for this phenotype.

More importantly though, we have been able to quantify at a transcriptomic level some bona
fide senescent markers (p53, pRb and Imnb1) which change their expression levels
accordingly at early stages of hippo inhibition as well as in the case of the inhibition of
senescence candidates syne1 and frrap. It has been seen in other model organisms such as
in mice and that the transcriptomic levels of p53 and pRb increase and the levels of Imnb1
decrease upon cellular senescence[38]. This suggests that a peak of senescence is a
prerequisite for this phenotype [39, 40]. Nonetheless, it must be remarked that proteomic
levels of expression of these markers and phosphorylation activation of p53 and pRb provide
more direct evidence of cellular senescence than the transcript levels [41, 42]. We have also
performed SA-B-gal staining upon hippo, synei1 and trrap inhibition and detected an
accumulation of cellular senescence aggregates in all three cases. Senescence-associated
beta-galactosidase (SA-B-gal) activity refers to the beta-galactosidase activity associated with
lysosomes that present a more basic pH. This basicity has often been associated with an
accumulation of defects related with cellular senescence[43]. Nonetheless we still require a
method to empirically quantify such accumulations of SA-3-gal positive cells and elucidate the
type of cell populations positive for the staining. Taken together, these preliminary evidences
open the door to expand the field of senescence in planarians in other contexts beyond what
we know nowadays in the post irradiation context [31] and encourage us to adapt more
accurate techniques to the model.

Finally, the senomorphic and senolytic rescue experiments we performed with Rapamycin and
Navitoclax after hippo RNAIi gave us some evidences of the necessity of the accumulation of
senescent cells in order to trigger cellular dedifferentiation. Nonetheless there are other
experiments we think that are required to further emphasize such evidences. One example
would be to check by SA-B-gal staining if the positive aggregates found in hippo RNAI are
prevented in both co-injection assays of Rapamycin or Navitoclax combined with hippo RNAI.
Moreover the transcriptomic levels of the senescent markers p53, pRb and Imnb1 should also
be assessed in both drug rescues by gqPCR. We expect that all these results would point to a
decrease in all the senescence markers after the rescues in comparison to the hippo RNAI
conditions. However until we have this data we cannot discard that the rescue might be caused
due to other side effects caused by the drugs. Considering the important role that autophagy
play in the suppression of cellular senescence and that it can be triggered specially by
Rapamycin both in in vivo and in vitro contexts [44][45], it is possible that rapamycin treatment
in hippo RNAI animals overactivate autophagy mechanisms and thus reduce the number of
senescent cells leading to a reduction of overgrowths and unpigmented regions. However,
further experiments are necessary to demonstrate the prevention of the senescent phenotype
in planarian cells by Rapamycin. The same case can be argued for Navitoclax, a potent pro-
apoptotic pharmaceutical that has already been tested in mammals in the context of tumor
recession [20, 21, 27].

It shall be remarked that in planarians the phenotypical rescue that such drugs provide
drastically differ between one and the other. Lethality appears much higher after the Navitoclax
rescue treatments in comparison to Rapamycin. This could be due to the fact that Navitoclax
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is intrinsically more toxic for planarians at the current used concentration. Therefore more
replicates at lower concentrations of Navitoclax would be interesting to test in order to
corroborate this hypothesis. Nonetheless, this also provides a notion of the intrinsic complexity
that cellular senescence and its pathological ramifications entail [20, 46]. Not only that but also
emphasizes the importance of the molecular targets that one must bear in mind when
designing senolytic therapies since the implications of each treatment may present drastically
different effects. Nowadays each of them only treats a small aspect of the senescence
universe. The use of other specific senolytic drugs such as Dasatinib and Quercetin [47, 48]
would further emphasize the role that cellular senescence play in hippo RNAI planarians to
trigger the formation of overgrowths.

To sum up, we show for the first time the role that cellular senescence could have in planarians
in order to trigger the rise of overgrowths and cellular dedifferentiation attributed to the
knockdown of the Hippo pathway. We know the dual role senescence has in tumorigenic
transformation includes a tumor suppressor mechanism to prevent cell cycle progression as
well as a paracrine tumor inducing effect aiding in the proliferation, metastasis and migration
of tumorigenic cells [49, 50]. Similarly the role of hippo itself in cancer appears to be
ambiguous as well since it is reported to present both roles tumor suppressor and oncogene
depending on the context and interactions with other pathways [51, 52]. At the end, despite
their similarities, further investigations are required to connect further Hippo, senescence and
their potential common role in tumoral transformation.

Our results indicate that cellular senescence act as one of the earliest drivers for the cellular
dedifferentiation reported upon the knockdown of the pathway [14, 16]. Interestingly, there are
still no evidences to indicate that such trigger for dedifferentiation occur in other model
organisms. We also adapted preexisting senescence assays from other model organisms to
study senescence in planarians [28, 29, 31]. Finally, we also open the door to use planarians
as a novel model system for antitumorigenic senolytic treatments keeping in mind the
limitations that still exist in the field and the side effects these components might have. We
think that planarians provide an excellent in vivo landscape to test these peculiarities and other
novel treatments thanks to their high plasticity and the versatility of experimental designs they
provide in the senescent field.

METHODS
Planarian culture

The planarians used in this study are the asexual clonal strain of S. mediterranea BCN-10
biotype and were maintained as previously described [53] in planarian artificial medium (PAM)
water [54]. Animals were fed twice per week with liver, and those used in starvation
experiments were starved for 1 week.

Transcriptomic analysis

Transcriptomic analysis of previously published data [16] were performed on the Raw
sequencing data in FASTQ format as well as the transcript abundances found in the NCBI
Gene Expression Omnibus (GEO) [55] accessible using GEO Series accession number
GSE95130.

Sequence analyses

A fragment of Smed-sspo was identified from [56]. The other candidate genes were identified
from the genome [57] and a RNAI fragments were amplified using specific primers (Table
S3). Sequence identity comparison was carried out using the pairwise alignment tool in
Jalview suite v2.11[58]. Sequence comparison against the GenBank database was performed
using the NCBI BLAST network server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Potential orthologs were searched for using tBLASTx where possible to allow a certain level
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of tolerance in case of a high degree of divergence. Domain characterization of each transcript
was carried out using Scan prosite [59].

RNA interference analysis dsRNA

dsRNA was synthetized by in vitro transcription (Roche) and microinjection performed, as
previously described [60], following the standard protocol of 3 x 32 nl injection of dsRNA for 3
consecutive days. To achieve stronger inhibition, we performed the same protocol over 3
consecutive weeks in starved planarians. Control animals were injected with dsRNA for green
fluorescent protein (GFP), a gene not present in planarians.

Drugs treatments

Rapamycin (HY-10219) and Navitoclax (HY-10087) were obtained from Med Chem Express
(MCE) and were freshly diluted to 40 nM and 10 nM.,in planarian water before daily
prepharyngeal injections, respectively. Three pulses of 32 nL were injected per each per
worm. Injections were always scheduled 2—3 hours before respective dsRNA injections [27—
29].

Caspase 3 activity assay

At the end of the second week of RNAI inhibition, protein extraction was performed. BioRad
protein reagent was used to obtain protein concentration of the cell lysates. Fluorometric
analysis of caspase-3 activity was performed as described previously [30]. Fluorescence was
measured in a luminescence spectrophotometer (Perkin- EImer LS-50) using Fluostar Optima
microplate fluorescence reader (BMG Labtech), applying the following settings: excitation,
380 nm; emission, 440 nm. 20 mg of protein extract was used to determine enzyme activity,
incubating for 2 h at 37 °C with 20 yM caspase-3 substrate Ac-DEVD-AMC or 2 ml from a
stock of 1 mg/ml for a final volume of 150 pl. 3 biological replicates with three technical
replicates per biological replicate were analyzed per condition. Caspase-3 inhibitor Z-DEVD-
FMK was used as a control.

Quantitative real-time PCR

Total RNA was extracted from a pool of five planarians per condition using TRIzol reagent
(Invitrogen). cDNA was synthesized as previously described [30]. Expression levels were
normalized to that of the housekeeping gene ura4. All experiments were performed using three
biological per condition and three technical replicates per biological replicate. The design of
specific primers corresponding to Imnb1, and the use of previously published ones for p53 and
pRb [61] allowed to check their levels of expression after the RNAi experiments. All primers
used in this study are shown in TableS2.

Whole-mount in situ hybridization

Probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or FITC- modified
(Roche) from previously cloned fragments using primers found in TableS1 as previously
described [62]. For colorimetric whole-mount in situ hybridization, animals were sacrificed
using 5% N-acetyl-L-cysteine (NAC), fixed with 4% formaldehyde and permeabilized with
Reduction Solution (50 mM DTT, 1% NP-40, 0.5% SDS in 1x PBS). The fixative and whole-
mount in situ hybridization protocol used has been previously described[63].

Immunohistochemistry

Whole-mount immunohistochemistry was performed as previously described [64]. Animals
were killed with 2% HCI and fixed with 4% formaldehyde. The primary antibody used was
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rabbit anti-phospho-histone H3 (Ser10) (D2C8) (PH3) (1:500; Cell Signaling Technology;
9701). The secondary antibody used was Alexa 568-conjugated goat anti-rabbit (1:1000;
Molecular Probes; A-11011). Nuclei were stained with DAPI (1:5000; Sigma-Aldrich).

Single-Cell Sequencing Data

hippo, syne1, trrap, lyar, srrm2, and sspo gene expression profiles (dd_Smed_v6_4384 0,
dd_Smed_v6_15904_0, dd_Smed_v6_4555 0, dd_Smed_v6_5281_0,
dd_Smed_v6 3805 0 and dd_Smed_v6 3183 0 respectively) were obtained from the
planaria single-cell database hosted by the Rajewsky lab at the Berlin Institute for Medical
Systems Biology of the Max Delbrick Center, Berlin [65].

SA-B-galactosidase staining

The B-galactosidase activity was analyzed adapting the protocols described previously [50,51]
[66]. Planarians were fixed with 2% formaldehyde + 0.2% glutaraldehyde for 5 min, washed
twice with PBS and stained with the staining solution containing: 20 mg/ml of X-gal
(Roche;10703729001) in dimethylformamide, 0.2 M citric acid/sodium phosphate buffer pH=6,
100 mM potassium ferrocyanide, 5 M sodium chloride and 1 M magnesium chloride.
Planarians were incubated 1h and 40 min at 37 °C.

Imaging

In vivo images were taken with sCMEX-3 High End Digital Microscope Camera DC.3000s
(Visual Inspection Technology). Whole mount in situ hybridization and immunostaining
samples were observed with a Leica stereoscope and images were taken with Progress C3
Jenoptik camera. A Leica MZ16F microscope (Leica Microsystems) was used to observe the
SA-B-galactosidase aggregates in the samples and obtain images. Images were treated using
Image J and Photoshop CS6 software. Quantifications of H3P were done manually using the
tool cell counter in Image J and normalized by animal area determined with the measurement
tool.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Two-sided Student's t-tests
(a=0.05) were performed to compare the means of two populations. Comparisons of more
than 2 populations were done with ANOVA test. Previous confirmation of normality and
homogeneity was performed with the Shapiro—Wilk test and Bartlett test respectively. To
determine the p-value accumulated for each pairwise comparison the Tukey HSD test was
used. Fisher.test from the R package was used to compare more than two phenotypic variants
between two populations. Results were plotted using GraphPad Prism 6. To compare different
populations, we used box plots depicting the median, the 25th and 75th percentiles (box), and
all included data points (colored dots). Whiskers extend to the largest and the smallest data
point. To visualize the percentage phenotype in each population we used the Stacked Bars
plots. Each phenotype was assigned a distinct color.
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Figure 1: RNA-seq experiments on hippo RNAI planarians find syne? and trrap as putative
effectors of hippo. (A) Cartoon depicting the experimental design of the hippo RNAi RNA-seq
[16]. (A") Schematic illustrating the RNAIi experimental procedure of the putative hippo
effectors. (B) Volcano plot of differentially expressed genes between one week of hippo RNAI
inhibition vs gfo RNAI controls. Differentially expressed genes are defined using edgeR with
raw counts at 0,1 Log2FoldChange and filtered with a False Discovery Rate cutoff of 1% and
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a g-value of 0,05. (C) Graph showing the transcripts per kilobase million (TPM) of syne1 and
trrap in the RNA-seq of hippo RNAi animals (pink) and controls (gfp RNAI, black). (D)
Stereomicroscopic image of live gfp, syne1 and trrap RNAI planarians depicting overgrowths
and unpigmented regions (n 230) at 3 weeks after RNAI treatment. White arrows indicate
overgrowths, the white box a zoom frame of an unpigmented region. (E) Quantification of
caspase-3 enzymatic activity in hippo, trrap, syne1 and gfp RNAI animals after 2 weeks of
injections. Z-DEVD-FMK corresponds to the negative control. Data is represented as
meanzs.e.m *p < 0.05; ***p < 0.001 was analyzed with ANOVA test. Scale bars: 1mm. RNAI,
RNA interference; gfp, green fluorescent protein; og, overgrowth; unp, unpigmented regions;
wt, wild type.
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Figure 2: hippo, syne1 and trrap downregulation correlate with positive senescence
markers. (A) gPCR quantification of Imnb1, p53 and pRb expression after 1 week of hippo,
trrap and syne1 RNAI respectively. In all the panels, relative expression is plotted as 2744¢T
values. Data are were analyzed by Student t test (indicar tipus de t-test) and represented as
mean * s.e.m *P<0.05; **P<0.01, ***P<0.001. (B) SA-B-gal activity staining in gfp, hpo, syne1
and trrap RNAIi animals. Black arrows point to positive staining for SA--gal activity . Scale bar
50 ym. All experiments were performed in planarians subjected to 1 week of RNAIi. RNAi, RNA
interference; gfp, green fluorescent protein; hpo, hippo.
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Figure 3: The drugs Rapamycin and Navitoclax rescue the hippo RNAi phenotype (A)
Ideogram depicting the target of Rapamycin in the mTOR pathway. (A’) Cartoon representing
the targets of Navitoclax in the apoptotic pathway. The figures were partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0
unported license (B) Phenotypical quantification of rescue experiments of hpo and gfp RNAI
(control) animals with senolytic drugs Rapamycin or Navitoclax and DMSO as control. Data
were analyzed by two-sided Fisher’s exact test comparing the multiple phenotypic variants
between two populations.*P<0.05; **P<0.01, ***P<0.001. (B’) Stereomicroscopic image of live
hpo and gfp RNAI planarians treated with Navitoclax, Rapamycin or DMSO 3 weeks after
RNAI injections. White discontinuous boxes indicate overgrowths and unpigmented regions.
(B”) Contingency tables representing the statistical significance among the phenotypical
populations resulted from the rescue experiments. Data was analyzed with fisher.multcomp
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function from the R package. (C) Quantification of caspase-3 enzymatic activity in hippo, and
gfp RNAI animals treated with Navitoclax or DMSO after 3 weeks of injections. Z-DEVD-FMK
corresponds to the negative control. Data is represented as meants.e.m *p < 0.05; ***p <
0.001 was analyzed with ANOVA test. Scale bar 200 ym. RNAI, RNA interference; gfp, green
fluorescent protein; hpo, hippo; Rap, rapamycine; Nav, navitoclax; wt, wild type; unp;
unpigmented regions; og, overgrowth.(D) Quantification of mitotic cells (H3P+) normalized by
area after rescue experiments of hpo and gfp RNAI (control) animals with Rapamycin or
DMSO as drug control. The experiments were performed in planarians subjected to 3 weeks
of injections (n25). Data is represented as mean £ s.e.m *p < 0.05; ***p < 0.001 was analyzed
with ANOVA test. gfp, green fluorescent protein; hpo, hippo; ns, non-significant.
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Figure 4: Model representing hpo-induced onset of senescence in planarians. In an early
stage of hippo RNAI inhibition planarians accumulate a myriad of senescence markers such
as a transcriptomic increase of p53 and pRb and a decrease of Imnb1 coupled with a decrease
of apoptotic activity and an accumulation of SA-3-gal . This accumulation of senescence cells
is later required for the emergence of the overgrowths and unpigmented regions after 3 weeks
of hippo RNAI inhibition.
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Figure S1: RNA-seq analysis of hippo RNAi animals finds several putative effectors
which show an expression pattern and RNAi phenotype similar to that of hippo (A)
Stereomicroscopic image of live lyar, srrm2 and sspo RNAI planarians depicting overgrowths
and unpigmented regions (n 211). White arrows indicate overgrowths, the white box a zoom
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frame and the white discontinuous box mark an unpigmented region. (B) Whole-mount in situ
hybridization analysis of the expression of synef, trrap, lyar, srrm2 and sspo in wt animals.
(C) Schematic representation of single-cell transcriptomic expression of hippo, syne1, trrap,
lyar, srrm2 and sspo genes (according to [65]). (D) Quantification of caspase-3 enzymatic
activity in gfp, lyar, srmm2, sspo and RNAi animals after 2 weeks of injections (n=9). Z-DEVD-
FMK corresponds to the negative control (n=3). Data is represented as mean * s.e.m *p <
0.05; ***p < 0.001 was analyzed with ANOVA test. (D) Domain architectures of syne1, trrap,
lyar, srrm2 and sspo conserved between planarians and human annotated using ScanProsite
[59]. Alignment displayed with Jalview. Scale bars: 1mm. gfp, green fluorescent protein; hpo,
hippo; wt, wild type; unp; unpigmented regions; og, overgrowth.

A wWT 1 dpi 3dpi 5dpi 7dpi

Imnb1

B gfp RNAI hpo RNAI syne1 RNAI trrap RNAI

Imnb1

Figure S2: Imnb1 acts as a downregulated marker of cellular senescence (A) Whole-
mount in situ hybridization analysis of the expression of Imnb1 at wildtype conditions and after
1, 3, 5 and 7days post-irradiation with X-ray at 60 Gy. (B) Whole-mount in situ hybridization
analysis of the expression of Imnb1 in gfp, hpo, syne1 and trrap, and RNAi animals after 1
week of injections. Scale bars: Tmm. gfp, green fluorescent protein; hpo, hippo; wt, wild type;
dpi, days post-irradiation.

synel Link between the actin cytoskeleton and the nucleus. Involved in the transduction of mechanic signals and chromatin status.

trrap Adapter protein found in complexes with histone acetyltransferase activity (HAT) leading to transcription activation. It also plays a role in DSB repair.
lyar Plays a role in the maintenance of the appropriate processing of 475/45S pre-rRNA and in transcription regulation.

srrm2 Required for pre-mRNA splicing as component of the spliceosome.

sspo Involved in the modulation of neuronal aggregation.May be involved in developmental events during the formation of the central nervous system.

Table S1: Summary of the biological function of the candidate genes.
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transcriptome id forward Reverse forward reverse
synel dd_Smed_v6_15904_0 TTCTCCAGAAAAAGCCCAAG  TCGCCTTCTTTCATGGTTTT CGGAAATAAACGGTGGCTTA GCATCTTGTAGCCAGCTTCC
trrap  dd_Smed_v6_4555_0 GCTTTTTCAGTCCCGATGAG  TCGTTGCTGAATTTCACTCG  TCGAGCATTTGCAATCAAAG  ACGTATTGGGATGCCTTCAG
lyar  dd_Smed_v6_5281_0 TGAAGGAAAGCTCGGAAGAA TCGGGATTTCTTCAACTTCCTC TCCGTCACGAAAAAGATCAA  TCGGGATTTCTTCAACTTCCTC
srrm2 dd_Smed_v6_3805_0 GGTGGTAGGATTGTCGGAAA TCTGCATCAGAATCGTGCTT  CCTCCCGATACAAAAGGTCA  TCTGCATCAGAATCGTGCTT
sspo  dd_Smed_v6_3183_0 GCAAAGAGAAGCCGGTATTG CGTTTCTTTTTCTCCGCATC CGAGCACAAGTTCAGAATC CACGAATTGCATTGACATC
Imnb1 dd_Smed_v6_850_0_2 AAGGCTGAACAGAGGGAACA GCAACGCTAATATTACACCGAC

Table S2: Table depicting the primers used for RNAi and probe synthesis of each
candidate gene together with its transcript id.

gPCR

forward reverse
p53 TGGTTGCATTGCATCGGAACA GGCCCAGCAATATATTACTTCGGC
pRb CCACGAGATCCTCCAAATGT CGTGTGAACATTGGTTTTGC
Imnb1 GGGAAATACGGTCTCGTGTG CAAATTTCCCAGAGCAGTCG

Table S3: Table depicting the primers used for gPCR analysis.
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HIPPO PATHWAY CONTROLS TISSUE RENEWAL THROUGH CYTOSKELETON
MAINTENANCE AND TRANSCRIPTIONAL REGULATION IN PLANARIANS
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The Hippo pathway acts through mechanosensing extracellular physical forces and transduce
them to nuclear specific transcriptional programs. Its inhibition leads to an increase of organ
size coupled with overgrowths. However, its role in the abnormal growth of cells remains
elusive. Recent studies place it as pivotal in the regulation of cell fate and specially the
maintenance of the differentiated state. To better understand this connection, we study its
function in planarians, organisms that constantly resize and renew their tissues according to
food availability.

Planarian hippo downregulation leads to defects in stem cell cycle progression and in the
maintenance of the differentiated fate driving the formation of overgrowths. How this is
regulated is currently unknown. We analyzed an RNA-seq on hippo RNAI planarians and found
two main biological functions significantly downregulated. In the present work we characterize
two representative candidate genes for each of these functions: syne? and med17. RNAi for
either of these genes showed altered cell cycle progression and signs of cellular
dedifferentiation phenocopying hippo downregulation. However, while syne1 RNAI planarians
were not able to maintain cell polarity, med17 RNAI planarians displayed problems in mitosis,
DNA replication and transcription.

All and all, these evidences highlight the importance of transcriptomic and cytoskeletal
regulation downstream of hippo to properly maintain cellular differentiation in vivo. They also
put planarians on the spot as a model to understand the fine tune of cell renewal in adult
organisms.
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INTRODUCTION

Tissue renewal and growth are tightly regulated homeostatic processes which misregulation
may lead to cancer. Due to this connection between development and pathological tumor
formation [1, 2], the Hippo pathway and its effectors have gained the interest of the scientific
community in regards to their role on cancer progression.

The Hippo pathway is a key regulator of growth through mechanosensing extracellular
physical forces and transducing them to nuclear specific transcriptional programs. Its inhibition
leads to the appearance of overgrowths in Drosophila [3, 4] and an increase of organ size
coupled with overgrowths in mammals [5, 6]. Nonetheless, recent studies indicate a wider
variety of functions of the pathway besides growth control, placing it as a pivotal pathway in
the regulation of cell fate and maintenance of pluripotency [7-9]. It has also been directly
linked with tumorigenesis in animal models and in humans[10-12]. These evidences reveal a
high complexity in the Hippo pathway response elements.

One of the key functions described to be involved in the upstream regulators of the pathway
relates to the establishment of apical-basal polarity during cellular differentiation [13].
Specifically, Igl2 (lethal Giant Larvae Homolog 2) has been described as a modulator of the
upstream inhibitor complex of Hippo named PAR through the stabilization of the apical
complex [14]. Moreover, the loss of apical-basal polarity has also been denoted to be one of
the first steps towards epidermal-mesenchymal transition, a key process of tumor metastasis
and gain of malignancy directly linked to loss of cellular identity [15, 16]. Such loss is also one
of the key direct observable features of the disruption of the pathway [14, 17].

In spite of some direct effectors of the pathway being already described in the literature such
as diap1, bantam [18] which transcriptional signatures directly relate with the formation of
overgrowths and dedifferentiation upon misregulation, the global frame and scope the pathway
reaches downstream remains to be elucidated.

Recently, the Hippo pathway has been characterized in planarians as a hub in regulating cell
renewal through the control of cell death, differentiation and proliferation in response to cell-
cell contact [19]. Schmidtea mediterranea is a freshwater flatworm also known as planaria
(Platyhelminthes) from the Dugesiidae family and Tricladida order. Schmidtea mediterranea is
a model organism generally used in regeneration and developmental studies. Planarians can
regenerate an entire organism from any fragment of their body by rebuilding lost tissue with
the correct pattern. This high regenerative capability resides on their population of adult stem
cells, called neoblasts. Neoblasts are somatic pluripotent (also called adult) stem cells present
throughout the planarian mesenchyme and absent in the pharynx and in front of the eyes.
They represent around 25-30% of the total animal cell population. [20]. They are also capable
of rescaling according to food availability [20, 21].

Smed-hippo (hippo from now on) silencing in planarians results in the accumulation of cycling
cells and the development of overgrowths and unpigmented regions composed by cells with
a loss of identity commitment, a phenotype shared with tumor progression [15, 19].

In this study, we survey the function of several putative hippo target genes and focus in
representatives of prominent cellular functions that we found associated with the deregulation
of the Hippo pathway in planarians. These functions are alterations in microtubule processes
and DNA replication and transcription. We focused in one representative for each function:
nesprin-1,smed-syne1 (syne1 from now on), and mediator complex subunit 17, smed-med17
(med17 from now on).
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Both syne1 and med17 were found systemically downregulated in a RNA-seq performed after
1, 3 and 4 weeks of hippo RNAI inhibition compared to gfo RNAI control animals [19]. Syne1
has been related with the maintenance of nuclear shape through cytoskeleton interactions. Its
role has been mainly described in tumorigenic cell lines (among them the liver cell lines Hep3B
and Huh7) [22] and in the syne1 knockout (KO) mouse model. In the first case Nesprin-1 (aka
syne1) deficiency was associated with an altered nuclear membrane structure and nuclear
morphology. In the case of the KO mice, defects in the anchoring of the muscular nuclei at the
neuromuscular junction as well as in the spacing of the extra synaptic nuclei along the
muscular fiber were shown [23]. On the other hand, med717 has been described as a subunit
of the Mediator complex. Mediator plays a key role in the modulation of transcription activity.
The role of med17 has been characterized in yeast. It is described as a structural hub key for
the stabilization of the other subunits of the Mediator complex.[24] Moreover, enzymatic
experiments with TATA-containing DNA templates and Hela cell extracts indicated that the
recruitment of Med17 to the preinitiation transcription complex together with the rest of
subunits occur in a stepwise assembly model dependent on the presence of general initiation
factors.[25]

All and all, here we show that RNAI inhibition of syne?1 and med17 phenocopy the
dedifferentiation and overgrowths found in hippo RNAIi. Our data indicate that syne? could
trigger this phenotype through disruptions in the cytoskeleton, whereas med77 RNAi would
cause it through the deregulation of RNApolll activity.

RESULTS

hippo RNAi transcriptomic analysis reveal a connection between transcription
regulation, cytoskeleton stability and the emergence of the overgrowth phenotype

We reanalyzed a previously published RNA-seq for hippo RNAI [19] to find putative effectors
systemically downregulated after 1 ,3 or 4 weeks of hippo silencing in Schmidtea
mediterranea. To better understand the gene expression dynamics, we used TCseq [26] to
check temporal patterns in the differentially expressed genes. By clustering the different
dynamics in 9 clusters (Figure S1A,B) we were able to identify different groups of genes that
were downregulated (c1 and c5) or upregulated (c7) in all tree timepoints. We also observed
clusters with fluctuating dynamics (c3, c4, c6, c8 and c9). In order to classify the putative
functions affected in each cluster a GO enrichment analysis was performed. Clusters of mostly
upregulated dynamics (c2,c3,c4,c9) were related with catabolism and proteolysis. Clusters of
downregulated tendencies on the other hand were involved in microtubule dynamics (clusters
1 and 5) and transcription regulation (c1) as well as those involved in M phase regulation (c5).
Finally, clusters with fluctuating dynamics presented functions related with telomere
maintenance (c3 and c¢8). We found interesting the GO associated to clusters with
downregulated genes. To investigate further, we performed RNAI assays for representative
candidates of clusters 1 and 5. These candidates were:  microtubule associated protein
rp/eb family Member 1, smed-mapre1 (mapre1 from now on); supt6h interacting protein,
smed-iws1 (iws1 from now on); cell division cycle 25, smed-stg (stg from now on) and
tankyrase, smed-tnks (tnks from now on). Mapre1 (aka Eb1) is a plus-end tracking protein
(+TIP) that binds to the plus-end of microtubules and regulates the dynamics of the
microtubule cytoskeleton and is involved in mitotic spindle positioning [27]. In planarians, it
appears highly expressed in neural and epidermal progenitors [28]. Iws1 is a transcription
factor which plays a key role in defining the composition of the RNA polymerase Il (RNAPII)
elongation complex and in modulating the production of mature mRNA transcripts [29]. In
planarians, it appears highly expressed in otf* neurons. Stg (aka cdc25) acts as a dosage-
dependent inducer in mitotic control. It is a tyrosine protein phosphatase required for
progression of the cell cycle [30]. In planarians it is highly expressed in glia cells as well as
several differentiated neurons including otf+, npp-18+ and GABA. Finally, tnks is a Poly-ADP-
ribosyltransferase involved in various processes such as Wnt signaling pathway, telomere
length and vesicle trafficking. In planarians it appears highly expressed in epidermal,
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muscular, neural and glia progenitors as well as in GABA and Chat neurons, the pharynx and
in goblet cells[31]. Results indicated a phenocopy of the hippo RNAIi phenotype in all 4
candidates, with the presence of unpigmented regions and overgrowths in percentages
superior to 20% for each phenotype per RNAI. Specifically, 13 out of 13 animals presented
unpigmented regions in mapre1 RNAI animals followed by iwis7 RNAi animals that presented
3 out of 15 animals with unpigmented regions or overgrowths and 9 out of 15 that presented
both phenotypes. Stg RNAi animals present 4 out of 15 animals with unpigmented regions
and 6 out of 15 present both unpigmented regions and overgrowths. Finally tnks RNAi animals
present 4 out 15 animals with unpigmented regions, 1 with overgrowths and 6 out of 15
animals present both unpigmented regions and overgrowths (Figure S2A,B).

Among other systematically downregulated transcripts after hippo RNAI inhibition we selected
syne1 and med17 due to the strong penetrance of the hippo phenotype in the RNAi animals
and also because they share the relevant biological functions associated with the hippo RNA-
seq that we saw altered in the downregulated clusters of the previously mentioned TCseq
analysis. Syne1 acts as a link between the actin cytoskeleton and the nucleus and is
responsible for its proper shape maintenance [22]. Upon inhibition the connection between
the actin cytoskeleton and the nucleus is lost and mechanotransduction and
mechanosensation are heavily impaired [23]. Coincidently, such features have been strongly
connected with the deregulation of Hippo in recent reports [26, 27]. In planarians it appears
highly expressed in the pharynx and protonephridia tissue as represented in the previous
chapter. On the other hand, med17 acts as a component of the Mediator complex which plays
a key role maintaining the epigenetic landscape for a proper RNApolll transcription [24, 25].
This is one of the few subunits that have been described to be evolutionary conserved in
planarians and across the Spiralia clade [28]. Moreover, its inhibition in planarians has also
led to regeneration defects upon amputation similar to the inhibition of other subunits [29, 30].
It also appears highly expressed in the neoblasts and progenitors of almost all the planarian
tissues and in some differentiated cells such as pigment cells, secretory and some
differentiated neurons (Figure 1B).

syne1 and med17 RNAi animals present overgrowths and unpigmented regions
together with disruptions in the nervous system

We performed RNAI experiment for hippo and gfp, injecting planarians for 3 weeks. Results
showed that hippo RNAi phenocopy syne? and med17 RNAI with the presence of overgrowths
and/or unpigmented regions after 3 weeks of inhibition (22 out of 66 animals in med17 RNAI
planarians and 49 out of 162 syne1 RNAI animals)(Figure 1D). Due to the strong penetrance
of the phenotype we decided to keep these candidates as representatives to study more in
depth the role of microtubule dynamics and transcription regulation in the hippo RNAI
phenotype.

Planarian nervous system is constituted by a bilobed cerebral ganglion dorsally located
together with two ventral nerve cords. These progress up to the posterior region of the animal
from which the peripheral nerve plexuses derive. Immunostaining using an antibody against
SYNAPSIN (3C11) allows visualization of planarian nervous system [32]. In both syne? and
med17 RNAIi animals synapsin staining depicts disrupted regions of the nerve cords.
Specifically we see 9 out of 20 med77 RNAIi animals and 8 out of 16 syne1 RNAI planarians
with disruptions in the nerve cords compared to no animal in gfp RNAI controls (Figure 1E) .
To investigate the number of mitoses following RNAI injections, we used an antibody that
recognizes Histone H3 phosphorylated at serine 10 (anti-H3P). This mark is present from the
onset of mitosis to the telophase [33]. In the case of syne1 RNAI animals the immunostaining
reveals an increase of H3P+ cells, as described in hippo RNAI animals [19] (Figure 1F). On
the other hand, no significant changes were observed in med17 RNAIi animals when
quantifying H3P+ cells.
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Overall, we detect the presence of overgrowths and unpigmented regions in med17 and syne1
RNAI animals, as previously reported in hippo RNAI conditions [19]. Nonetheless we only see
a significant accumulation of mitotic cells mimicking hippo RNAIi phenotype in the case of
syne1 RNAIi animals and not in the case of med17 RNAIi. These results go in line with the
altered biological functions reported previously from the TCseq reinforcing the important roles
that microtubule dynamics and transcription regulation play in the onset of the hippo RNAI
phenotype.

syne1 and med17 are required for the correct progression through the cell cycle

Previous studies have reported defects in cell cycle progression after impairment of the Hippo
pathway [34]. Since we have seen accumulations of H3P+ cells in syne7 RNAIi animals as
observed in hippo RNAI animals [19] we analyzed whether an impairment of the cell cycle
could be occurring, as described in hippo RNAI planarians. To test possible differences across
the progression of the cell cycle we treated cells with 5-bromoethynyl- 20-deoxyuridine (BrdU)
and analyzed the proportion of cells in M and S phase 16 h later in syne1, med17 and hippo
RNAi animals and the respective controls (Figure S3A). We detected similar number of BrdU+
cells in all RNAI conditions when compared to controls, indicating that a similar number of cells
are entering the cell cycle during the period of BrdU administration (Figure 2A and S3B).
Double staining with anti-H3P revealed a significant accumulation of H3P+BrdU+ cells in all
RNAI conditions and an accumulation of H3P+BrdU- cells only in hippo and syne?1 RNAI
animals (Figure 2A’, 2A”,2A’, S3B). This indicates that in hippo and syne1 RNAIi animals,
cells cannot complete the M phase, as we detect a higher number of cells stuck in M phase
during the 16h BrdU pulse. This result corroborates previous results analyzing hippo RNAI
animals[19], and demonstrates that syne 1 RNAI produces the same alteration of the cell cycle.
In med17 RNAI animals we don’t detect the accumulation of H3P+BrdU- cells during the pulse
suggesting that cells advance correctly through the M phase and therefore cannot properly
surpass the G2 phase (Figure 2A).

Next, we sought to determine whether syne1 RNAI affects mitotic fidelity. We focused in syne1
since that was the candidate that showed defects in the M phase transition of the cell cycle
from the BrdU experiments. For that, we inspected mitotic defects in dissociated cells of syne1
RNAIi animals by double immunostaining with anti-a-tubulin and anti-H3P antibodies [35].
Results indicated an accumulation of cells in prophase compared with the controls coupled
with high number of defective anaphases and metaphases (Figure 2B). Almost half of the
prophase cells presented abnormal microtubule distribution and spindle poles in syne? RNAI
planarians. Similarly, almost half of the metaphasic cells presented chromosomal
misalignments as well as microtubule defects. Our results indicate that syne? is required for
proper chromosome segregation during mitosis as its inhibition leads to the accumulation of
cells in M phase. This result is in accordance with the previously published hippo RNAI
phenotype [19] which supports the idea of syne1 as a positive downstream effector of hippo.

syne1 and med17 are required for the maintenance of neural differentiation

Dopaminergic neurons can be detected using markers for tyrosine hydroxylase (smed-th, th
from now on) since it is the rate limiting enzyme in dopamine synthesis. Its pattern of
expression appear at the inner arches of the dorsal bilobed cerebral ganglions of planarians
[36] Quantification of dopaminergic neurons in syne and med17 RNAi animals compared to
controls reveal a significant decrease in the number of dopaminergic cells as well as a
decrease in dopaminergic population density in the ganglions (Figure 3A). This goes in line
with the defects in the peripheral nerve plexuses previously reported in hippo RNAI
animals.[19] Moreover we also see an accumulation of neural committed neoblasts. Neural
committed neoblasts can be visualized by whole-mount in situ hybridization (WISH) with the
markers Collier/Olfactory-1/Early B-cell factor (smed-coe, coe from now on) [37] and the
homeobox transcription factor smed-nkx2.1(nkx2.1 from now on) [38] when each of the
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markers are coexpressed with the neoblast marker piwi. Piwi+/coe+ and piwi+/nkx2.1+ cells
in syne1, med17 and hippo RNAI increase in number compared to gfp RNAI controls (Figure
3B, 3B’). Moreover, in these conditions, the density of cells co-expressing both markers appear
to increase and concentrate in the region between the base of the dorsal cerebral ganglions
and the pharynx of the planarian, in the medial region flanked by the two ventral nerve cords.
These results suggest that neural committed neoblast accumulate close to the nerve cords
and point towards defects in the maintenance of the differentiation process.

Next, we sought to investigate whether the accumulation of committed neoblasts was not only
restricted to the neural lineage but more widespread to different lineages. For that we
performed fluorescence activated cell sorting (FACS) analysis. This technique combines the
irradiation sensibility of neoblasts with cell cycle analysis using the DNA dye Hoechst. It allows
the segregation of 3 cell populations named X1, X2 and X-insensitive [39]. X1 present high
levels of Hoechst and is lost upon 24 of post-lethal-irradiation. Therefore, it is referred as the
stem cell gate. The X2 population appears as a Hoechst side population with low Hoechst
levels. It presents an enrichment of progenitor markers and is referred to as the progenitor
population. Finally, the X-insensitive population is irradiation-insensitive and is composed of
mature cells encompassing most tissues of the planarian [40]. Our results revealed that in
syne1 and med17 RNAI animals the progeny (X2 population) was 4.3 and 1.5-fold larger than
the gfp RNAI controls, respectively. Similarly, hippo RNAIi animals also presented a 2.43 and
1.8-fold increase in their progeny population (X2 population) when compared to gfp RNAI
animals (Figure S43A,B).

In line with these results, we decided to quantify the global length of the telomeres in those
planarians. Planarians are known to present indefinite telomerase activity allowing them to
maintain their telomere longitude during regeneration providing the animal its alleged
immortality [41]. Moreover telomere elongation has been linked with cellular dedifferentiation
processes in other organisms, although the exact dynamics and lengths in different tissues
remain still to be elucidated [42, 43]. To that aim we perform a telomere gPCR (TelgPCR). This
technique determines the ratio of telomere (T) repeat copy number to a single-copy (S) gene
copy number (called T/S ratio) in experimental samples as compared with a reference DNA
sample. Our results indicate that in syne1, med17 and hippo RNAI animals telomeres are
longer that in the gfp RNAI control planarians (Figure 3C).

All in all, the fact that we detect elongated telomeres and the increase of the progeny
population in hippo, syne1 and med17 RNAI animals observed by FACS indicate that the
accumulation of progenitors could be caused by mechanisms of cellular dedifferentiation as
previously reported in hippo RNAI planarians[19].

syne1 and med17 are required for the maintenance of epidermal differentiation

To further explore the idea that there where defects occurring in the process of cellular
differentiation we decided to check by FISH if we see alterations in the pattern of expression
of markers associated with the differentiation of the epidermal tissue. Quantification of cells
stained for the epidermal marker vimentin (smed-vim, vim from now on) [44] together with the
stem cell marker piwi (smedwi-1) revealed an increase in smedwi-1+/vim+ cells in synef,
med17 and hippo RNAI animals versus controls (Figure 4A). This increase is also present in
hippo RNAIi animals and suggests a failure of the epidermal cells to progress appropriately
through the differentiation process.

hippo and syne1 are required for the maintenance of the epidermal cell polarity

Loss of the epidermal cell polarity leads to epidermal mesenchymal transition coupled with a
loss of cell identity in diseases such as cancer [45]. In order to check if the Hippo pathway
maintains the differentiated fate through controlling cell polarity, we decided to analyze the
structure of the cytoskeleton in planarians with deregulated Hippo pathway. To that avail, we
characterized the role of /g/2 in planarians as a positive control for these experiments since it
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plays a major role in epidermal apical-basal polarity establishment [16]. /g/2 has been
described as a modulator of the Par complex. This is an upstream inhibitor complex of Hippo.
It acts through the stabilization of the apical complex preventing the interaction of the aPKC
with the core kinases cascade of the Hippo pathway [14, 46]. /g/2 is present in neoblasts in
planarians (Figure S5B,C). Its RNAI in planarians phenocopies hippo RNAI (Figure S5A), since
it regulates proliferation (Figure S5D) and causes an impairment of neural tissue differentiation
(Figure S5F).

In order to check for more direct evidences of morphological changes of the cytoskeleton that
could be directly affecting the hippo phenotype we decided to check by DAPI staining the
nuclear distribution and morphology of the epidermal monolayer. This is due to the fact that
disruptions in the actin cytoskeleton assemble with the adherens junctions and the nuclei often
lead to loss of nuclear circularity. This nuclear deformations have been correlated with the
onset of diseases such as cancer, progeria and muscular dystrophies [47]. RNAi of hippo,
syne1 and [lg/2 lead to a decrease in nuclear circularity without changes in surface area.
(Figure 5A, 5A" and 5A”) These results match with the ones reported in Huh7 cells (a human
liver cancer cell line) with a mutation in SYNET to reduce Nesprin-1 expression [22].A
disruption of the epidermal monolayer can also be detected in all three cases through an
increase of the deviation of the nuclear density quantifications (Figure 5A and 5A”).

Furthermore, in order to assess the apical-polarity defects of the epidermis we used 3-catenin-
2 [19] and actin immunostaining. B-catenin-2 is a component of the adherens junctions that
labels the boundary between the apical and basal domain. Adherens junctions divide the cell
into an apical domain and a basolateral one thanks to the establishment of a mesh of actin-
myosin filaments [14]. In control planarians, 3-catenin-2 labels the membranes of epidermal
cells, while in Igl2, syne1 and hippo RNAI animals the signal appears delocalized, suggesting
a delocalization of adherens junctions (Figure 5B). Transposed epidermal projections of the
immunostaining showed that while in controls 3-catenin-2 signal is located above the nuclear
layer, in Igl2, syne1 and hippo RNAI animals B-catenin-2 staining falls below the nuclear
position. (Figure 5B’) This is quantified by measuring the distance between the adherens
junctions boundary and the basal lamina of the epidermal monolayer. The results indicated a
significant shortening of the distance between them in the cases of Ig/2, syne1 and hippo RNAI
(Figure 5B”) when compared to controls. We also detected disruptions in the actin
cytoskeleton in Ig/2 RNAi animals (Figure S5E) as well as in the transposed projections of /g/2,
syne1 and hippo RNAIi animals. 3D reconstructions also showed the disruption of the
epidermal monolayer and nuclei deformations together with the disruption of the B-catenin-2
apical position (Figure 5B’).

Altogether, this data demonstrate a mislocalization of adherens junctions in Ig/2, syne1 and
hippo RNAI animals, supporting the role of the Hippo signaling in maintaining the apical-basal
polarity of the epidermal cells.

Mediator activity enhancement phenocopy and aggravate hippo RNAi phenotype

In order to check if transcriptional regulation is an important role of the Hippo pathway in
modulating the differentiated cellular state, we tested a specific drug (Cdk8/19 inhibitor) that
disturbs transcription through altering the activity of the mediator complex [48]. The idea stems
from the fact that the mediator complex play a key role in maintaining the proper expression
of embryonic stem cell program by forming super-enhancer structures in the genome in
cooperation with master transcription factors (Oct4, Sox2 and Nanog) [49]. The Cdk8/19
inhibitor acts mechanistically blocking the aforementioned kinases removing the ability to
repress the mediator complex at the enhancer locations in the genome. This has been
reported to lead an overall increase in the recruitment of RNAP Il and the stabilization of a
more naive transcriptional program. Specifically, the in vitro experiments that tested the
Cdk8/19i drug indicated a shift in the expression of primed to naive markers in mouse and
human induced pluripotent stem cells. At the end the drug was aiding the reconfiguration of
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enhancers in these cells during the reprograming to facilitate the process of cellular
dedifferentiation [48, 50]. Thus, we tested whether administration of the Cdk8/19 inhibitor in
planarians could phenocopy the hippo RNAIi phenotype. We tested several concentrations and
we found that at 3,2 nM administration the drug induces the appearance of overgrowths and
unpigmented areas (Figure 6B) similar to the ones of hippo, syne1 and med17 RNAI
planarians.

To check whether both mechanisms, transcriptional regulation and Hippo signaling, could be
functioning in a synergic manner, we injected low doses of the Cdk8/19 inhibitor together with
gfp dsRNA, which did not produce any phenotype. However, the results show that co-
injections of the drug with hippo RNAi produced an aggravation of the hippo RNAi phenotype
(Fig 6C, C’). The percentage of animals presenting unpigmented regions and overgrowths in
the drug+RNAi condition was significantly higher than with only the drug or hippo dsRNA alone
(Figure 6B,B’).

All in all, we demonstrate that overactivation of the mediator complex promotes an
enhancement of the phenotype observed after hippo RNAI inhibition. This result further
strengths the connection between transcriptional activity deregulation and the presence of
overgrowths and unpigmented regions in planarians tied to the dedifferentiation process.

DISCUSSION

The Hippo signaling pathway has been found deregulated in a myriad of tumoral processes.
However, its role in the abnormal growth of cells remains elusive. Initially, the Hippo signaling
pathway was shown essential for the control of cell proliferation and growth. Nowadays, it is
seen as a complex mechanism that controls cellular behavior in response to the physical
environment. In a previous study, hippo inhibition by RNAi was characterized in planarians
[19]. Those results indicated cellular dedifferentiation and the formation of overgrowths, which
correlated with a decrease in cell death, an arrest in mitosis and the increase in cell plasticity.
In this work, we have reanalyzed by dynamic clustering the hippo RNAI transcriptome and
observed a downregulation of genes involved in microtubule maintenance and transcriptomic
regulation as has been suggested in other models [51-53].

RNAI functional assays of representative candidates of these functions phenocopied hippo
RNAI with the presence of overgrowths. Some of the most extreme RNAi phenotypes were
related to two quite unknown candidates representing each of the previously mentioned
biological function: syne?1 and med17. The RNAIi animals of both candidates presented
disruptions of the nervous system. This type of phenotype has been associated previously
with cellular dedifferentiation after hippo RNAI inhibition[19]. Nonetheless a dilemma in that
case was and still remains of the true mechanism of this process. This is because in the
planarian context the loss of proper markers of differentiated tissues can be still attributed to
defects in the process of commitment and differentiation of the progenitor cells and not
necessarily a complete dedifferentiation process so radical as the reprogramming we see in
vitro. On other organisms the role of these genes has been defined to be key in the stem cell
response. In the case of syne1 it has been proven in mesenchymal stem cells (MSC) to have
a key role in nuclear strain transfer from the cytoskeleton. This role is key for the activation of
mechanoactive signaling pathways such as ERK signaling that are essential for a proper
differentiation. On the other hand in vivo experiments in zebrafish of several subunits of the
Mediator complex reveal that many of them appear essential for the correct differentiation of
the nervous system as well as for maintaining the stem cell population.[54—-56] Both evidences
reinforce the functional relation between hippo and both candidates as downstream effectors.

We have shown that syne? RNAIi animals present accumulations of H3P positive cells just
like in the context of hippo RNAI. These evidences combined with our BrdU labeling
experiments revealed that in syne1 RNAI animals, cells are having trouble completing the M
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phase and we can detect more cells stuck in that phase from the 16h BrdU pulse and before
as previously described in hippo RNAIi animals [19]. On the other hand, in med17 RNAI
animals we do not detect the accumulation before the pulse suggesting that cells are passing
correctly through the M phase and therefore are having trouble surpassing the G2 phase. This
could stem from the fact that med17, as a subunit of the Mediator complex, is required for the
active transcription of the elements that compose the cell cycle impairing cells to surpass the
G2 phase where transcription is most active [57]. On the other hand, syne 7 being a connector
of the cytoskeleton and the nuclei plays a more prominent role in the assemble of the mitotic
spindle during the mitosis.[58] This could be the reason why it leads to M phase arrests upon
inhibition in planarians.

Following this train of thought, if we focus in syne? RNAi animals we detect cells that present
an improper chromosome configuration and mitotic spindle assemble similar to the ones found
in hippo RNAI planarians [19]. There are further evidences that link central elements of the
Hippo pathway with key mitotic phases in model organisms including yeast and fruit flies and
mammals. Specifically, the Hippo kinases homologs in yeast have been connected with M
phase exit of the cell cycle triggering cytokinesis. In Drosophila, Hippo also showed notable
spindle defects upon downregulation leading to deregulations of cell cycle exit. And finally in
mammalian cells (HeLa) Mst2 depletion caused chromosome misalignment [59-62]. All these
evidences in other organisms reinforce our results that show that planarian Hippo pathway
regulates the cytoskeletal configuration and the proper progression of the cell cycle and this
happens though the regulation of syne1. | will be interesting to test whether syne? function
regulating the cytoskeleton is conserved in other model systems.

In agreement with the former results and the loss of differentiated neural tissue in hippo, syne1
and med17 RNAI planarians we detect a significant decrease of dopaminergic neurons
coupled with a significant increase of neural committed neoblast populations. We also detect
an increase of smedwi-1+/vim+ cells in comparison to controls indicating a loss of the
hierarchical steps in the establishment of the epidermal fate. Also, we have shown by FACS
that an accumulation of progenitors occur after down-regulating hippo, syne1 or med17. That
together with the telomeric elongation that we observe in the three RNAi phenotypes have
shown to be evidences of dedifferentiation in other models. This has been seen in vivo through
reprogramed mice by TRF1 upregulation as well as from in vitro derived human iPSC cells
[42, 43]. In parallel, in vitro assays overexpressing YAP have detected similar results of cellular
dedifferentiation. It has been reported that in vitro YAP/TAZ expression turns differentiated
mammary gland cells into mammary stem cells, differentiated fetal neurons into multipotent
neural stem cells and Pancreatic exocrine cells into progenitors. Moreover, YAP/TAZ
hyperactivation in vivo is also able to reprogram somatic cells in organs such as in the liver. In
this context YAP overexpression transdifferentiate mature hepatocytes into ductal cells
bearing characteristics of hepatic progenitors [7, 63]. These results suggest that differentiated
cells are unable to maintain the differentiation state and go back to be neoblast progenitors
which accumulate and form overgrowths. Nonetheless, our results cannot rule out the
possibility that cellular differentiation might be occurring in a defective manner triggering the
expression of lineage markers at the wrong times.

We see evidences of cellular misorganization. These evidences include the loss of nuclear
circularity in both hippo and syne1 RNAI animals as it has been previously detected in human
cells in vitro. These results reported that in Huh7 cells (a human liver cancer cell line) with a
mutation in SYNE1 that reduces Nesprin-1 expression nuclear circularity is impaired. Nesprin-
1 has also been reported to play a role in promoting nuclear localization of YAP through the
induction of nuclear deformation in cultured cells [22, 64]. Moreover, the loss of epidermal
apical basal polarity seen in both conditions mimics the one of /g/2. Lgl2 has been described
as a modulator of the Par complex. This is an upstream inhibitor complex of Hippo. It acts
through the stabilization of the apical complex impending the interaction of the aPKC with the
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core kinases cascade of the Hippo pathway. Its role is the maintenance of the polarity through
the stabilization of the apical complex as has been broadly described in other organisms. Two
distinctive roles have been hypothesized to be key in the aforementioned maintenance of cell
polarity. The first one is related to the ability of Lgl family of proteins to regulate polarized
exocytosis as demonstrated by yeast models [65, 66]. This finely tuned mechanisms allow the
transport of specific secreted and transmembrane macromolecules to the cell surface in order
to maintain the molecular identities of the apical, lateral and basal membrane domains. The
second one described in Drosophila describe the Lgl family of proteins as being part of the
cytoskeleton through their interactions with the heavy-chain of non-muscular myosin II. This
is an actin-based motor protein essential for proper cell adhesion, migration and polarity [16,
67, 68]. All these evidences suggest that the /gl family of proteins and more specifically Ig/2
acts as an upstream modulator of the Hippo pathway and also play a key role in maintaining
the apical-basal epidermal cell polarity. Moreover the loss of epidermal cell polarity we see in
Igl2 RNAI animals is also mimicked by hippo and syne1 RNAI planarians further reinforcing
the connection between cellular polarization and the maintenance of the differentiated state
thanks to a proper maintenance of the cellular cytoarchitecture.

We observe that part of the hippo RNAi phenotype is due to disturbing global transcription
through altering the mediator complex. In our planarian context we altered the activity of this
complex by injecting a Cdk8/19 inhibitor in the animal. The Cdk8/19 inhibitor acts
mechanistically blocking the aforementioned kinases removing the ability to repress the
mediator complex at the enhancer locations in the genome. This has been reported to lead an
overall increase in the recruitment of RNAP Il and the stabilization of a more naive
transcriptional program. In our case, either through med17 RNAI or through the Cdk8/19i drug
we are able to generate overgrowths and unpigmented regions. A previous study of smed-
med14 indicated that an alteration of the transcription program could be responsible of the
loss of cell identity in planarians. It also depicted that the inhibition of other subunits such as
med17, which have a much prominent role in the conformation of the whole complex, was
able to trigger such effects [24]. Moreover the in vitro experiments that tested the Cdk8/19i
drug revealed a prominent shift from primed to naive features in mouse and human pluripotent
cells [48, 50]. All these evidences together with our in vivo results state that Hippo could be
modulating the epigenetic landscape essential for proper cellular differentiation affecting the
super-enhancer regulation of genes through the activity of the Mediator complex [49, 69]. It
still is important to remark that this regulation that we perceive in planarians is of an indirect
nature. At the end of the day the changes we see in the candidate effectors we study originate
from transcript downregulations found downstream of hippo RNAI inhibition. We therefore
think that the molecular pathway connecting them with hippo remains unknown and require of
further studies.

All'in all, we conclude that Hippo could be maintaining the cell differentiated state through two
distinctive mechanisms: the stability of the cytoskeleton and the regulation of transcriptional
programs.

METHODS
Planarian culture

The planarians used in this study are the asexual clonal strain of S. mediterranea BCN-10
biotype and were maintained as previously described[70] in planarian artificial medium (PAM)
water[71]. Animals were fed twice per week with liver, and those used in starvation
experiments were starved for 1 week.

TCseq Transcriptomic analysis

56



Transcriptomic analysis were performed on the Raw sequencing data in FASTQ format as well
as the transcript abundances found in the NCBI Gene Expression Omnibus (GEO) [72]
accessible using GEO Series accession number GSE95130.

TCseq [26] was used to determine clusters of gene behavior based on their expression
patterns over the analyzed time points. The z-score transformed log2 fold changes between
hippo-RNAi samples and control samples were used as input, and the algorithm “cmeans”
was selected for computing the cluster scores. Clusters were assigned to genes by introducing
a cut-off of 0.8 to the product of the maximum cluster score (as reported by the cmeans
algorithm) and the standard deviation of all scores.

Sequence analyses

Candidate genes were identified from the genome [73] and RNAI fragments were amplified
using specific primers:

hippo RNAI

F: GAATCAGCTGCTCAGAGCCC

R: CTCGGCTTGCAAGTCTGAATC
med17 RNAI

F: GCTGAATGGAATTACTTTGGA

R: CCACCATTTTCTGGAAATAATG
mapre1 RNAI

F: CAATTGACAGTTTAATGAAAGAACG
R: ATCATCAGGAGGTCCGAATC

iws1 RNAI
F: ACGACAATGAAAGTTTAACTGGG

R: TGATAGACGACCACATGAAGG

stg RNAI
F: AGAGTTTGTGTTCACCGTGC

R: TCATTTGGTCCTGGGATTCCT

tnks RNAI
F: CCAACCAATCAAGGATACCG

R: CGAATTCCATTTGTCCGTTT

lg12 RNAI
F: TTATTGGACACGGTGATGGA
R:CCATGTTGCGATGATAATCG

Sequence identity comparison was carried out using the pairwise alignment tool in Jalview
suite v2.11[74]. Sequence comparison against the GenBank database was performed using
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the NCBI BLAST network server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Potential orthologs were searched for using tBLASTx where possible to allow a certain level
of tolerance in case of a high degree of divergence. Domain characterization of each transcript
was carried out using Scan prosite[75].

Single-Cell Sequencing Data

synel, med17, maprel, iws1, stg, tks and Igl2 gene expression profiles
(dd_Smed_v6_15904 0, dd_Smed v6 9246 0, dd_Smed _v6 63370 0,
dd Smed v6 8811 0, dd_Smed v6 7858 0, dd_Smed v6 8547 0 and

dd_Smed_v6_7127_0 respectively) were obtained from the planaria single-cell database
hosted by the Rajewsky lab at the Berlin Institute for Medical Systems Biology of the Max
Delbrick Center, Berlin [76].

RNA interference analysis dsRNA

dsRNA was synthetized by in vitro transcription (Roche) and microinjection performed, as
previously described [77], following the standard protocol of 3 x 32 nl injection of dsRNA for 3
consecutive days. To achieve stronger inhibition, we performed the same protocol over 3
consecutive weeks in starved planarians. Control animals were injected with dsRNA for green
fluorescent protein (GFP), a gene not present in planarians.

Immunofluorescence

Whole-mount immunofluorescence was performed as previously described [78]. Animals were
killed with 2% HCI and fixed with 4% formaldehyde. The primary antibody used were: mouse
anti-SYNAPSIN (3C11) (anti-SYNORF-1, 1:50; Hybridoma Bank); rabbit anti-phospho-histone
H3 (Ser10) (D2C8) (PH3) (1:500; Cell Signaling Technology; 9701) rabbit anti-B-catenin-2
(anti-Bcat2) (1:2,000) [79]; anti-actin JLA20 (1:2; Developmental Studies Hybridoma Bank).
The secondary antibodies used were Alexa 568-conjugated goat anti-rabbit (1:1000;
Molecular Probes; A-11011) and Alexa 488-conjugated goat anti-mouse (1:400; Molecular
Probes; A-11001). Nuclei were stained with DAPI (1:5000; Sigma-Aldrich).

Whole-mount BrdU staining

Whole-mount BrdU staining was performed as previously described [80].
Immunofluorescence in dissociated cells

Immunohistochemistry in dissociated cells was performed as previously described [19]
Whole-mount in situ hybridization

Probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or FITC- modified
(Roche) from previously cloned fragments using primers found in TableS1. RNA probes were
purified by ethanol precipitation and the addition of 7.5 M ammonium acetate. For colorimetric
whole-mount in situ hybridization, animals were sacrificed using 5% N-acetyl-L-cysteine
(NAC), fixed with 4% formaldehyde and permeabilized with Reduction Solution (50 mM DTT,
1% NP-40, 0.5% SDS in 1x PBS). For fluorescence whole-mount double in situ hybridization,
animals were sacrificed using 5% N-acetyl-L-cysteine (NAC), fixed with 4% formaldehyde and
permeabilized with Reduction Solution (50 mM DTT, 1% NP-40, 0.5% SDS in 1x PBS). The
fixative and whole-mount in situ hybridization protocol used has been previously described
[81] or whole-mount fluorescence in situ hybridization, animals were sacrificed with 7.5% NAC
and fixed with 4% formaldehyde. Fluorescence in situ hybridization was carried out as
described previously [82]. For double fluorescence in situ hybridization (dFISH) an azide step
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(150 mM sodium azide for 45 min at room temperature) was added. Nuclei were counter
stained with DAPI (1:5000; Sigma).

Drugs treatment

Cdk8/19i drug (ETP-47799) was obtained from Manuel Serrano’s lab (IRB) [50]. Concentrated
stocks were freshly diluted in planarian water at 2,9 nM (for the RNAi co-injection) and 3,2
nM (for the drug solo experiment) before daily prepharyngeal injections (three pulses of 32 nL
each per worm). Injections were always scheduled 2—-3 hours before respective dsRNA
injections when applied.

Telomere quantitative PCR (telomere qPCR)

Telomere quantitative PCR was performed as previously described [83] in Supplemental
Experimental Procedures.

Flow cytometry

Planarians were dissociated as previously described and sorted using a Becton Dickinson
FACSAria without calcein [84]. Three biological triplicates of at least 40,000 live-cell events
were processed for each replicate in supplementary material Fig. S3.

Imaging

In vivo images were taken with sCMEX-3 High End Digital Microscope Camera DC.3000s
(Visual Inspection Technology) in a Zeiss Stemi SV 6 binocular loupe. Whole mount Brightfield
colorimetric in situ hybridization and immunostaining samples were observed with a Leica
stereoscope and images were taken with Progress C3 Jenoptik camera (Jena, TH, Germany).
A Zeiss LSM 880 confocal microscope (Zeiss, Oberkochen, Germany) was used to obtain
confocal images of whole-mount fluorescent in situ hybridization samples, BrdU assays and
epidermal immunostainings. Z-stacks of immunohistochemistry on dissociated cells were
acquired with a Leica Thunder microscope (Carl Zeiss, Jena).

Quantification of H3P+ cells were done using freely available ImageJ software [85] with the
analyze particle function and normalized by animal area determined with the measurement
tool. To build 3D reconstructions, confocal sections were deconvolved using Huygens
Deconvolution Software (Scientific Volume Imaging) and processed using Imaris Software
(Bitplane). Fiji/lmageJ was also used to show representative confocal stacks for each
experimental condition.

Colocalization quantification was performed using the equivalent areas using the “ROI-
manager” tool in Fiji. Nuclear area in BrdU experiments was measured using the “threshold”
tool and mask conversion for all samples. Quantification of BrdU+ cells and single-cell
populations were carried using the analyze particle function.

The circularity index and mean nuclear area of cells was measured using at least 146 nuclei
per animal following the same process.

The nuclear density Nuclear stained (DAPI) images were transformed into a mask using the
“threshold” tool and converted to a mask. The mask was used to obtain the nuclear signal with
the analyze particle function.

To determine mean distance between the apical pole and to the base of epidermal cells, the
distance between the adherent junctions (bcat2) to the basal lamina of the cell was measured.
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Measurements were taken in three different regions of the same section and the mean value
was calculated.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Comparisons of more than 2
populations were done with ANOVA test(a=0.05). Previous confirmation of normality and
homogeneity of date was performed with Shapiro—Wilk test and Bartlett test respectively. In
the case of the phenotypical distribution experiments, the p-value accumulated for each
pairwise comparison was determined using the Tukey HSD test. Fisher.test from the R
package was used to compare more than two phenotypic variants between two populations.
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Figure 1: syne1 and med17 show overgrowths and unpigmented regions and disrupted
nervous system (A) Cartoon depicting the experimental design of the hippo RNAi RNA-seq
experiment [19]. (A’) Graph showing the transcripts per kilobase million (TPM) of med17 in the
RNA-seq of hippo (RNAI) animals (pink) and controls (gfp RNAI, black).(B)Schematic
representation of single-cell transcriptomic expression of med17 (according to [76]). (C)
Schematic illustration of the RNAI experimental procedure of the putative hippo effectors. (D)
Stereomicroscopic image of live gfp, syne1 and med17 RNAi planarians depicting
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overgrowths and unpigmented regions. White boxes highlight unpigmented regions and
arrowheads overgrowths. Scale bar: 1mm. Four phenotypes could be observed: wild type (wt);
unpigmented regions (unp); overgrowth (og); and dead. (n 230). (E) Anti-SYNAPSIN (3C11)
immunostaining of an unpigmented region in gfp, synet and med17 (RNAI) animals (n27).
Scale bar: 1Tmm (F) Quantification of mitotic cells (H3P+) normalized by area after rescue
experiments of gfp (control), hpo, med17 and syne1 RNAI animals. The experiments were
performed in planarians subjected to 3 weeks of injections (n210). Data is represented as
Box & whiskers min to max. Showing all points. *p < 0.05; ***p < 0.001; ****p < 0.0001 and
was analyzed with ANOVA test.
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Figure 2: syne1 and med17 are required for the progression of the cell cycle at different
phases. (A) Schematic and table showing the accumulation of BrdU and H3P during the cell
cycle in planarians and the levels correlating to arrests in G2 and M phases. (A’) Quantification
of BrdU+ cells in hpo, med17, syne1 (RNAIi) animals and corresponding controls. (A”)
Quantification of double-positive BrdU+/H3P+ cells in hpo, med17, syne1 (RNAi) animals and
corresponding controls. (A”) Quantification of BrdU-/H3P+ cells in hpo, med17, syne1 (RNAI)
animals and corresponding controls. Experiments were performed after a 16-h BrdU pulse. All
graphs correspond to animals subjected to hippo RNAI for 3 weeks (n27). Error bars represent
standard error. Data were analyzed by ANOVA test. **p < 0.05; ***p < 0.001, ****p < 0.0001.
(B) o-tubulin arrangement in syne1(RNAi) and control cells, as revealed by double
immunostaining with anti-a-tubulin and anti-H3P. Nuclei are stained with DAPIL. The
percentage of each mitotic phase and of defective figures found in syne? (RNAI) cells is shown
in the table. White arrowheads indicate disorganized arrays of spindle microtubules and
mislocalized poles. Scale bar: 10 ym.
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Figure 3: syne1 and med17 are required for the maintenance of neural differentiation.
(A) FISH for th+ in control, syne1 (RNAi) and med17 (RNAI) animals injected for 3 weeks. The
corresponding quantification is shown (n=6). The total number of th+ cells was normalized with
respect to the head area (from the anterior tip to the pharynx). Error bars represent standard
error. Data were analyzed by ANOVA test. ****p < 0.0001. Scale bar: 100 um. (B, B’) Double
FISH with markers of different neural cell progenitors: smedwi-1/coe, smedwi-1/nkx2.1 and
corresponding quantification (n=6). Representative magnifications of either colocalization can
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be seen. Data is represented as Box & whiskers min to max. Showing all points. Data were
analyzed by ANOVA test. ***p < 0.0001. Scale bars: 100 pm and 10 ym. (C) Telomere
quantitative PCR (gPCR) comparing control and hpo, syne1 and med17 RNAI planarians
respectively. gPCR was performed on genomic DNA for 3 biological replicates (5 planarians
per replicate) per condition. The qPCR determines the ratio of telomere (T) repeat copy
number to a single-copy (S) gene (genomic DNA from dd_Smed_v6_ 2426 0 1) copy number
(T/S ratio) compared with a reference DNA sample (gfp RNAI) (two-tailed Student’s t-test, *p
< 0.05; *p<0.001). Error bars represent standard error.
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Figure 4: syne1 and med17 are required for the maintenance of epidermal
differentiation. (A) Double FISH with the neoblast marker smedwi-1 (piwi) and epidermal cell
marker vimentin (vim) and corresponding quantification. Data is represented as mean £ s.e.m

**** p < 0.0001. Data was analyzed with ANOVA test (n27). Scale bars: 20 ym and 10 pm.
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Figure 5: hippo and syne1 are required for the maintenance of the epidermal cell
polarity. (A) . DAPI staining of epithelial cells of the pre-pharyngeal region. Scale bar: 20 ym
(A") Quantification of the mean circularity index of the nuclei. Data was analyzed with ANOVA
test (n=6). Data is represented as mean * s.e.m (A”) Quantification of the mean nuclear cell
area. Data was analyzed with ANOVA test (n=26). Data is represented as meants.e.m (A™)
Quantification of the mean epidermal cell density. Data was analyzed with ANOVA test (n=4).
Data is represented as Box & whiskers min to max. Showing all points. (B) Immunostaining of
the epithelia with anti-bcat2 antibody (adherens junctions) and DAPI. Scale bar: 50 um (B’)
anti-Bcat2 and anti-Actin immunostaining and DAPI of gfp, Igl2, hpo and syne1 RNAI
planarians. The x-z confocal projections are shown together with the IMARIS reconstructions
of the anti-Bcat2 and DAPI immunostainings depicting the position of the adherens junctions
in the epidermis. Scale bar: 10 ym (B”) Quantification of distance between the adherens
junctions and the basal lamina. Data was analyzed with ANOVA test (n=10). Data is
represented as Box & whiskers min to max. Showing all points.
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Figure 6: Mediator activity enhancement phenocopy and aggravate hippo RNAIi
phenotype (A) Ideogram depicting the role of the Cdki18/19i drug in the overactivation of the
mediator complex. Adapted from [48]. (B) Stereomicroscopic image of live planarians treated
with Cdk8/19i compared to DMSO controls. White discontinuous boxes highlight overgrowths
and unpigmented regions. Three phenotypes could be observed: wild type (wt); unpigmented
regions (unp) and overgrowth (og). (B’) The graph indicates percentage quantification of the
3 phenotypes. Data was analyzed with Fisher test (n =25). (C) Graphs of live hippo RNAI
planarians treated with Cdk8/19i. gfp RNAI is used as the negative RNAIi control and the
DMSO present in the drug solution as the drug negative control. Four phenotypes could be
observed: wild type (wt); unpigmented regions (unp); overgrowth (og); and dead. The graph
show percentage quantification of the 4 phenotypes. Data was analyzed with Fisher test (n
=15). (C’) Stereomicroscopic image of the 4 phenotypes. White discontinuous boxes highlight
overgrowths and unpigmented regions.

71



SUPPORTING INFORMATION

|

Custor1 - Custors
A ] .
05
os
s rencwsne &
gm o o
§ o
08
05
-1.0]
40
7 7 7 7 7
timepoint timepoint
Cluster 2 Cluster 5
g 47
Ar—
Vs o
hippo RNAi gfp RNAi B
£
§
s
RNAseq
1 week
3 weeks i
4 weeks 7 7 7 7 7 7
timepoint timepoint
Cluster 3 -I -I 8 Cluster 6
W 1)
s 08
g -
g Io. g
s % 09|
g o §
08
05
B .
10
7 7 3 7 T 7
smepoint Snepcint

o Natene - motard g
o e e O
A va
endonucieol vage and o el pr.:;
wanscripgilyom RNA
polymerz moter
newromy

small GTPasgffilgiated signal
tras jon

&

C3

i e e el seonol@Bacon

retrograde il endosome

s permsnn s gy
v —

cominncecpaing uimay reouson prom maous

. —

oA .‘..n
Gorotn N recstor
o

trcose e meastn

sterod hoffl mediated
signa way

PN aalec
Cs ml:mmtw.ed process  ammoniul embrane
(r.:

neuromu junction
de! lent

mlm.hase

— ‘rlxmon bombesin r‘ signaling
P
phn.esls

Cé
@

sterold hormone mediated
signaling pat

microtubule- based movement

ONA replication pyrimidine nuceoside

metabolism.

twlomere maintenance DA laiigesion molybdopteria cofactor
biosynthesis

reg

cellular vlu.omluu

(0]

SRS UMY —— -

R -

(03}

T
i

-
2scor(logFC)
-

Cluster 7

45

zacore(logFC)
-

Cluster 8

93

24cor(logFC)
.

tmepoint
Cluster 9

85

3 7

p»owm.umpm
ctutr ressffo saracion
regulati otein
phosy tion

- —
steroid hor
ulation cl.n catabolism signall

deoxyr
diphosph

oNA .aﬁnn

mediated
hway

eoside
tabolism

adult le‘ehavior
@

e ®
.
e S T
s @i

i ooveme
i ressfosamton

- —

microtubue -based movement nesromuscular punction
development

methionyl-tRNA amincaclation

heparan sulfate proteogiycan
biosynthesis

P Ao lutamine biosynthesis

Figure S1: hippo RNAIi transcriptomic analysis reveal a connection between
transcription regulation, cytoskeleton stability and the emergence of the overgrowth
phenotype. (A) In all the clusters, each line represents a single gene expression; color
intensity indicates membership degree. Log2-Fold change between samples per time point
was plotted in all the clusters. Positive slopes indicate genes increasing expression in
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knockdown animals and negative slopes indicated genes reducing expression in knockdown
animals. The number of genes belonging to each cluster is indicated. (B) Gene Ontology term
enrichment of differentially expressed genes in different clusters visualized by ReviGO. The
size of the circles denotes the number of genes; circle color indicates the p-value of each term.
Highly similar GO terms are linked in the graph.
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Figure S2: : Putative effectors from downregulated clusters involved in microtubule
dynamics and transcription regulation phenocopy hippo RNAI. (A) Stereomicroscopic
image of live RNAI planarians depicting overgrowths and unpigmented regions. Magnifications
highlight overgrowths and unpigmented regions. Five phenotypes could be observed: wild
type (wt); unpigmented regions (unp); overgrowth (og); unpigmented regions (unp) +
overgrowth (og) and dead. Graphs show percentage quantification of the 4 phenotypes (n
215). (B) Schematic representation of single-cell transcriptomic expression (according to [76])
together with graph showing the transcripts per kilobase million (TPM) of mapre1, iws1, stg
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and tnks in the RNA-seq of hippo (RNAIi) animals (pink) and controls (gfp RNAI, black). Scale
bar 0.5 mm.

A 227 V24 #PP B

I Y e

TERI |

1 ] R ) L1l
did2d3" T T Tdgdodio" T T 'disdied17 ' 'd21d22

>

1st week 2nd week 3rd week

Degrowth | .

gfp RNAI

hippo RNAI

syne1 RNAI

med17 RNAI

Figure S3: med17 is essential for S/G2 transition and hippo and syne1 are essential for
G2/M transition in planarians. (A) Cartoon illustrating the BrdU pulse procedure. Animals
were starved for 1 week, injected with hippo dsRNA for 3 weeks, and then injected with BrdU
and fixed 16 h later. (B) BrdU labeling combined with immunostaining with anti-H3P antibody
in the pre-pharynx region in controls and in planarians subjected to hippo, syne1 and med17
RNAI for 3 weeks. Scale bars: 100 ym and 25 um.
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Figure S4: Flow cytometry analysis demonstrates an expanded progenitor cell
population in hippo, syne1 and med77 (RNAIi) animals. (A) A flow cytometry profile of
animals irradiated with 60 Gy. 5 days prior. Black polygons indicate the gates for stem cells
(X1) and for stem cell progeny (X2) coupled with profiles of animals at 3 weeks of gfp, hpo
and syne1 RNAI using the gating profile of the irradiated sample. The percent enrichment of
stem and progenitor populations in each RNAi sample are depicted in table format. Averaged
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triplicate enrichment percentages are bolded. Both hpo and synef1 RNAi show a fold
enrichment in progenitor populations compared to control (gfp RNAI) (red bold text). (B) Flow
cytometry profiles of animals at 3 weeks of gfp, hpo and med17 RNAI. The percent enrichment
of stem and progenitor populations in each RNAi sample are depicted in table format.
Averaged triplicate enrichment percentages are bolded. Both hpo and med17 RNAI show a
fold enrichment in progenitor populations compared to control (gfo RNAI) (red bold text).
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Figure S5: Functional characterization of /g/2 in planarians. (A) In vivo phenotypes of Ig/2
RNAI after 4 weeks and 4 weeks and 4 days of injection respectively. Ratios of all animals are
showed (small white ratios). White arrowheads indicate overgrowths or depigmented regions.
(B) Expression pattern of Ig/2 and piwi, one, three and seven days after gamma-irradiation.
(C) Schematic representation of single-cell transcriptomic expression of Ig/2
(dd_Smed _v6_7127 0 ) (according to [76]). (D) Quantification of mitotic cells (H3P+)
normalized by area after rescue experiments of gfp (control) and Ig/2 RNAi animals. The
experiments was performed in planarians subjected to 3 weeks of injections (n28). Data is
represented as meants.e.m ***p < 0.001 and was analyzed with two-tailed Student’s t-test.
(E) Disruption of actin and B-catenin2 structures in Ig/2 RNAi animals compared to controls
after 4 weeks of RNAI inhibition. Immunostaining with anti-actin (green) and anti-Bcatenin2
antibodies (magenta) and Topro-3 (yellow). Scale bar: 50um. (F) Deficiencies of nervous
system homeostasis in Ig/2 RNAi animals vs control after 4 weeks of RNAI inhibition.
Immunostaining with anti-SYNAPSIN (3C11) (green) and anti-H3P antibodies (red) and
TOPRO-3 (blue). Scale bar: 100um.
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CCDC175 REGULATES THE RENEWAL OF THE NEURAL TISSUE IN PLANARIANS
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Tissue renewal in adult animals has widely been a field of study for a better understanding of
the onset of cell lineage disruptive pathologies such as cancer. However, the role of many
genes involved in the abnormal growth of cells remains elusive. Recent studies have placed
hippo as pivotal in the regulation of cell fate and specially the maintenance of the differentiated
state. To better understand similar phenotypes of poorly studied candidate genes, we test their
function in planarians, organisms that constantly resize and renew their tissues according to
food availability. Here we focus in their nervous system since is one of the tissues that
presented more cellular identity defects upon hippo inhibition.

We identified in planarians the homolog of vertebrate ccdc175, a coiled-coil protein which
function is unknown. Here we describe the in vivo role of ccdc175 in tissue differentiation. We
demonstrate that ccdc175 is required in planarians for neural tissue maintenance through the
regulation of the cell cycle and senescence preventing cellular dedifferentiation. Furthermore,
we find that ccdc 175 has a potential promoter for Ihx1/5-1, a TF and nervous marker previously
described in planarians, reinforcing its role in neural differentiation.

All'in all, we present an evolutionary conserved coiled-coil gene involved in the maintenance
of cellular balance through the regulation of the cell cycle and cellular senescence with a
prominent role in the differentiation of the nervous system.
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INTRODUCTION

Tissue renewal is a tightly regulated process in adult organisms. However, deregulations in it
often lead to abnormal growth. Defects in tissue renewal leads to alterations in the regulation
of cell fate and specially the maintenance of the differentiated state. In extreme cases
eventually culminate in diseases such as cancer.

Freshwater planarians show high tissue turnover and regeneration capabilities and are ideal
model organisms to study the evolutionary functional conservation of tumor suppressor genes.
Such evidences have been found in the case of p53 with animals presenting defects in the
control of proliferation, self-renewal and lineage specification[1]. Similar phenotypes have
been characterized in the study of the JNK pathway [2], the Hippo pathway [3, 4] and the
insulin/Akt/mTOR signaling network [5—7] in planarians, reinforcing the validity of the model
as a tool to better understand proper tissue maintenance and cellular differentiation in vivo.

hippo silencing in planarians results in the accumulation of cells in M phase and the
development of overgrowths and unpigmented regions composed by cells with loss of identity
commitment, a phenotype shared with tumor progression [3, 8]. It has been reported that
cellular senescence plays a role in multiple biological processes from tissue repair to
organismal ageing. This also include pathological developments such as inflammation and
cancer. As such it is plausible to think that a connection may exist between cellular
senescence and loss of cellular identity in the development of the planarian overgrowth and
unpigmented phenotype [9-14].

Cellular senescence implies the cessation of cell division. This is caused by several external
stressors. Failure in relieving the stress and/or repairing the damage results in genomic
instability and chronification, which leads to DNA damage, loss of cell identity and failure in
the activation of cell death programs (apoptosis). Senescence is characterized by tumor-
suppressor activation, profound chromatin changes and secretome alterations [15-19]
Accumulation of senescent cells contributes to age-dependent chronic inflammation and age-
associated disorders. [20—23]

We focus on the nervous system of the planarian. A tissue previously described to present
defects in cellular differentiation in the hippo RNAIi phenotype. Planarian nervous system is
composed by a bilobed cerebral ganglion dorsally located connected to two ventral nerve
cords. These cords progress up to the posterior region of the animal from which a nerve plexus
derives [24]. Several types of neurons have been described in the planarian brain. In this work
we focused in dopaminergic cells and chemoreceptors [25].

Here we described for the first time the in vivo role of Coiled-Coil Domain Containing 175
(cedc175) in nervous tissue differentiation. Ccdc175 is a coiled-coil domain protein conserved
across metazoans found positively selected in a long-lived bat species [26] with a protein-
protein interaction with p53 [27]. We find that ccdc175 is systematically downregulated after
hippo RNAI inhibition. Moreover, its inhibition leads to the formation of overgrowths in
planarians similar to the reported hippo RNAIi phenotype[3]. We demonstrate that smed-
ccdc175 (cede175 from now on) is required in planarians for the progression of the cell cycle
and apoptosis. ccdc175 is expressed in the nervous system and we show that it is essential
for the proper differentiation of the nerve cords. We find that ccdc775 presents a putative
promoter for the planarian LIM-homeobox 1/5-1 (smed-lhx1/5-1; Ihx1/5-1 from now on) , a
transcription factor that specifies nervous tissue in planarians, which supports its role in neural
differentiation.
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RESULTS

ccdc175 RNAI planarians present overgrowths together with disruptions in the nervous
system

ccdc175 is an uncharacterized highly evolutionary conserved coiled-coli protein (Figure S2A)
which appears downregulated in the hippo RNAI transcriptome after 1, 3 and 4 weeks of
inhibition when compared to controls (Figure 1A). Single-cell data revealed ccdc175 to be
highly expressed in cholinergic and GABAergic neurons as well as in the epidermis and in the
pharynx (Figure 1B). To study its function we injected dsRNA of ccdc175 in planarians and
analyzed possible changes in morphology and of the nervous system. Planarian nervous
system is constituted by a bilobed cerebral ganglion dorsally located together with two ventral
nerve cords. These cords progress up to the posterior region of the animal from which a
nervous plexus derives. Immunostaining using an antibody against SYNAPSIN (3C11) allows
the visualization of planarian nervous system [24]. Sustained inhibition by RNAI for 3 weeks
(Figure 1C), leads to emergence of overgrowths in almost 40% of the injected animals similar
to the hippo RNAIi phenotype described in planarians. Moreover, we also observed the
formation of disrupted nerve cords in 4 out of 6 injected animals (Figure 1D).

ccdc175 is required for the progression of the cell cycle and apoptosis

In order to see if the overgrowth phenotype is related to a proliferation imbalance, we decided
to check the mitotic levels in these animals. To investigate the number of mitoses following
RNA.i injections, we used an antibody that recognizes Histone H3 phosphorylated at serine 10
(anti-H3P). This mark is present from the onset of mitosis to telophase [28]. ccdc175 RNAI
reveals an increase of H3P positive cells after 3 weeks of inhibition when compared to the gfp
RNAI controls (Figure 1E). Moreover, to further check if the phenotype resembled the one
described in the case of hippo RNAi we decided to check the apoptotic activity of the ccdc175
RNAI planarians as well. Apoptosis activity is measured through a fluorometric analysis of
caspase-3 activity of planarian cell lysates by a luminescence spectrophotometer [29] . The
results indicated that ccdc175 RNAI planarians presented a decrease in apoptotic activity after
two weeks of RNAI inhibition before the emergence of the overgrowth phenotype (Figure 1F).

Overall, these results show an imbalance in cell renewal in planarians upon ccdc175 RNAI
inhibition. More interestingly, they phenocopy hippo RNAIi animals with the formation of
overgrowths together with an accumulation of H3P+ cells and with the decrease of apoptotic
activity 1 week prior to the emergence of the phenotype.

ccdc175 RNAI leads to increased cellular senescence and shortening of the telomeres

In order to see if the decrease in apoptosis was correlated with an increase of cellular
senescence, we decided to check for the cellular senescent markers we stablished in
planarians in paper 1 of this doctoral thesis (page 41). These include the transcript
quantification of the senescent markers p53, pRb and Imnb1, and the improvement of the SA-
B-gal staining in wholemount planarians[36]. Downregulation of Lamin B1 coded by the gene
Imnb1 is one of the main attributes linked to cellular senescence since Lamin B1 is a major
component of the nuclear lamina [30, 31]. It is responsible for keeping the nuclear lamina
integrity as well as the chromatin conformation of the nuclei [32]. p53 and pRb on the other
hand are regarded as senescent markers since they are activated and upregulated in order to
be the main triggers of the cell cycle arrest associated with cellular senescence [33—-35]. SA-
B-gal activity was seen increased in ccdc175 RNAI animals after 1 week of inhibition before
the emergence of the phenotype. The accumulation of positive cells was mostly detected at
the periphery of the animal close to the dorsoventral border (Figure 2A). This was coupled
with the transcriptomic increases of p53 and pRb and decrease both by gPCR and in situ of
Imnb1 (Figure 2C and S1E).

Finally, we decided to measure the telomere length in this context in order to see if they
presented changes linked with cellular senescence. This is due to the fact that telomere
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shortening has been described to be a signature for cellular senescence [34]. Planarians are
known to present infinite telomerase activity allowing them to maintain their telomere length
during regeneration providing the animal its alleged immortality [37]. To that aim we perform a
telomere qPCR (TelgPCR). This technique determines the ratio of telomere (T) repeat copy
number to a single-copy (S) gene copy number (called T/S ratio) in experimental samples as
compared with a reference DNA sample. The results indicated that a shortening of the
telomeres occurred after just 1 week of ccdc775 RNAI inhibition followed by an elongation at
three weeks compared to the gfp RNAI controls (Figure 2B). This result indicates that after
the peak of senescence that occurs after 1 week of ccdc175 inhibition, it follows cellular
dedifferentiation that is associated to the elongation of the telomeres [38, 39].

Overall, after ccdc175 RNAi we observe an accumulation of senescence markers and an
earlier shortening of the telomeres before the rise of the phenotype, followed by a later
elongation of the telomeres coinciding with the emergence of the overgrowths and the signs
of cellular dedifferentiation.

ccdc175 is required for the differentiation of the epidermal and nervous system

To further explore the potential loss of cellular differentiation, we decided to explore potential
defects in the progression of the cell cycle by BrdU incorporation assays combined with H3P+
immunolabeling in order to label cells from the G2 entry through the onset of mitosis up to the
telophase [28] (Figure S1B). The results indicated an accumulation of BrdU+/H3P+ cells after
a 16h of BrdU induction (Figure 2D’) with no significant accumulation of cells entering the cell
cycle either in total BrdU+ cells or BrdU-/H3P+ cells (Figure 2D, 2D”). This showed that in
ccdc175 RNAI animals, cells cannot complete the G2 phase prior to enter mitosis.

To further explore this idea, we decided to check by in situ colocalization possible alterations
in the pattern of expression of the markers associated with differentiation of the epidermal
tissue. We analyzed smed-agat (agat from now on) [40] as a epidermal terminally committed
progenitor marker and the neoblast marker smedwi-1 (piwi from now on) [41]. The results
show an increase of the cells coexpressing both markers (agat+/piwi+ cells) upon 3 weeks of
ccdc175 inhibition. The colocalizations quantified were localized in the anterior portion of the
animal between the pharynx and the eyes (Figure 2E).

Moreover, we also characterized the epidermis morphology in ccdc175 RNAIi animals.
Planarians epidermis is composed of one monolayer of cells. We observed an increase of the
nuclear density of the epidermal monolayer upon ccdc175 RNAI (Figure S1C’). This increase
of nuclear density leads to a loss of nuclear circularity (Figure S1C’”), without an increase of
nuclear surface (Figure S1C, S1C”). These results indicate nuclear deformations without
changes in size.

Furthermore, in order to assess the apical-polarity defects of the epidermis we used the -
catenin-2 [3] and actin immunostaining. (Figure S1D, S1D’). B-catenin-2 is a component of the
adherens junctions that labels the boundary between the apical and basal domain. Adherens
junctions divide the cell into an apical domain and a basolateral one thanks to the
establishment of a mesh of actin-myosin filaments [42]. Closer inspection of the apical basal
polarity reveals a compaction of the epidermal layer in the ccdc175 RNAI condition in the
transposed image projections. Moreover, when we quantify the distance between the basal
lamina and the adherens junction we saw a mild significant increase in height of a micron
without changes in polarity alluding to a stretch of the tissue consequence of the increased
cellular density. This means that the accumulation of cells in the epidermal monolayer is
causing an increase in the tissues height without changes in polarity.

Both of these results indicate defects in epidermal cell differentiation in planarians ccdc175
RNAI coupled with an accumulation of cells in the epidermal layer.

In order to characterize more in depth the disruptions in the nervous system in ccdc175 RNAI
animals we decided to characterize some neural populations and neural progenitors. We saw
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that ccdc175 RNAI lead to a decrease of dopaminergic neurons and chemoreceptors (Figure
4A). Dopaminergic neurons can be detected using markers for tyrosine hydroxylase (smed-
th, th from now on) since it is the rate limiting enzyme in dopamine synthesis. On the other
hand, chemoreceptors can be detected with smed-cintillo (cintillo from now on) a membre of
the DEG/ENaC superfamily of sodium channels meaning "head ribbon" in Spanish [43, 44].
Following these evidences, we decided to check for an accumulation of neural committed
neoblasts in this context. Neural committed neoblasts can be visualized by markers against
the transcription factor Collier/Olfactory-1/Early B-cell factor (smed-coe; coe from now on)
[45] and the homeobox transcription factor smed-nkx2.1 (nkx2.1 from now on) [46] when each
of the markers are coexpressed with the neoblast marker piwi. Piwi+/coe+ and piwi+/nkx2.1+
cells in ccdc175 RNAI animals increase in number compared to gfp RNAI controls. (Figure
4B, 4C).

All and all, these experimental evidences depict an impairment of neural differentiation
occurring after ccdc175 RNA..

A Lhx1/5-1 conserved motif in the ccdc175 promotor region, suggest that Ihx1/5-1 could
be an upstream transcriptional regulator of ccdc175

To further understand the potential role of ccdc?75 in neural differentiation we searched for
transcription factors (TF) previously been related with neural differentiation in planarians that
could have conserved binding domains in the regulatory region of ccdc175. To that avail we
found /hx1/5-1 as a potential candidate. Lhx1/5-1 is a member of the Ihx family of transcriptions
factors that has been linked with the differentiation of the nervous system during the
development of multiple model organisms [47, 48] and in the planarian nervous system
regeneration as well [49]. The conserved promoter binding domain of /hx1/5-1 together with it
homology score against the human /hx7 can be seen in Figure 3A together with the distance
to the transcription starting site (TSS) of the planarian ccdc175 coding gene. It is also worth
mentioning that single cell analysis and quantification of the cells co-expressing /hx1/5-1 and
ccdc175 revealed a collinearity in the coexpression of these markers across several tissue
lineages (Figure 3B). Finally, we observed the conservation in silico of the Ihx1 or Ihx5 human
domain in the active promoter region of ccdc175 across several metazoan species. These
include the species of Mus musculus, Danio Rerio, Xenopus tropicalis and Hydra vulgaris. A
table of the conserved promoter region of ccdc175 of several metazoans coupled with the
presence of lhx1/lhx5 motifs can be seen in Table S3. Furthermore, a tree that indicates the
Ihx family of genes appears conserved across all metazoans can be seen in Figure S2B with
all the planarian homologs of the /hx family. To sum up, the fact that we see a conserved
binding motif of the human /hx7 in the promotor region of the planarian gene ccdc175 coupled
with the lineage collinearities of coexpression of both transcripts across tissues strongly
suggest that /hx1/5-1 could bind in the promoter region of ccdc175 in planarians. Moreover
the fact that we see the conservation of the motif in the promotor region of ccdc175 in other
metazoans further reinforce this promoter connection. In parallel, experimental data revealed
that after 1 week of /hx1/5-1 RNAIi a downregulation of ccdc175 transcriptomic levels occur.
This was as seen both by gPCR (Figure 3A) and in situ (Figure 3B).

All and all, these in silico evidences imply the role of lhx1/5-1 as an upstream transcriptional
regulator of ccdc175.

DISCUSSION

In human disorders ccdc175 has been related with cone-rod dystrophy heterogeny [50].
Moreover it also has been suggested to present a putative role in longevity in some bat
spices[26]. However, its function remains unknown. In this study, we have for the first time
functionally characterized ccdc175 in vivo. ccdc175 is a highly conserved coiled-coil protein
which inhibition leads to defects in neural tissue renewal in planarians such as the phenotypes
characterized upon the inhibition of the Hippo pathway in the same organisms. These defects
that lead to the formation of overgrowths and the disruption of the nerve cords are linked to
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accumulation of mitotic cells and decrease of apoptotic activity. Such imbalance has been
described already after hippo inhibition in planarians and the similarities bear a stronger
meaning after the fact that the ccdc175 transcript appear downregulated after the
downregulation of hippo on those animals[3].

SA-B-gal staining and the quantification of senescent markers (p53, pRb and Imnb1) revealed
an early peak of senescence before the rise of the overgrowth phenotype. We also observed
shortening of telomeres. It remains to be characterized which are the specific cells that are
presenting the telomeric shortening as well as the type of cells that are experimenting the
accumulation of senescent markers. These experiments require further development of
molecular technics in planarians such as double staining of telomeric in situ hybridization or
SPIDER-BGal with different cellular markers. Nonetheless they would help elucidate in more
detail the biological function of ccdc175.

The phenomenon of a peak of cellular senescence has been described in other contexts of
cellularimbalance, mainly in cancer [51, 52] where the peak in senescence leads to alterations
in the regulation of the cell cycle that may lead to uncontrollable growth [53, 54] or loss of cell
identity [8, 38, 39]. Such defects are visible as well in ccdc175 RNAI planarians, since we
observed the accumulation of cells in G2 phase. This is also reinforced with an elongation of
the telomeres at this stage. At the end these effects lead to an accumulation of cells with an
identity crisis in the form of dysplastic tissue responsible of the visible phenotype.

In order to unveil further connections between ccdc175 and cellular differentiation we analyzed
the promotor region of the gene and found a promising TF related with tissue differentiation.
We selected as Ihx1/5-1 as a transcription factor with a putative binding site in the promoter
region of ccdc175 since it has been previously characterized to present a prominent role in
mediating neural differentiation in planarians [49]. Several data agree with the hypothesis that
Ihx1/5-1 could transcriptionally activate ccdc175. First, planarians lose part of nerve cords
upon ccdc175 inhibition coupled with a loss of neural subpopulations and accumulation of
neural stem cells, a phenotype similar to the observed after /hx1/5-1 RNAIi. Second,
coexpression of both transcripts at the single-cell level across neural lineages is observed.
Finally, the conservation in several species of the presence of the /hx domain and promoter
activity in the region upstream of ccdc175 indicates its functional relevance (Table S3).

In agreement with the former results, the loss of differentiated neural tissue including
dopaminergic neurons and chemoreceptors in ccdc175 RNAI planarians coupled with a
significant increase of neural committed neoblast populations reinforce the role that ccdc175
is having in the progression of neural tissue differentiation. However, ccdc175 could have a
role outside of the nervous tissue as well. This is especially relevant due to the increase of
smedwi-1+/agat+ cells observed in ccdc175 RNAI animals in comparison to controls. The fact
that an increased number of epidermal cells present both a marker of stem cell and of late
epidermal progenitor indicates a loss of the hierarchical steps in the establishment of the
epidermal fate. This also results in the accumulation of epidermal cells in the epidermal
monolayer with loss of nuclear circularity. Both results coupled with the defects in cell cycle
progression strongly indicate that defects in cellular differentiation are also occurring in the
epidermis of ccdc175 RNAI animals. So far there have been no effects described in the
epidermis of /hx1/5-1 RNAI animals beside a loss of coordination of the motile ventral cilia[49].
However it would be worth exploring if we see similar defects in differentiation as in ccdc175
RNAIi animals to assess the extent of the putative promoter role of lhx1/5-1 over ccdc175
beyond the nervous system.

All in all, we present an evolutionary conserved coiled-coil gene, which is planarians is
involved in the maintenance of the neural cellular balance through the regulation of the cell
cycle, apoptosis and senescence. We show that it regulates differentiation of the nerve cords.
We propose a model in which in an early stage of ccdc775 RNAI inhibition planarians
accumulate senescence markers (accumulation of SA-B-gal, increase of p53 and pRb,
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decrease of Imnb1 and shortening of the telomeres) coupled with a decrease of apoptotic
activity. This accumulation of senescence cells later leads to the emergence of the
overgrowths and unpigmented regions together with the impairment of a proper cell cycle
progression. These result in cellular dedifferentiation in the neural system coupled with an
increase of epidermal cell density. Moreover, the TF |hx1/5-1, involved in neural differentiation,
could act as a putative transcriptional regulator of ccdc175 (Figure 5).

METHODS
Planarian culture

The planarians used in this study are the asexual clonal strain of S. mediterranea BCN-10
biotype and were maintained as previously described[55] in planarian artificial medium (PAM)
water [56]. Animals were fed twice per week with liver, and those used in starvation
experiments were starved for 1 week.

Sequence and phylogenetic analyses

For generating the phylogenetic trees, we first obtained the CCDC175 and LHX protein
sequences from several different sources. In some of the cases we were able to collect them
from the public databases, like in the case of Hsa or Xtr (Table S2). For the rest of the
organisms a manual annotation was required. If the only resource available was a
transcriptome, like in the case of Tsol, we used Transdecoder (v5.5.0) to obtain the translated
proteins.

For the LHX tree we used HMMER with default parameters and a cutoff e-value of 1e-4
(v3.1b2) and the Pfam [57]motives of the LIM domain (PF00412) and HOX (PF00046)
domain, we extracted the LIM and LIM+HOX containing proteins.

For the CCDC175 tree the hmmsearch tool was used with the planarian protein profile.
Representative species with annotated references to ccdc175 without discrepant homologies
across relevant taxa were selected.

For the CCDC175 tree the whole set of translated proteins was aligned again using MAFFT
[58]with the L-INS-i strategy. For the LHX tree the aligning of the LIM domain was selected
using the same parameters. These alignments were the input used for IQ-TREE [59]to
generate the phylogenetic trees. The options used to run the webserver of IQ-TREE were the
ones by default, including the automatic substitution model selector and the ultrafast bootstrap
analysis, except for the number of bootstrap alignments (set at 2500), the single branch test
number of replicates (set at 2000) and the approximate Bayes test option (selected). The trees
were visualized using Dendroscope3 v3.6.3 [60] with the default parameters.

Transcriptomic analysis

Transcriptomic analysis were performed on the Raw sequencing data in FASTQ format as well
as the ftranscript abundances found in the NCBI Gene Expression Omnibus (GEO)
[61]accessible using GEO Series accession number GSE95130.

Sequence analyses

ccdc175, hpo and lhx1/5 were identified from the genome [62] and RNAIi fragments were
amplified using specific primers:

ccde175 RNAI
F: TGAAGAATGGCAAGCACAAG
R:TCAGACACTTTGGCTGCACT
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hippo RNAI

F: GAATCAGCTGCTCAGAGCCC
R: CTCGGCTTGCAAGTCTGAATC
Ihx1/5 RNAI

F: CAGATGAACGCCGATTTCCC

R: CATTCCGGAGATGAAGCTGC

Sequence identity comparison was carried out using the pairwise alignment tool in Jalview
suite v2.11[63]. Sequence comparison against the GenBank database was performed using
the NCBI BLAST network server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Potential orthologs were searched for using tBLASTx where possible to allow a certain level
of tolerance in case of a high degree of divergence. Domain characterization of each transcript
was carried out using Scan prosite[64].

Single-Cell Sequencing Data

ccde175 and  |hx1/5 gene  expression profiles (dd_Smed v6 9798 0 and
dd_Smed_v6_11521_0 respectively) were obtained from the planaria single-cell database
hosted by the Rajewsky lab at the Berlin Institute for Medical Systems Biology of the Max
Delbrick Center, Berlin [65]. Single-cell Colocalizations were obtained from
https://compgen.bio.ub.edu/PlanNET.

RNA interference analysis dsRNA

dsRNA was synthetized by in vitro transcription (Roche) and microinjection performed, as
previously described [66], following the standard protocol of 3 x 32 nl injection of dsRNA for 3
consecutive days. To achieve stronger inhibition, we performed the same protocol over 3
consecutive weeks in starved planarians. Control animals were injected with dsRNA for green
fluorescent protein (GFP), a gene not present in planarians.

Immunohistochemistry

Whole-mount immunohistochemistry was performed as previously described [67]. Animals
were killed with 2% HCI and fixed with 4% formaldehyde. The primary antibody used
were: mouse anti-SYNAPSIN (3C11) (anti-SYNORF-1, 1:50; Hybridoma Bank); rabbit anti-
phospho-histone H3 (Ser10) (D2C8) (PH3) (1:500; Cell Signaling Technology; 9701) rabbit
anti-B-catenin-2 (anti-Bcat2) (1:2,000) [68]; anti-actin JLA20 (1:2; Developmental Studies
Hybridoma Bank). The secondary antibodies used were Alexa 568-conjugated goat anti-rabbit
(1:1000; Molecular Probes; A-11011) and Alexa 488-conjugated goat anti-mouse (1:400;
Molecular Probes; A-11001). Nuclei were stained with DAPI (1:5000; Sigma-Aldrich).

Caspase 3 activity assay

At the end of the second week of RNAI inhibition in starved condition and after 1,2 and 3 weeks
under feeding, protein extraction was performed. BioRad protein reagent was used to obtain
protein concentration of the cell lysates. Fluorometric analysis of caspase-3 activity was
performed as described previously [29]. Fluorescence was measured in a luminescence
spectrophotometer (Perkin- Elmer LS-50) using Fluostar Optima microplate fluorescence
reader (BMG Labtech), applying the following settings: excitation, 380 nm; emission, 440 nm.
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20 mg of protein extract was used to determine enzyme activity, incubating for 2 h at 37 °C
with 20 yM caspase-3 substrate Ac-DEVD-AMC or 2 ml from a stock of 1 mg/ml for a final
volume of 150 pl. Three technical replicates were analyzed per condition. Caspase-3 inhibitor
Z-DEVD-FMK was used as a control.

SA-B-galactosidase staining

The B-galactosidase activity was analyzed following the protocols described previously [69,
70]. Planarians were fixed with 2% formaldehyde + 0.2% glutaraldehyde for 5 min, washed
with PBS and stained with the staining solution containing: 20 mg/ml of X-gal
(Roche;10703729001) in dimethylformamide, 0.2 M citric acid/sodium phosphate buffer pH=6,
100 mM potassium ferrocyanide, 5 M sodium chloride and 1 M magnesium chloride.
Planarians were incubated for 1h and 40 min at 37 °C.

Quantitative real-time PCR

Total RNA was extracted from a pool of five planarians per condition using TRIzol reagent
(Invitrogen). cDNA was synthesized as previously described [29]. Expression levels were
normalized to that of the housekeeping gene ura4. All experiments were performed using three
biological and three technical replicates for each condition. The design of specific primers
corresponding to ccdc175, Imnb1, and the use of previously published ones for p53, pRb [71]
allowed to check their levels of expression after the RNAi experiments. All designed primers
used in this study are the following:

ccde175 gPCR

F: GCAGCCAAAGTGTCTGATGT
R: CGGAAACAGTAGCTTCGTGA

Imnb1 gPCR

F:GGGAAATACGGTCTCGTGTG
R: CAAATTTCCCAGAGCAGTCG

Telomere quantitative PCR (telomere qPCR)

Telomere quantitative PCR was performed as previously described [72] in Supplemental
Experimental Procedures.

Whole-mount BrdU staining
Whole-mount BrdU staining was performed as previously described [73].

Whole-mount in situ hybridization

Probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or FITC- modified
(Roche) from previously cloned fragments using the following primers:

Probe ccdc175
F: GAATCGGATCAATCGGAAAA
R: TTTTGCTTCGTCTTGAATTTGA

Probe Imnb1
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F: AAGGCTGAACAGAGGGAACA
R: GCAACGCTAATATTACACCGAGT

RNA probes were purified by ethanol precipitation and the addition of 7.5M ammonium
acetate. For colorimetric whole-mount in situ hybridization, animals were sacrificed using 5%
N-acetyl-L-cysteine (NAC), fixed with 4% formaldehyde and permeabilized with Reduction
Solution (50 mM DTT, 1% NP-40, 0.5% SDS in 1x PBS). For fluorescent whole-mount double
in situ hybridization, animals were sacrificed using 5% N-acetyl-L-cysteine (NAC), fixed with
4% formaldehyde and permeabilized with Reduction Solution (50 mM DTT, 1% NP-40, 0.5%
SDS in 1x PBS). The fixative and whole-mount in situ hybridization protocol used has been
previously described[74]. or whole-mount fluorescent in situ hybridization, animals were
sacrificed with 7.5% NAC and fixed with 4% formaldehyde. Fluorescent in situ hybridization
was carried out as described previously [75]. For double fluorescent in situ hybridization
(dFISH) an azide step (150 mM sodium azide for 45 min at room temperature) was added.
Nuclei were stained with DAPI (1:5000; Sigma).

Promoters

The “TF tools” plugin for the PlanNET web service [76] was used as a search tool for finding
the putative promoter of ccdc 175 according to the presence of |hx1 transcription factor binding
motifs. The website, the source code of the plugin, and downloads for all the annotations are
available at https://compgen.bio.ub.edu/PlanNET.

ACR/Promoter/Lhx1 binding site motif research in different species

The presence/absence of accessible chromatin regions and promoter regions in different
species was determined by visualizing the ATAC-seq and DNase-seq, and H3K27ac and
H3K4me1/2/3 tracks, respectively. Genome Browsers used were listed in Table S3.

The presence of the Lhx1 binding site motif was determined using the FIMO tool
(https://meme-suite.org/meme/tools/fimo) [77] using the default parameters. FASTA files
containing DNA sequences corresponding to the ccdc175 promoter region (1kb upstream the
TSS) from different species were obtained from different sources, mostly using UCSC
browser (Table S3).

Imaging

In vivo images were taken with sCMEX-3 High End Digital Microscope Camera DC.3000s
(Visual Inspection Technology) in a Zeiss Stemi SV 6 binocular loupe. Whole mount Brightfield
colorimetric in situ hybridization and immunostaining samples were observed with a Leica
stereoscope and images were taken with Progress C3 Jenoptik camera (Jena, TH, Germany).
A Zeiss LSM 880 confocal microscope (Zeiss, Oberkochen, Germany) was used to obtain
confocal images of whole-mount fluorescent in situ hybridization samples, BrdU assays and
epidermal immunostainings. Z-stacks of immunohistochemistry on dissociated cells were
acquired with a Leica Thunder microscope (Carl Zeiss, Jena).

Quantification of H3P+ cells were done using freely available ImagedJ software [78] with the
analyze particle function and normalized by animal area determined with the measurement
tool. To build 3D reconstructions, confocal sections were deconvolved using Huygens
Deconvolution Software (Scientific Volume Imaging) and processed using Imaris Software
(Bitplane). Fiji/lmageJ was also used to show representative confocal stacks for each
experimental condition.
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Colocalization quantification was performed using the equivalent areas using the “ROI-
manager” tool in Fiji. Nuclear area in BrdU experiments was measured using the “threshold”
tool and mask conversion for all samples. Quantification of BrdU+ cells and single-cell
populations were carried using the analyze particle function.

The circularity index and mean nuclear area of cells was measured using at least 146 nuclei
per animal following the same process.

The nuclear density Nuclear-stained (DAPI) images were transformed into a mask using the
“threshold” tool and converted to a mask. The mask was used to obtain the nuclear signal with
the analyze particle function.

To determine mean distance between the apical pole and to the base of epidermal cells, the
distance between the adherent junctions (bcat2) to the basal lamina of the cell was measured.
Measurements were taken in three different regions of the same section and the mean value
was calculated.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Two-sided Student's f-tests
(a=0.05) were performed to compare the means of two populations. Comparisons of more
than 2 populations were done with ANOVA test. Previous confirmation of normality and
homogeneity of date was performed with Shapiro-Wilk test and Bartlett test respectively. To
determine the p-value accumulated for each pairwise comparison it was used the Tukey HSD
test.
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Figure 1: ccdc175 is required for the progression of the cell cycle and apoptosis. (A)
Cartoon depicting the experimental design of the hippo RNAi RNA-seq [3] and graph showing
the transcripts per kilobase million (TPM) of ccdc715 in the RNA-seq of hippo (RNAI) animals
(pink) and controls (gfp RNAI, black). (B) Schematic representation of single-cell
transcriptomic expression of ccdc175 (according to [65]). (C) Schematic illustrating the RNAI
experimental procedure of ccdc175 inhibition. (D) Stereomicroscopic image of live ccdc175
RNAI planarians depicting overgrowths (og) and wildtype (wt) phenotype (n=78) together with
Anti-SYNAPSIN (3C11) immunostaining of ccdc175 (RNAI) animals (n=6). The white
discontinuous box and magnification highlight the overgrowth. (E) Quantification of mitotic
cells (H3P+) normalized by area after rescue experiments of gfp (control) hpo and ccdc175
RNAI animals. The experiments were performed in planarians subjected to 3 weeks of
injections (n26). Data is represented as Box & whiskers min to max. Showing all points. **p <
0.01; ****p < 0.0001 and was analyzed with ANOVA test. (F) Quantification of caspase-3
enzymatic activity in gfp, hippo and ccdc175 RNAI animals after 2 weeks of injections. Z-
DEVD-FMK corresponds to the negative control. Data is represented as Box & whiskers min
to max. Showing all points.***p < 0.001; .****p < 0.001 and was analyzed with ANOVA test.
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Figure 2: ccdc175 links senescence and a switch in telomeric dynamics with
impairment of the cell cycle and cellular dedifferentiation. (A) SA-3-gal activity staining in
gfp, and ccdc175 RNAI animals. Scale bar 50 um. All experiments were performed in
planarians subjected to 1 week of RNAI. (B) Telomere quantitative PCR (qPCR) comparing
control and ccdc175 RNAI planarians respectively at 1 and 3 weeks of RNAi. gPCR was
performed on genomic DNA for 3 biological replicates (5 planarians per replicate) per
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condition. The qPCR determines the ratio of telomere (T) repeat copy number to a single-copy
(S) gene (genomic DNA from dd_Smed_v6 2426 0 1) copy number (T/S ratio) compared
with a reference DNA sample (gfp RNAI) (two-tailed Student’s t-test, * p< 0.05). (C) gqRT-PCR
quantification of Imnb1, p53 and pRb expression after 1 week of ccdc175 RNAi compared
with controls. In all the panels, relative expression is plotted as 22T values. Data are were
analyzed by Student t test and represented as meants.e.m *P<0.05; **P<0.01. (D)
Quantification of BrdU+ cells in ccdc175 (RNAIi) animals and corresponding controls. (D’)
Quantification of double-positive BrdU+/H3P+ cells in ccdc175 (RNAi) animals and
corresponding controls. (D”) Quantification of BrdU-/H3P+ cells in ccdc175 (RNAI) animals
and corresponding controls. Experiments were performed after a 16-h BrdU pulse. All graphs
correspond to animals subjected to RNAI for 3 weeks (n=9). Error bars represent standard
error. Data were analyzed by Student t test. **p < 0.05. (E) Double FISH with the neoblast
marker smedwi-1 and late epidermal cell progenitors agat and corresponding quantification.
Data is represented as meants.e.m ** p < 0.01. Data was analyzed with Student t test (n=5).
Scale bars: 10 um.
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Figure 3: Ihx1/5-1 could bind to a cis-regulatory element found in ccdc775 promoter
region in planarians and across metazoans. (A) HOMER putative TF binding motifs of /hx1
found in the promoter region of ccdc175. (B) Single cell coexpresion representation and
quantifications of ccdc175 and Ihx1/5-1 across tissues in homeostatic conditions (according
to [65]). (C) gRT-PCR quantification of ccdc175 expression after 1 week of /hx1/5-1 RNAI
compared with controls. In all the panels, relative expression is plotted as 222CT values.
Data were analyzed by Student t test and represented as mean + s.e.m *P<0.05. (D) Whole-
mount in situ hybridization analysis of the expression of ccdc175 at after 1 week of lhx1/5-1
RNAI. Scale bar: 200 pm.
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Figure 4: ccdc175 plays a role in neural differentiation. (A) FISH for th+ and cintillo+ in
control and ccdc175 (RNAI) animals injected for 3 weeks. The corresponding quantification is
shown (n27). The total number of cells was normalized with respect to the head area (from
the anterior tip to the pharynx). Data were analyzed with Student t test (n=5). ***p < 0.001;****p
< 0.0001. Scale bars: 150 ym. (B and C) Double FISH with markers of different neural cell
progenitors: smedwi-1/coe, smedwi-1/nkx2.1 and corresponding quantification. Scale bars:
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100 and 10 ym. Data were analyzed with Student t test (n26). p < 0.0001. Representative
magnifications depicting both markers double colocalizations are depicted as well.
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Figure 5: Model representing the role of ccdc175 in planarians. In an early stage of
ccdc175 RNAI inhibition planarians accumulate a myriad of senescence markers such as an
increase of the transcripts p53 and pRb and a decrease of Imnb1 and shortening of the
telomeres coupled with a decrease of apoptotic activity and an accumulation of SA- 8 gal. This
accumulation of senescence cells later leads to the emergence of the overgrowths and
unpigmented regions together with impairment of a proper cell cycle progression after 3 weeks
of hippo RNAI inhibition. Moreover the TF /hx1/5-1 involved in neural differentiation could act
as a putative promotor modulating the expression of ccdc175.
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SUPPORTING INFORMATION

A B ofp RNA
V4 V4 /A/ Brdu
bl s
did2d3" ¥ T Tdgdodio’ ' T disdied17 ' 'd21d22
1st week 2nd week 3rd week
(a9, ccdc175 RNAI

Degrowth (‘ . “,:

C” C”,

ccdc175 RNAI 3 weeks RNAI 3 weeks RNAI 3 weeks RNA

nuclear area (pm2)
Circularity index (0-1)

gfp RNAi | | ccdc175RNAI |

3 weeks RNAi gfp RNAI ccdc175 RNAI

gminagm) ,

to E'asal lamina
1

distance adherens junction

o

Figure S1: ccdc175 is essential for G2-M, the maintenance of the epidermal cellular
density and regulating senescence. (A) Cartoon illustrating the BrdU pulse procedure.
Animals were starved for 1 week, injected with hippo dsRNA for 3 weeks, and then injected
with BrdU and fixed 16 h later. (B) BrdU labeling combined with immunostaining with anti-H3P
antibody in the pre-pharynx region in controls and in planarians subjected to ccdc175 RNAI
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for 3 weeks. Scale bar: 100 ym. (C) DAPI staining of epithelial cells of the prepharyngeal
region. Scale bar: 20 ym (C’) Quantification of the mean epidermal cell density. n=4 (C”)
Quantification of the mean nuclear cell area (n26) (C”") Quantification of the mean circularity
index of the nuclei (n26) . Data are represented as mean + s.e.m (D) anti-Bcat2 and anti-Actin
immunostaining and DAPI of gfp, and ccdc175 RNAI planarians. The x-z confocal projections
are shown together with the IMARIS reconstructions of the anti-Bcat2 and DAPI
immunostainings depicting the position of the adherens junctions in the epidermis. Scale bars:
10 um. (D’) Quantification of distance between the adherens junctions and the basal lamina
(n212). (E) Whole-mount in situ hybridization analysis of the expression of Imnb1 in gfp and
ccde175 RNAI animals after 1 week of injections. Scale bars: 1mm.
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Figure S2: Phylogenetic trees of ccdc175 and Jhx family across metazoans.
(A) Phylogenetic analysis of ccdc175 using protein sequences. At nodes, values for the
approximate Bayes (square) and Likelihood (circle) ratio test are shown. Scale indicates
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expected nucleotide substitution per site. Aminoacidic sequences used are found in Table S1.
Scale indicates expected aminoacidic substitution per site. Phylogenetic analysis of /hx gene
family using protein sequences. At nodes, values for the approximate Bayes (square) and
Likelihood (circle) ratio test are shown. Family tree branches were collapsed at the base of
the common node. Scale indicates expected nucleotide substitution per site. Number of genes
per family in Schmidtea mediterranea is indicated inside a square next to each family. One
gene was unclassified in any family (UC) Aminoacidic sequences used are found in Table S2.

blo $1.ORF of the code175 homologs in Metazoan species.

Table S1: ORF of the ccdc175 homologs in Metazoan species. Amino acid sequence
analysis of Metazoan ccdc175 protein homologs: presence of the chromosome segregation
protein domain (SMC); their molecular weight, and the sequences.

Table S2: Lhx annotation of Figure S2. We display: name in the trees and the related
annotated ID. We also mention per species the source of the sequences used. The number
of genes and families per species was included. Finally, aminoacidic sequence of the LIM
domain were added.
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Table S3: ccdc175 promoter conservation. Summary of the ACRs, promoter markers and
sources of the promoter region of ccdc175 across species coupled with the presence of
Ihx1/lhx5 binding motifs.
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MFN2 1S NECESSARY FOR STEM CELL PROLIFERATION DURING GROWTH BUT

DISPENSABLE DURING STARVATION

Daniel Font'?, Cristina Gonzalez-Estévez'? and Teresa Adell'?

1 Department of Genetics, Microbiology and Statistics Universitat de Barcelona, Barcelona,

Catalunya, Spain

2 Institut de Biomedicina de la Universitat de Barcelona (IBUB), Barcelona, Catalunya, Spain

Mfn2 is a gene required for mitochondrial fusion. Its role has been linked to the cellular
energetic state, the progression of the cell cycle and also with cellular differentiation.
Moreover, it has recently been suggested that mfn2 could be operating upstream of the
mTOR pathway. Here we use planarians as model system to investigate the role of mfn2
in stem cell function. Planarians can regenerate any body part and are constantly
resizing their bodies according to food availability. This active cellular turnover relies in
a population of somatic stem cells capable of producing each of the cellular lineages of
the animal. Recently we have showed that stem cell cycle progression has specific
signaling requirements when the planarians are in starvation.

We have studied the function of mfn2 in planarians at different metabolic contexts:
feeding and starvation. In the feeding context, our results indicate that mfn2 is necessary
for the stem cell proliferation peak linked to growth after feeding through adjusting the
ATP levels, since its RNAI inhibition causes planarian degrowth and a decrease in ATP.
In the starvation context, mfn2 is dispensable to maintain the basal proliferation rate of
somatic stem cells but remains necessary to maintain cell identities. Both contexts alter
the progression of the cell cycle but each does so by affecting different phases. Taken
together, it suggests that the proliferation of somatic stem cells could have different
energy requirements in different metabolic situations. We think that the study of mfn2
function in planarian stem cells could provide new insights into the metabolic regulation
of stem cells.
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INTRODUCTION

Mitochondria, often described as the powerhouse of the cell, are placed at the center of cellular
metabolism. Their symbiotic origin [1] coupled with their plasticity and network capabilities are
key for the production of ATP (the main cellular energy token) [2]. They also play a major role
in regulating cell death through modulating the extrinsic and intrinsic apoptotic pathways either
through an amplification loop or through the liberation of cytochrome c respectively [3].

Changes in mitochondria morphology through fusion and fission mechanisms are key to
modulate such endeavors. These processes are carried by dynamin GTPases highly
conserved across species [4]. The fusion process is carried out first by the union of the outer
mitochondrial membrane by Mitofusin 1 and 2 in humans (MFN1 and MFN2) [5], or the
ortholog Fuzzy Onions in yeast (fzo1p) [6] and fruit flies (fzo)[7], followed by the formation of
a complex with OPA1 which is responsible of the inner membrane fusion [8, 9].

This mitochondrial fusion dynamic has been linked with the progression of the cell cycle.
Particularly, in the G1/S transition mitochondria enhance their fusion process in order to form
hyperpolarized tubes prior to mitosis. This is due to reach the energy requirements and other
ATP intermediates required for the DNA replication [10].

Mitochondrial dynamics and the cellular metabolic state have been associated with cellular
differentiation. Forinstance, cells exiting quiescence and starting to proliferate appear to have
less mitochondria fusion and a more glycolytic dependent metabolism. The same change
occurs in iPSCs during the reprogramming [11,12]. Moreover, in pathological contexts such
as cancer the phenomenon known as the Warburg effect leads to a similar outcome with trade
off from OXPHOS metabolism to glycolysis [13].

Finally, a molecular pathway regulation downstream of mfn2 has been recently suggested
[14]. Such link allows to undergo one step further in the description of the mechanisms
responsible to coordinate cell cycle, cellular differentiation and mitochondrial dynamics. Such
pathway is the Akt/mTOR signaling network, a key pathway responsible for the regulation of
the body size upon nutritional intake in response to amino acid levels.

Planarians are constantly readjusting their body size according to nutrient availability. This
makes them an ideal model organism to assess the function of mitofusins in vivo. Planarian
plasticity is accomplished by a population of stem cells (neoblasts) capable of producing each
of the constitutive cellular lineages of the animal. The balance of cell proliferation and
apoptosis is tightly regulated by robust signaling mechanisms (15-18). Also, it has been proven
that planarians follow the Kleiber’s law of metabolic rate scaling that states that the metabolic
rate is proportional by a factor of % to the body mass [15, 16]. Therefore, a disruption in size
could be caused by an imbalance on the energy levels in these animals. Moreover, in regards
to planarian growth and size regulation, the insulin/mTOR pathway has emerged as the
predominant signaling modulator. Inhibition of insulin-like peptides or TOR diminishes cell
proliferation, prevents planarian growth after feeding and accelerates shrinking during
starvation [17, 18]. On the other hand, overactivation of mTOR using pten or smg-1 RNA
interference (RNAI) promotes an increase of proliferation and overgrowths formation [19-21].

Here we study the function of smed-mfn2 (mfn2 from now on)in planarians at different
metabolic contexts: feeding and starvation. In the feeding context, our results indicate that
mfn2 is necessary for the stem cell proliferation peak linked to growth through adjusting the
ATP levels since its RNAI inhibition causes planarian degrowth and a decrease in ATP. In the
starvation context, we see that mfn2 is dispensable for the maintenance of somatic stem cells
basal proliferation rate but remains necessary for keeping cell identities. Taken together, these
results suggest that mfn2 could be a modulator of cell cycle progression affecting the growth
of planarians and that the proliferation of somatic stem cells could have different energy
requirements in different metabolic contexts.
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RESULTS
mfn2 RNAi leads to accelerated degrowth under starving conditions

Mitofusin2 (Smed-mfn2; from now on mfn2) presents a ubiquitous pattern of expression across
the whole body of the planarian (dd_Smed v6 2168 0_1, Figure S1B). This pattern
moderately decreases in intensity post-irradiation, a treatment that induces stem cell
apoptosis [22]. This experiment indicates the presence of the transcript in the neoblasts
(Figure S1A). Data from single cell RNA-seq experiments revealed that mfn2 presents high
levels of expression in goblet cells and mild expression in glia, some secretory and epidermis
lineages and neoblasts (Figure S1B). To study the role of mfn2 in planarians, we injected 1
week starved planarians with mfn2 dsRNA for 3 consecutive days for a period of one or 2
weeks in order to see an associated phenotype. A presence of unpigmented regions was
observed in some animals after three weeks of inhibition at 500 ng/ul of concentration. These
are areas of the planarian epidermis that present a loss of pigmentation and have been related
with processes of cellular dedifferentiation [23]. The same phenotype can be replicated with
more penetrance after silencing mfn2 injecting 1000 ng/ul of dsRNA for 2 weeks (Figure 1B).
Moreover, downregulation of mfn2 also results in an accelerated degrowth under starving
conditions, which appears to be aggravated at higher doses of RNAi (1000 ng/ul) in
comparison to lower ones (500 ng/ul) and to controls (gfp RNAI) (Figure 1E). The dose-
dependent inhibition of mfn2 with respect to the concentration of dsRNA injected was tested
by gPCR (Figure S1C).

To investigate the number of mitoses following mfn2 dsRNA injections, we used an antibody
that recognizes Histone H3 phosphorylated at serine 10 (anti-H3P). This mark is present from
the onset of mitosis to telophase [24]. We quantified the number of mitotic cells 3 days post
injection after the second week of inhibition for the 500 ng/ul condition and 3 days after the
third week for the 1000 ng/ul condition. We then compared the number of H3P+ cells with the
respective gfp RNAI controls and found no increase in the mitotic rate after in either condition
(Figure 1C).

Although we did not see differences in the mitotic figures, we decided to test the implication of
mfnZ2 in the regulation of the cell cycle, as this has been already described in in Hela cells [14].
In order to see possible differences across the progression of the cell cycle in mfn2 RNAI
conditions compared to gfp RNAI controls we injected planarians with 5-bromoethynyl-20-
deoxyuridine (BrdU) and analyzed them by immunofluorescence with anti-H3P, 16 h after
injection. The staining revealed an accumulation of H3P+BrdU+ and no increase of
H3P+BrdU- cells in the mfn2 RNAIi animals compared to controls (Figure 1D and S2D). This
result indicates cells cannot enter M phase from G2, however the ones in M phase before the
BrdU pulse can progress through the different phases of mitosis.

All in all, we show that mfn2 RNAI inhibition in starved planarians leads to the formation of
unpigmented areas. This is coupled with an accelerated degrowth. Although we do not
observe changes in the number of proliferating cells we still demonstrate defects in the
progression of the cell cycle specifically associated with the progression from G2 to M phase.

mifn2 is important for cellular differentiation in planarians under starving conditions

In order to further characterize the potential defects in cellular differentiation associated with
the unpigmented phenotype we decided to check by in situ hybridization the coexpression of
a late progeny marker from an epidermal lineage (smed-agat; agat from now on) [25]) together
with a stem cell one (smedwi-1; piwi from now on) [26]. More specifically, agat is expressed in
differentiating adult stem cell descendants and is necessary for tissue maintenance and
formation of new tissue during regeneration and plays a role in the interconversion of ATP and
ADP to maintain adequate energy levels [27]. We found an aberrant increase of agat+/piwi+
cells upon 2 weeks of mfn2 inhibition at 1000 ng/ul. The colocalizations quantified were
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localized in the anterior portion of the animal, between the pharynx and the eyes (Figure 2A).
These results indicate defects in cell differentiation in these animals.

Moreover, these results also correlate with a significant increase of necrotic rates upon 2
weeks of mfn2 downregulation (Figure S2A). Necrosis was labelled by injecting a mixture of
Pl and Hoechst 33342 in the planarian in vivo. In this context Pl is only able to label the nuclei
with pores, corresponding to necrotic cells. This result juxtaposes a decrease in apoptotic
rates in the same period (Figure S2B). Apoptosis activity is measured through a Fluorometric
analysis of caspase-3 activity of planarian cell lysates by a luminescence spectrophotometer.
These phenomena occur while the ATP levels in whole planarians display no significant
changes compared to controls indicating no changes in catabolic activity (Figure S2C). ATP
levels were measured by using an ATP Bioluminescence Assay kit on planarian cell lysates
measuring the levels of Luciferase activity [28].

To sum up we describe that mfn2 RNAI in starving conditions leads to defects in the epidermal
differentiation of these animals. These results are coupled with an increase of necrotic rates
and a decrease of apoptotic activity in a context in which ATP levels are low but present no
significant changes compared with gfo RNAi control animals. The low ATP background could
set the stage for the increase of necrosis and lack of apoptosis that contribute to the defects
of epidermal differentiation. However more information of the metabolic status of these cells
should be recollected to reinforce this connection.

Silencing of mfn2 in fed planarians inhibits their growth, associated to a decrease in
energy levels.

To analyze the role of mfn2 in planarians during feeding periods, when there are growing, we
injected dsRNA in planarians during 3 non-consecutive days, alternated with 2 days of feeding,
for a period of 3 weeks. Our data shows that mfn2 silencing results in planarian growth
impairment under feeding conditions in comparison to the exponential growth visualized in
control animals (Figure 3A). We checked the levels of proliferation by measuring the number
of H3P+ cells at 1, 2 and 3 weeks of mfn2 RNAI inhibition compared to the gfp RNAI controls
in feeding conditions. The results indicated that the lack of growth was coupled with a
decrease in the number of H3P+ cells under RNAI feeding conditions in comparison to the gfp
RNA. fed controls (Figure 3C).

In order to assess the energy balance in these animals we determined general ATP levels in
whole planarians upon 2 and 3 weeks of mfn2 inhibition under feeding conditions (Figure 3D).
The results showed decreased levels of ATP compared to controls at 3 weeks, indicating that
mfn2 is required for the maintenance of ATP levels associated with proliferation in fed
planarians.

These results kept pointing towards a role of mTOR in regulating planarians growth. Therefore,
we checked whether injections of Rapamycin, an inhibitor of mTOR, in planarians could affect
the levels of proliferation. The results showed a decrease in proliferation, as had been
previously reported [21] mimicking the previous results of mfn2 under feeding conditions
(Figure 3E). These results reinforced the idea that the lack of proliferation seen in mfn2 RNAI
fed planarians resembled the lack of proliferation associated with an inhibition of the mTOR
pathway caused by Rapamycin.

To test possible differences across the progression of the cell cycle in mfn2 RNAI conditions
compared to gfp RNAI controls we injected planarians with 5-bromoethynyl- 20-deoxyuridine
(BrdU) and performed an immunostaining for anti-H3P16 h post-injection. We detected a
decrease of BrdU+ cells in mfn2 RNAI conditions compared to controls indicating that a smaller
number of cells are entering the cell cycle at the moment of the BrdU administration in mfn2
RNAIi animals. The double staining with H3P revealed no changes in H3P+BrdU+ cells.
However it indicated a decrease of H3P+BrdU- cells in the mfn2 RNAIi animals compared to
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controls (Figure 3F and S3D). This suggests that although stem cells can progress from G2
to M, they have trouble going through the different phases of mitosis.

Furthermore, mfn2 fed RNAIi animals do not show the 3h post-feeding mitotic peak previously
described as a mitotic response to feeding [29] (Figure S3A) despite showing an increase in
ATP levels(Figure S3B). Moreover, when we check the apoptotic levels by Caspase-3
enzymatic assay we see a persistent decrease of apoptosis in mfn2 RNAI fed planarian in
contrast to the peak at 2 weeks that we observe in the gfp RNAI fed animals (Figure S3C).

Together, our results suggest that the decrease in ATP production in fed planarians is
translated to a lack of stem cell progression through the M phase of the cell cycle. This
decrease in energy levels is also reflected in different apoptotic dynamics between the mfn2
RNAI fed animals and the gfp RNAI fed controls.

mfn2 RNAi downregulates the transcript levels of components of the mTOR signaling
pathway and enriches the population of stem cells with long telomeres

In order to see if the alterations in proliferation and the defects of the cell cycle were caused
by alterations of the mTOR pathway we decided to check by gPCR significant differences in
the transcriptomic levels of several components of the pathway. The idea stem from a previous
work in planarians in which a novel negative regulator of the mTOR pathway was
characterized by the same approach [30]. qPCR analysis revealed that mfn2 downregulation
in feeding conditions significantly downregulates mtor and induces overexpression of the
negatively regulated targets 4ebp and Rad51. We also check the transcriptomic levels of akt
an upstream regulator of mTOR to assess if the transcriptomic downregulation of the pathway
was also occurring more upstream. akt levels remain unchanged between control and mfn2
RNAI feeding conditions (Figure 4A). This suggest that the transcriptional alterations derived
from mfn2 RNAI inhibition are occurring at the mtor and downstream levels of the pathway
independently of akt transcriptional regulation.

In planarians it has been described that telomere elongation occurs in the stem cell
populations under starving conditions. Moreover it is proved that such enrichment of stem cells
with longer telomeres is dependent on the mTOR pathway [31]. To check whether telomere
elongation due to deregulation of the mTOR pathway, characteristic of an starved context,
could be detected in our mfn2 fed RNAI animals, we checked the telomere length of mfn2
RNAI fed animals by telomeric gPCR (TelgPCR) . Our results indicate an elongation of the
telomeres in 3 weeks mfn2 RNAI fed planarians compared to gfp RNAIi fed animals (Figure
4B).

Overall, these results revealed that under feeding conditions mfn2 may be downregulating the
Akt/mTOR pathway at the level of mTOR, affecting also its effectors. Moreover, this
downregulation of the mTOR pathway leads to an elongation of the telomeres, mimicking a
starving situation despite the animals being fed.

DISCUSSION

One of the main points in this project is that despite the fact that cells respond differently
according to the nutritional conditions of the animals our results indicate that mfn2 modulate
the progression of the cell cycle in both feeding and starving contexts. This is transduced in a
decrease in proliferation upon mfn2 RNAi under feeding conditions. Moreover, mfn2 inhibition
during starvation also results in a significant decrease of apoptosis without changes in mitosis.
In contrast, in feeding animals both apoptosis and proliferation decrease resulting in a growth
impairment in contrast to controls, that grow exponentially. Also, mfn2 RNAi under feeding
conditions lowers ATP levels which overall suggest that these animals do not generate
sufficient energy despite the input of nutrients. This lack of energy could explain the difficulties
in the progression of the cell cycle these animals are experimenting. In yeast for example, the
lack of nutrition leads to a cell cycle arrest at G1 until conditions improve and the cell-cycle is
postponed [32]. This effect has been connected with the energy requirements and other ATP
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intermediates necessary for DNA duplication. Moreover it has also been reported that in pee
root tip meristems, cells in stationary phase after a period of carbohydrate starvation show a
dependance in aerobic metabolism to properly progress towards the G2/M transition [33].
Nonetheless, at 3 hours post-feeding a peak of ATP is still seen under mfn2 RNAI feeding
conditions suggesting that lack of ATP hydrolysis could be occurring in the immediate hours
after the food intake.

Both evidences are linked to the lack of proliferation in these conditions. A situation that has
previously been observed in another context in planarians in which starving conditions CCT
chaperonins regulate the ATP levels necessary for regeneration through the unfolded protein
response of the endoplasmic reticulum [28]. Mitotic activity therefore is linked with ATP levels
because mitosis is seen as a highly energy-demanding process [34]. Moreover, the disruption
between energy levels and growth further emphasizes the physiological basis of Kleiber’s law
in planarians that state that specific increase in the mass/cell is due to size-dependent energy
storage under feeding conditions. Also, the lack of ATP changes that we detect in starving
conditions further correlates with the size-independence of the metabolic rate with size during
starvation in planarians [16].

The differences in phenotypes in both contexts despite downregulating the same gene could
be dependent on the different metabolism status the cells are experimenting. What we mean
by that is that since the ATP levels are drastically different between both context their
metabolic source might be as well and lead to further ramifications affecting differently the
apoptosis activation as well as the proliferation levels.

Closer analysis of the cell cycle reinforce these evidences. Our BrdU labelling co-stained with
H3P revealed that in starving conditions mfn2 RNAi post 16h incubation presented a
significant increase of H3P+BrdU+ cells without a significant increase of H3P+BrdU- cells nor
in the total BrdU+ cells compared to controls indicating defects in the progression of the G2
phase. Striking, in feeding conditions mfn2 RNAi animals presented less BrdU+ cells
compared to controls coupled with a decrease of H3P+BrdU- cells and no difference in
H3P+BrdU+ cells indicating an accumulation of cells in M phase.

The lack of progression in the cell cycle in spite of the feeding conditions was also coupled
with a significant elongation of the telomeres such as the one happening upon caloric
restriction conditions [31, 35]. This is due to the fact that in planarians it has been described
that telomere elongation occurs in the stem cell populations under starving conditions.
Moreover it is proved that such enrichment of stem cells with longer telomeres is dependent
on the mTOR pathway. [31] This was further reinforced by the gPCR evidences showcasing
that mfn2 may be downregulating the Akt/mTOR pathway at the level of mTOR and further
deregulating its effectors. At the end, this downregulation of the pathway coupled with an
elongation of the telomeres in the same context indicates that the animals are mimicking a
starving situation despite being fed. This agrees with the fact that mTOR has been regarded
as a universal mechanism that is extracellularly activated by nutrient intake and activates the
signals required for growth[36]. In planarians TORC-1 is downregulated under starvation.
Furthermore, RNAi-mediated silencing of TOR has been described to decrease proliferation
and increases cell death, impairing growth [37, 38].0n the other hand, mTOR is upregulated
in response to feeding conditions and promotes an increase of proliferation [20, 21, 39]. In our
context, these evidences reinforce the hypothesis of metabolic alterations being linked with
the lack of proliferation observed upon mfn2 RNAI. This is because in the context of feeding
mTOR pathway should be activated triggering proliferation but in the context of mfn2 RNAI
inhibition we see a global downregulation of the pathway at the transcriptomic level transduced
in a lack of proliferation and elongation of the telomeres. This context therefore resembles
more a starving situation in which growth is not possible in spite of the nutritional intake.

Itis plausible to indicate that the lack of proliferation after mfn2 silencing in starved conditions
may be due to an impaired entry into G2 phase due to energy restrictions as it is known that
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mitochondrial dynamics regulated by several metabolic pathways coordinate cell division [40,
41]. Furthermore, mTOR has been stated to control cell cycle [42] and in our conditions
Rapamycin injections (inhibitor of mTOR) are able to reproduce the proliferation impairment
found in mfn2 fed RNAI conditions similarly to previous accounts [21].

Another readout that could be associated with the fluctuations in metabolism is the suggested
necrosis increase after mfn2 RNAIi under starving conditions that occur without changes on
ATP levels. Previous data from mice revealed that mfn2 knockdown caused alterations in
mitochondrial metabolism characterized by reduced mitochondrial membrane potential and
cellular oxygen consumption as well as depressed substrate oxidation. Its loss-of-function
reduced the activity of the Krebs cycle and the electron transport chain which appeared
compensated by a higher rate of glucose uptake and aerobic glycolysis and a lower rate of
glycogen synthesis in order to compensate the ATP levels [43]. Therefore, we suggest that
these restrictions in the production of ATP could be held responsible for the increase of
necrotic cells in the starvation context of mfn2 RNAi downregulation.

Interestingly, we have evidences of a similar context in planarians in which another family of
genes modulate size regulation through regulation of the mTOR pathway. This was a de novo
gene family of genes taxonomically restricted to the planarian clade named blitzschnell (bls).
These genes were modulated according to food intake and were acting as inhibitors upstream
of the mTOR pathway. As a consequence they were modulating the growth response upon
feeding conditions in an opposite manner to mfn2 thus leading to more proliferation and growth
upon inhibition under feeding conditions. Intriguingly one of the defined aspects that changed
between feeding and starving conditions observed was the size of the cells. This is because
in starving conditions animals were shrinking due to a decrease in the cell volume despite
presenting more accumulation of cells.[30] Therefore it might be worth exploring this variable
in the mfn2 RNAI context to see if similar decrease of cell size occur in our starving context.

Overall, the role of mfn2 in this energy regulation leads to the hypothesis of the lack of ATP
modulation as the factor for the planarian shrinkage and change in cell death dynamics.
Following this train of thought, we found that the appearance of unpigmented regions in
starved mfn2 RNAIi animals is derived from a loss of proper differentiated cellular status. This
matches with the energetic restrictions detected in starvation coupled with a decrease of
apoptotic activity. We think that this could be linked to a process of loss of cellular
differentiation due to the fact that the conjunction of a decrease of apoptosis coupled with low
levels of ATP is similar to the restrictions found imposed by the Warburg effect in cancer [13].
Another suggestion worth mentioning is that that these cells that are having troubles
progressing the cell cycle could not die by apoptosis and enter cellular senescence.

Further experiments focused in the behavior of the mitochondrial chain under the previous
conditions would reinforce the hypothesis of the metabolic implications of mfn2 RNAI in the
observed phenotypes [44]. Optimization on planarians of high-resolution imaging techniques
such as electric microscopy to analyze mitochondria networks would also reinforce the
hypothesis in their role on mitochondria dynamics.

Knowing that growth control in animals such as planarians that constantly undergo body size
regulation is given according to nutrient availability, we present mfn2 as an example of
mitochondrial dynamics modulator that fulfil the requirement for such continuous regulation.
This is mainly due to the fact that RNAI silencing of mfn2 in feeding conditions revealed
alterations in the planarian growth coupled with a decrease in ATP production. Furthermore,
we were able to prove that mfn2 transcriptomically regulates mTOR and its effectors, which in
turn regulate size in response to food intake in planarians and in vertebrates. We also suggest
that such metabolic changes associated with growth control also have consequences in the
maintenance of cellular differentiation as these elements also appear deregulated in most
cancers (Figure 5). Further unveiling such mechanism therefore would bring further insights
in the design of novel cancer therapeutic strategies.
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METHODS
Planarian culture

The planarians used in this study are the asexual clonal strain of S. mediterranea BCN-10
biotype and were maintained as previously described[45] in planarian artificial medium (PAM)
water[46]. Animals were fed twice per week with liver, and those used in starvation
experiments were starved for 1 week.

Sequence analyses

mfn2 was identified from the genome [47] and RNAIi fragments were amplified using specific
following primers:

mfn2 RNAI
F: GAAGCAGCTGGGCAATAATC
R:ATTTTCTCGCCGGTTTCTTT

Sequence identity comparison was carried out using the pairwise alignment tool in Jalview
suite v2.11 [48]. Sequence comparison against the GenBank database was performed using
the NCBI BLAST network server (http://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi).
Potential orthologs were searched for using tBLASTx where possible to allow a certain level
of tolerance in case of a high degree of divergence. Domain characterization of each transcript
was carried out using Scan prosite[49].

RNA interference analysis dsRNA in starvation

dsRNA was synthetized by in vitro transcription (Roche) and microinjection performed, as
previously described [50], following the standard protocol of 3 x 32 nl injection of dsRNA for 3
consecutive days. To achieve stronger inhibition, we performed the same protocol over 2
consecutive weeks in starved planarians. Control animals were injected with dsRNA for green
fluorescent protein (GFP), a gene not present in planarians.

RNA interference analysis dsRNA in feeding conditions

Planarians were injected with dsRNA during 3 nonconsecutive days alternated with 2 days of
feeding for a period of 3 weeks. Planarians were injected 3 times with 32,2 nl with a dsRNA in
a concentration of 800 ng/ul during the first week and 1000 ng/ ul the following ones. Controls
were injected with green fluorescent protein (gfp) at the same concentration of the
experimental RNAI. Pictures to measure the size of the animals were taken the third day of
injection every week. They were taken using grid millimeter paper for scale purposes.

Measurement of ATP levels

ATP levels were measured by using an ATP Bioluminescence Assay kit CLS Il (Roche)
according to the manufacturer’s instructions. Planarians were incubated in cell lysis reagent
and boiled for 15 min at 100°C. Then, samples were sonicated for 4 cycles of 3000. Luciferase
reagent was added to the samples, and luminescence was measured by the Perkin-Elmer LS-
50 spectrophotometer using the injection function. Three biological replicates consisting of five
animals were used per condition, and each sample was replicated three times in each ATP
experiment. Protein content was measured by the Bradford method (Micro BCA Protein Assay
kit, Thermo Scientific).

In vivo Pl incorporation analysis

Animals were injected with gfp or mfn2 over 2 consecutive weeks. Following incorporation of
Pl and Hoetsch in vivo was performed as previously described [23].

Caspase 3 activity assay
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At the end of the second week of RNAI inhibition in starved condition and after 1,2 and 3 weeks
under feeding, protein extraction was performed. BioRad protein reagent was used to obtain
protein concentration of the cell lysates. Fluorometric analysis of caspase-3 activity was
performed as described previously [51]. Fluorescence was measured in a luminescence
spectrophotometer (Perkin- Elmer LS-50) using Fluostar Optima microplate fluorescence
reader (BMG Labtech), applying the following settings: excitation, 380 nm; emission, 440 nm.
20 mg of protein extract was used to determine enzyme activity, incubating for 2 h at 37 °C
with 20 yM caspase-3 substrate Ac-DEVD-AMC or 2 ml from a stock of 1 mg/ml for a final
volume of 150 pl. Three technical replicates were analyzed per condition. Caspase-3 inhibitor
Z-DEVD-FMK was used as a control.

Quantitative real-time PCR

Total RNA was extracted from a pool of five planarians per condition using TRIzol reagent
(Invitrogen). cDNA was synthesized as previously described [51]. Expression levels were
normalized to that of the housekeeping gene ura4. All experiments were performed using three
biological and three technical replicates for each condition. The design of specific primers
corresponding to mfn2, and the use of previously published ones for mtor, akt [30] and also
4ebp and Rad51 allowed to check their levels of expression after the RNAi experiments. All
primers used in this study are the following:

mfn2 qPCR:

F: GCAGTTTGAGGAGTCTCGATG

R: ATATCTTCCAGGCGCTTGAC

rad51 qPCR:

F: ATGGCAGCAAAACAAATGGT

R: TGTGCACTTATACCAGCTCCT

4ebp qPCR:

F: AAACACCACCAAAATGTTTGAA

R: TGAAATTGGCTTTCATCATCA

Telomere quantitative PCR (telomere qPCR)

Animals were injected with gfp or mfn2 over 3 consecutive weeks in feeding conditions.
Following telomere quantification was done as described [31].

Whole-mount in situ hybridization

Probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or FITC- modified
(Roche) from previously cloned fragments. RNA probes were purified by ethanol precipitation
and the addition of 7.5M ammonium acetate. For colorimetric whole-mount in situ
hybridization, animals were sacrificed using 5% N-acetyl-L-cysteine (NAC), fixed with 4%
formaldehyde and permeabilized with Reduction Solution (60 mM DTT, 1% NP-40, 0.5% SDS
in 1x PBS). The fixative and whole-mount in situ hybridization protocol used has been
previously described [52].

Immunohistochemistry
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Whole-mount immunohistochemistry was performed as previously described [53]. Animals
were killed with 2% HCI and fixed with 4% formaldehyde. The primary antibody used was
rabbit anti-phospho-histone H3 (Ser10) (D2C8) (PH3) (1:500; Cell Signaling Technology;
9701). The secondary antibody used was Alexa 568-conjugated goat anti-rabbit (1:1000;
Molecular Probes; A-11011).

Whole-mount BrdU staining
Whole-mount BrdU staining was performed as previously described [54].

Irradiation

To deplete the neoblast population, planarians were irradiated with X rays in PAM water during
1h at 4,5 mA, 200 kV and 93’6 Gy. Afterwards they were fixated for in situ hybridization at 1
and 3 days after the irradiation.

Single-Cell Sequencing Data

mfn2 gene expression profile (dd_Smed_v6_2168 0_1) was obtained from the planaria
single-cell database hosted by the Rajewsky lab at the Berlin Institute for Medical Systems
Biology of the Max Delbriick Center, Berlin [55].

Imaging

In vivo images were taken with sCMEX-3 High End Digital Microscope Camera DC.3000s
(Visual Inspection Technology). Whole mount in situ hybridization and immunostaining
samples were observed with a Leica stereoscope and images were taken with Progress C3
Jenoptik camera. A Zeiss LSM 880 confocal microscope (Zeiss, Oberkochen, Germany) was
used to obtain confocal images of whole-mount fluorescent in situ hybridization sample.
Quantification of H3P+ cells were done using freely available ImageJ software [56] with the
analyze particle function and normalized by animal area determined with the measurement
tool. Colocalization quantification was performed using the equivalent areas using the “ROI-
manager” tool in Fiji.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Two-sided Student's t-tests
(a=0.05) were performed to compare the means of two populations. Comparisons of more
than 2 populations were done with ANOVA test. Previous confirmation of normality and
homogeneity of date was performed with Shapiro—Wilk test and Bartlett test respectively. To
determine the p-value accumulated for each pairwise comparison it was used the Tukey HSD
test.
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Figure 1: mfn2 RNAi in starvation leads to the formation of unpigmented regions ,
accelerated degrowth and problems progressing in cell cycle from G2 to M. (A)
Schematic illustrating the RNAIi experimental procedure in starving conditions. (B)
Stereomicroscopic image of live gfp and mfn2 RNAI planarians at 1000 ng/ul for 2 weeks and
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500 ng/ul for 3 weeks respectively depicting unpigmented regions (n 261 and n=10
respectively). The white box mark an unpigmented region. (C) Quantification of mitotic cells
(H3P+) normalized by area after 2 weeks of mfn2 RNAI at 1000 ng/ul and 3 weeks of mfn2
RNAI at 500 ng/ul and the respective gfp RNAI (control) animals (n24). (D) Quantification of
BrdU+ cells, double-positive BrdU+/H3P+ cells and BrdU-/H3P+ cells in gfp and mfn2 (RNAI)
animals. Experiments were performed after a 16-h BrdU pulse post 2 weeks of RNAi (n=7).
Error bars represent standard error. Data were analyzed by Student ¢ test. ***p < 0.001. (E)
Size quantification of the mfn2 RNAI animals at 1000 ng/ul and at 500 ng/ul compared to the
gfp RNAI controls after 0, 5 and 12 days of starvation. Data is represented as meants.e.m *p
<0.05; ****p < 0.0001(n=216). Scale bars: 1mm. RNAIi, RNA interference; gfp, green fluorescent
protein; mfn2, mitofusin-2; unp, unpigmented regions; wt, wild type.
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Figure 2: mfn2 RNA.I in starvation cause defects in epidermal differentiation. (A) Double
FISH with the neoblast marker smedwi-1 (piwi) and late epidermal cell progenitors agat and
corresponding quantification. Data is represented as meants.e.m ** p < 0.01. (n26). Scale
bars: 10 um. FISH, fluorescent in situ hybridization; RNAi, RNA interference; gfp, green
fluorescent protein; mfn2, mitofusin-2.
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Figure 3: mfn2 RNA.i in feeding conditions impairs growth and proliferation, mimicking
mtor inhibition, decreases the number of stem cells that are able to enter S phase and
progress through the different M phases (A) Size quantification of the mfn2 RNAI animals
compared to the gfp RNAI controls after 0 5 12 and 19 days under feeding conditions.
Representative images of the animal sizes after each week of RNAI silencing are shown. Data
is represented as meanzs.e.m *p < 0.05; ****p < 0.0001, (n=10). Scale bars: 1Tmm. (B)
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Schematic illustrating the RNAIi experimental procedure in feeding conditions. (C)
Quantification of mitotic cells (H3P+) normalized by area after 1, 2 and 3 weeks of mfn2 RNAI
and gfp RNAI (control) animals (n25).(D) ATP measurement on whole planarian extracts after
mfn2 or gfp RNAIi under feeding conditions after 2 or 3 weeks respectively. Data are
meanzs.e.m. *P<0.05 (E) Quantification of mitotic cells (H3P+) normalized by area 3 weeks
of Rapamycin treatment and DMSO as drug control in starvation (n29). (F) Quantification of
BrdU+ cells, double-positive BrdU+/H3P+ cells and BrdU-/H3P+ cells in gfp and mfn2 (RNAI)
animals. Experiments were performed after a 16-h BrdU pulse (n=7) post 3 weeks of RNAI.
Error bars represent standard error. Data were analyzed by Student t test. *p < 0.05.
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Figure 4: mfn2 RNAIi regulates mtor, its effectors and telomere length in feeding
conditions. (A) Bar charts represents qRT-PCR quantifications of mfn2, mtor, akt, 4ebp,
rad51 after 3 weeks of fed gfp and mfn2 RNA.. In all the panels, relative expression is plotted
as 2722°T values. Data is represented as meanzs.d. *P<0.05; **P<0.01. (B) Telomere
quantitative PCR (gPCR) comparing gfp RNAi and mfn2 RNAI planarians. Data is represented
as meanzs.d. *P<0.05;
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Figure 5: Model representing mfn2 mediated control of animal size . mfn2 plays a key
role in the progression in cell cycle. mfn2 RNAI planarians lose the ability to grow. In starving
conditions mfn2 inhibition leads to a loss of cell identity. In feeding conditions mfn2
downregulation cause a downregulation of the mTOR pathway, and a lengthening of the
telomeres mimicking degrowth conditions.
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Figure S1: mfn2 pattern of expression and downregulated levels. (A) Whole-mount in situ
hybridization analysis of the expression of h2b and mfn2 in wildtype animals in control
conditions and after 1 and 3 days of lethal irradiation. (B) Schematic representation of single-
cell transcriptomic expression of mfn2 genes (according to [55]).(C) Bar charts represents
gRT-PCR quantifications of mfn2 transcript levels after 2 weeks of starved gfp and mfn2 RNAI
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at 500 ng/ul and 1000 ng/ul. In all the panels, relative expression is plotted as 2722°T values.
Data are meanzs.d.****P<0.0001.
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Figure S2: mfn2 RNAI in starvation cause an increase of necrosis and decrease of
apoptosis. (A) Staining of dead cells using Pl in live control and mfn2 (RNAi) animals. Nuclei
are stained with Hoechst. Quantification of the PI+ cells per area is shown. Data were analyzed
by Student t test (n=211). ***p < 0.001. Scale bar 1mm. PI, propidium iodide; RNAi, RNA
interference.(B) Quantification of caspase-3 enzymatic activity in gfp and mfn2 RNAi animals
after 2 weeks of injections. Data is represented as meants.e.m *p < 0.05. (C) ATP
measurement on whole planarian extracts of mfn2 RNAi versus controls under starved
conditions after 2 weeks. (D) BrdU labeling combined with immunostaining with anti-H3P
antibody in the pre-pharynx region in controls and in planarians subjected to mfn2 and gfp
RNAI for 2 weeks. Scale bars: 25 um.
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Figure S3: mfn2 RNA.I in feeding conditions avoids the 3h post-fed mitotic peak and
decreases apoptosis. (A) Staining of cycling cells using H3P in control and mfn2 (RNAI)
animals 3h post-fed after 4 weeks in feeding conditions. Quantification of mitotic cells (H3P+)
normalized by area are shown (n=10). (B) ATP measurement on whole planarian extracts of
mfn2 RNAIi versus controls under fed conditions after 3 weeks 3 hours post fed. Data is
represented as meanzs.e.m **p < 0.001. (C) Quantification of caspase-3 enzymatic activity in
mfn2 and gfp RNAi animals after 1, 2 and 3 weeks of injections in feeding conditions. Z-DEVD-
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FMK corresponds to the negative control. Data is represented as meants.e.m **p < 0.001;
****n < 0.0001. (D) BrdU labeling combined with immunostaining with anti-H3P antibody in the
pre-pharynx region in controls and in planarians subjected to mfn2 and gfp RNAI for 3 weeks.

Scale bars: 25 um.
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GENERAL DISCUSSION:

The integration of cell proliferation and apoptosis is essential for proper cell fate specification
during animal development and homeostasis. In this Thesis, different aspects of these
processes have been approached through the study of the animal model Schmidtea
mediterranea, which is continuously renewing their tissues in a stem-cell based manner. In a
previous study, hippo inhibition by RNAi was characterized in planarians [82]. Those results
indicated cellular dedifferentiation and the formation of overgrowths which correlated with a
decrease in cell death, an arrest in mitosis and the increase in cell plasticity. With this model
in mind, we studied several putative transcription factors found downregulated after inhibiting
hippo, a pathway essential to maintain the differentiated fate in planarians, with the idea that
each of them reproduces some aspect of the hippo function.

Cellular senescence could mediate the formation of overgrowths after hippo silencing
in planarians

We have shown that the overgrowths and cellular dedifferentiation that occur in planarians
after hippo RNAIi happen after an accumulation of senescent signals. We think that these
signals could trigger the phenotype since it has been described that although it is traditionally
viewed as a tumor suppressor mechanism to prevent cell cycle progression, it has also been
described to present a paracrine tumor inducing effect aiding in the proliferation, metastasis
and migration of tumorigenic cells [123]. This effect is mainly driven by the senescence
associated secretory phenotype (SASP) that triggers the activation of pro-tumorigenic factors.
Specifically, the SASP has been described to be composed of a mixture of pro-inflammatory
cytokines, growth-factor molecules and matrix remodeling enzymes (including
metalloproteases) [2, 123]. It has been reported that changes in the extracellular matrix
composition often impair proper mechanotransduction. This context leads to the disruption of
integrin-mediated signaling processes that end up affecting the cytoskeletal and nuclear
composition of the surrounding cells. As a consequence the epigenetic landscape and
chromatin organization of these cells change and in turn modify gene expression patterns and
ultimately cellular identity [165].

We think that in the planarian context senescence plays an active role in triggering cellular
dedifferentiation. This is reinforced by the fact that the inhibition of syne1 and trrap, two genes
described to present an active role in cellular senescence [166, 167], phenocopy hippo RNAI.
Their inhibition also cause an increase at the transcriptomic level of some bona fide senescent
markers (p53, pRb and Imnb1 ) Nonetheless, it is important to emphasize that the proteomic
levels of expression of these markers and phosphorylation activation of p53 and pRb could
provide more direct evidence of cellular senescence than the transcript levels [168, 169]. In
line with these evidences, the accumulation of senescence aggregates in all three cases
(hippo, syne1 and med17 RNAI conditions) was also detected by performing SA-B-gal
staining. Still, we require a method to empirically quantify such accumulations of SA-B-gal
positive cells and elucidate the type of cell populations positive for the staining. To that avail
we are currently optimizing the use of SPIiDER-BGal dye combined with FACS in order to
quantify the number of senescent cells between neoblasts (X1), progenitors (X2) and
differentiated cells (Xins). Setting up all these preliminary evidences opens the door to expand
the field of senescence in planarians in other contexts and encourage us to adapt more
accurate techniques to the model.

Moreover, the treatment with senolytic and senomorphic drugs we performed with Rapamycin
and Navitoclax after hippo RNAI prevented the rise of the overgrowth phenotype. This gave
us some evidences in favor of the hypothesis that the accumulation of senescent cells is
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required in order to trigger cellular dedifferentiation in this hippo RNAI context. However, other
experiments are required to support such evidences. One example would be to check if the
SA-B-gal staining in hippo RNAi animals is prevented by co-injection assays with Rapamycin
or Navitoclax combined with hippo RNAIi. Moreover, the transcript levels of the senescent
markers p53, pRb and Imnb1 should also be assessed in both drug rescues by qPCR.

Overall, the results in this first chapter suggests that cellular senescence triggered after hippo
RNAI plays an important role in planarian cellular dedifferentiation.

The Hippo pathway controls tissue renewal through cytoskeleton maintenance and
transcriptional regulation in planarians

We also studied specifically the formation of the overgrowths and the cell dedifferentiation
process after hippo RNAI. By analyzing the transcriptomic footprint of hippo RNAI in planarians
and its different expression dynamics we detected and validated genes associated with
microtubule maintenance and transcriptomic regulators as important players in the emergence
of the phenotype. The hippo RNAI-like phenotype was defined by the formation of overgrowths
and unpigmented regions and the accumulation of H3P positive cells. We characterized in
more detail syne due to its role in the maintenance of the cellular cytoarchitecture and med17
which is a subunit of the mediator complex involved in the maintenance of the epigenetic
landscape for a proper transcription. We found in both cases that their RNAi mimic the hippo
phenotype. Specifically, the impairment in the progression of the cell cycle at different phases
upon syne1, med17 and hippo RNAI. In syne1 RNAIi animals, cells are having trouble
completing the M phase as previously described in hippo RNAIi animals [82]. On the other
hand, in med17 RNAIi animals cells are having trouble surpassing the G2 phase. This could
stem from the fact that med717 is required for the active transcription of the elements that
compose the cell cycle impairing cells to surpass the G2 phase where transcription is most
active [170]. On the other hand, syne? being a connector of the cytoskeleton and the nuclei
plays a more prominent role in the assemble of the mitotic spindle during the mitosis.[171] We
also found evidences supporting a role of these genes in cellular dedifferentiation
mechanisms. These were the elongation of the telomeres found in all three RNAi conditions.
Telomere elongation has been seen in other models as an indicator of cellular dedifferentiation
both in vivo and in vitro [132, 133]. Further evidences linking syne1 and med17 with hippo and
in support of the dedifferentiation role were also collected. In the case of the role of the
pathway in maintenance of the cytoskeletal architecture, we found evidences of loss of
epidermal polarity as a sign of a loss of the cellular differentiated state in planarians inhibited
with syne1 and hippo. These results mimicked the effects of Ig/2 RNAI, a known upstream
regulator of the Hippo pathway required for epidermal polarity [12,13]. For more evidences of
loss of differentiation due to alterations in transcription regulation we also used a synthetic
Cdk8/19 inhibitor which acts as an activator of the mediator complex. The results of this
inhibition ended up phenocopying the overgrowths and cellular dedifferentiation found in hippo
and med17 RNAIi animals further supporting that modulating the epigenetic landscape is
essential for proper cellular differentiation [174, 175]. Overall, we highlighted that Hippo
maintains the cellular differentiated state through two distinctive mechanisms: maintenance of
the stability of the cytoskeleton and regulation of transcriptional programs.

However, it is important to remark that despite all the results pointing towards cellular
dedifferentiation as a cause of the appearance of dedifferentiated cells and overgrowths in
Hippo, syne1 and med17 RNAI animals, we still cannot rule out the possibility that cellular
differentiation might be defective and triggering the incorrect expression of lineage markers.
Some experiments would help to contrast both hypotheses. One of them would imply to
quantify the total number of cells of syne? and med77 RNAIi animals in comparison to controls.
If there are no changes detected this would reinforce the idea of differentiated cells reentering
cell cycle in opposition to an accumulation of proliferating progenitors. Another interesting
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approach would be the depletion of neoblasts by sublethal irradiation. This would allow us to
work in a background with almost no proliferating cells. RNAi of syne1 and med17 in irradiated
animals could promote the expression of neoblasts markers such as smedwi-1, demonstrating
a process of dedifferentiation. Both of these experiments were already done in hippo RNAI
planarians where the dedifferentiation model was first proposed [82].Still, recent publications
have defined the planarian neoblasts as a highly heterogeneous cellular population from the
molecular and functional perspective. This cell type has been described to be composed of
different subsets of specialized neoblasts that retain less multipotent capacity and present
transcription factors associated to multiple specific fates for the formation of each differentiated
cell type [176, 177].Therefore, finding contexts in planarians in which dedifferentiation might
occur could be quite remarkable and go in line with the recently described flexibility in the path
of neoblast commitment towards differentiation.

We would like also to emphasize that the regulation that we perceive in planarians between
hippo and the putative effectors we describe is of an indirect nature. At the end of the day the
changes we see in the candidate effectors we study originate from transcript downregulations
found downstream of hippo RNAI inhibition. We therefore acknowledge that the molecular
pathway connecting them with hippo remains unknown and require of further studies. We also
want to point out that the direct inhibition of syne? and med17 by RNAI could affect further cell
types beyond the ones affected by hippo RNAIi. On the other hand since these effectors act
downstream of hippo, we expect that some of the repercussions attributed to the hippo RNAI
phenotype are triggered by other effectors beside the ones we characterized. Therefore, we
take into consideration that the phenocopying of the hippo RNAi model can be partial.

In order to pursue further experiments in regards to the changes in cellular identity we should
expand to other experimental models. A very interesting approach would be attempting to
perform in vitro reprograming of differentiated cells by transient down-regulation of syne1 and
med17 by siRNA in several types of differentiated cultured cells or progenitors and check the
expression of markers that indicted a partial dedifferentiation towards less mature cell types.
Previous work has shown that transient expression of YAP is able to in vitro reprogram several
lines of differentiated cells [49]. [178]. This approach would indicate that these genes are
necessary to maintain the differentiated state and would further consolidate the cellular
dedifferentiation hypothesis found in planarians. Furthermore it would suggest an evolutionary
function conservation of these genes in planarians and mammals. We don’t expect to achieve
the level of reprograming mentioned by overexpressing YAP but minor shifts in cellular identity
closely resembling the ones presented in planarians.

To further elucidate the role of med17 in global transcription activity and the changes it may
cause in global enhancers conformations and cellular identity it could be very interesting to
include the Yeast (Saccharomyces cerevisiae) as an experimental model. This is due to the
abundance of literature in their field related to transcription regulation. It has already been
described that the Mediator complex presents a global role as a cofactor activating RNA Pol
I [179]. Moreover, ChEC-seq profiles mapping protein-DNA interactions revealed specific
binding landscapes of Mediator-RNA Pol |l linked to specific transcriptomic profiles of some
proximal genes [180]. Therefore, it would be interesting to perform the same ChEC-seq
technique in a context where Med17 (SRB4 in yeasts) is depleted and check if an increase in
the Mediator-RNA Pol [I-DNA global interactions is observed as well as in a specific binding
profile. This information could be further enriched with a Hi-C approach that could reveal
hotspots of structural genomic reconfiguration. Afterwards, it would be very interesting to see
if these hotpots correlate with enhancer regions connected to genes that appear in the
previous specific Mediator-RNA Pol Il binding profile.

This data would be of high value since it could be cross-referenced with already published
Chip-seq data of RNA Pol Il binding sites in an in vitro reprograming context overexpressing
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Mediator activity. Published work has shown that CDK®8/19 inhibition increased Mediator-
driven recruitment of RNA Pol Il to enhancers triggering the transcription of naive enhancer-
derived RNAs (eRNAs) like Pramel6 (PRAME like 6), Tbx3 (T-Box Transcription Factor 3) and
Gjb3 (Gap Junction Protein Beta 3) and recruitment of RNA Pol Il to promoter regions of genes
such as Nanog, Rex1/Zfp42 (Zinc Finger Protein 42), Kif4 (Kruppel-Like Factor 4), Tbx3 and
Tfep2I1 (Transcription Factor CP2 Like 1) efficiently stabilizing the naive transcriptional
program[181]. The end goal of this cross-referencing would be to find hotspots of evolutionary
conserved genetic programs implicated in cellular differentiation. This could culminate in a list
of putative candidate genes that would be later screened by RNAi and linked with the
phenotypes we observe upon med17 RNAI in planarians and potentially dedifferentiation.

ccdc175 regulates the tissue renewal in planarians through cellular senescence and
telomere dynamics.

Furthermore, we characterized the role of ccdc175 in planarian tissue renewal. This is an
evolutionary conserved rather unstudied coiled-coil protein downregulated after hippo
inhibition. At early stages of ccdc 775 RNAI inhibition, prior to the emergence of the phenotype,
we detected a peak of senescent signals coupled with a decrease of apoptosis and a
shortening of the telomeres as we described in hippo RNAIi animals. This was immediately
followed by the rise of the overgrowths, signs of cellular dedifferentiation and telomere
elongation as described in hippo downregulation. Telomere dynamics has been a hot research
topic in planarians since its characterization in the context of regeneration. This is due to the
fact that asexual planarians maintain telomere length during reproduction by fission or after
regenerating. This telomere maintenance is attributed to infinite telomerase activity of
proliferating adult stem cells during regeneration capable of providing planarians its alleged
immortality. However, the sexual strain does not maintain telomere length during regeneration.
This is because sexual planarians present an alternate splicing of the protein subunit of the
telomerase enzyme [14] Interestingly, the catalytic subunit of telomerase known as telomerase
reverse transcriptase (TERT) appear highly conserved within phyla across metazoans.
However some motif loses and alternative splicing events occur among specific lineages
beyond Tricladida planarians. [14] These alternative splicing variants could be associated to
important non-canonical functions related with high regenerative capabilities and potential
immortal lifespans such as in the case of planarians. However there is still a lack of
experimental models of TERT dynamic activity in these organisms associated to a specific
biological role to support this hypothesis [182]. A similar alternative splicing could be occurring
between close spices in the case of ccdc175. Therefore it could be interesting to assess the
evolutionary conservation of the ccdc175 sequence across metazoans focusing on differential
splicing events and sequence changes between close spices to see if the pattern is similar to
the one described in TERT. Moreover, ccdc175 is one of the few fast-evolving genes found to
exhibit significative positive selection in one species of long-lived bats (Myotis myotis) (37.1
years of maximum lifespan) compared to a short-lived species (M. Molossus) ( 5.6 years of
maximum lifespan)indicating that they present an enrichment of allelic variant of ccdc175
correlated with longevity [183]. Therefore, it would be interesting to see if a correlation between
species with long life spans and non-canonical forms of ccdc175 exist. It would also be of
special interest to see if the length of the telomeres in these long-lived species appears
elongated in comparison to their shorter-lived counterpart cousins.

An interesting approach with ccdc775 would be a to attempt to test by shRNA if its
downregulation in vitro on mature human neural cell cultures induces cellular
dedifferentiation.[184] The experimental design would involve checking the expression of
markers that indicate a partial dedifferentiation towards less mature cell types as we see in
planarians. Any results indicating defects in the neuron conformation or identity would be of
high value due to the lack of experimental evidences reported for this gene function.
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In summary, we discovered a role of ccdc175 in maintaining the cellular balance through the
regulation of the cell cycle and cellular senescence with an emphasis on telomere modulation.

mifn2 is necessary for stem cell proliferation during growth but dispensable during
starvation

mfn2 is a transcript found downregulated at later stages of hippo RNAI (4 weeks). We found
interesting to study the function of mfn2 in planarians due to potential connections with mTOR
pathway and the consequences this could present to the constant growth and degrowth in
planarian size dynamics. In this chapter we established that the inhibition of mfn2, a key
protein involved in mitochondrial fusion, is able to impair proliferation in both feeding and
starving conditions leading to a lack of growth upon feeding. This is coupled with a decrease
in ATP production in feeding conditions and with cellular dedifferentiation in starving conditions
similar to what happens in cancer progression [185]. The fact that we see different phenotypes
depending on the nutritional status of the animal further reinforces the idea that the effects are
dependent of the ATP levels the cells have at their disposal to proliferate. Therefore, it is highly
probable that changes in metabolism between feeding and starvation impose a background
energy threshold to these animals which is further affected upon mfn2 RNAI inhibition and
later cause the difference in the phenotypes between feeding and starvation.

However, further experiments focused in the behavior of the mitochondrial respiratory chain
under the previous conditions would reinforce the hypothesis of the metabolic implications of
mfn2 RNAI in the observed phenotypes [186]. We think that the optimization of high-resolution
imaging techniques such as transmission electron microscopy (TEM) to analyze mitochondria
networks would bring more information about their fusion and fission state in planarians cells
at specific timepoints and indicate if it mimics the reported results from rat GTPase-domain
mutant of Mfn2 (Mfn2K109T) in HeLa cells displaying mitochondrial fragmentation [187].
Moreover, we could focus on quantifying the number stem cells and their fused/fissioned
mitochondria ratios per cell. More specific biochemical assays would also be necessary to
implement though in order to check the status of the mitochondrial respiratory chain in these
conditions. One idea would be to perform Seahorse Real-Time Cell Metabolic Analysis after
FACS sorting of live cells to check the oxygen consumption rate of the planarians mfn2 RNAI
in the context of feeding or starvation [188]. Electron microscopy images would indicate if the
mitochondria are more fused or fissioned and the Seahorse Real-Time Cell Metabolic Analysis
would provide an indication of the ATP production levels associated with each situation as
long as we are able to detect differences by Seahorse after the planarian cell sorting by FACS
. Thus, they would also provide relevant data that would aid in explaining the defects we
observe in the cell cycle progression with the different ATP levels we see between the feeding
and starved situations. This is because we would have a direct cause between the molecular
function of mfn2 to induce mitochondrial fusion and the ability of the cells to produce more
ATP.

Moreover, we also demonstrate that mfn2 inhibition downregulates mTOR transcript levels
and deregulates its effectors 4ebp (Eukaryotic Translation Initiation Factor 4E Binding Protein
1) and Rad51 (RAD51 Recombinase) uncoupling the aforementioned pathway from the
nutrient input provided with the feeding conditions. This causes an elongation of the telomeres
typically associated with caloric restriction [189]. The lack of growth in feeding conditions is
tied to defects in the progression of the cell cycle. It has been reported that changes in
mitochondrial dynamics modulate the cell cycle progression. During the G1/S transition
in normal rat kidney (NRK) cells an hyper fusion event occurs in order to increase the ATP
production capabilities of the mitochondria network required for the DNA replication [142]. This
conformation is later reverted by fission at the entry of the M phase in order to ensure a
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distribution of mitochondria among the daughter cells post mitosis [190]. It would be interesting
to assess the mitochondrial conformations by transmission electronic microscopy (TEM) in
both feeding and starved mfn2 RNAI conditions since we reported accumulations of cells at
different points of the cycle (M phase and G2 phase).This is even more interesting due to the
fact that in feeding conditions mitochondria tend to fission in many tissues (except the nervous
system and the musculature) since are less dependent on OXPHOS metabolism whereas the
opposite occur in starvation leading to more fusion[191]. Therefore, these differences in fusion
and fission according to nutritional availability could set an already different mitochondrial
network background in fed and starved planarians on top of the mfn2 RNA..

Still, the hypothesis exposed in regards to growth and the modulation of mTOR presents some
parallelisms with previous work from the lab in which a similar phenotype was described
involving the regulation of the mTOR pathway. In that project we characterized a de novo gene
family of genes taxonomically restricted to the planarian clade named blitzschnell (bls). In this
context, we indicated that this family of genes, which expression is modulated according to
food intake, were acting as inhibitors upstream of the mTOR pathway. As a consequence,
they were modulating the growth response upon feeding conditions in an opposite manner to
mfn2 thus leading to more proliferation and growth upon inhibition under feeding conditions.

To end up this thesis, we would like to emphasize the following idea. By down-playing single
genes from different functional niches we are able to trigger cellular dedifferentiation through
interrelated but yet different cellular processes. It is of special importance that this occurs in
the context of an in vivo organism such as planarians since their cell turnover is based in their
huge pool of stem cells, where a process of dedifferentiation has not been described to play
an active role[192]. It is important to emphasize that just with the overactivation of YAP (the
target of Hippo) in vitro cells have been able to recapitulate several pluripotent stem cell
populations[49]. Nonetheless no approximation in vivo has yielded such effects yet. This is in
spite of its role as an oncogene being described to increase genomic instability, trigger EMT
together with an increase in cell migration and metastasis. Such evidence indicates that
regulation of elements of the Hippo pathway together with the maintenance of proper
transcriptomic programs and cytoskeleton configuration are required to make a cell retain its
identity. Nonetheless other elements that exist in a tissue such as cell-cell interactions and a
complex extracellular matrix also play a role in shaping such identities in many cases through
interactions with the Hippo pathway itself. Therefore, these cell-cell interactions together with
the scaffold provided by the extracellular matrix could add an extra layer of regulation in vivo
that modulates the extent of the described dedifferentiation effects associated with the Hippo
pathway in vitro. Still, we believe that our context is encased in a pathological system
phenocopying hippo RNAI and resemble events of diseases that present tissue dysplasia’s or
when pushing it to an extreme, cancer [193]. We therefore think that in order to continue this
work is worth exploring how these events differ from physiological dedifferentiation processes
that have been observed in other organisms such as in the life cycle of some cnidarians [194]
and some forms of tissue regeneration [195, 196] as they provide a great frame of reference
to filter the distinctive footprints that make pathological cellular dedifferentiation unique. In a
similar way Hippo also has a physiological role regulating the growth of organs during
development and regeneration [52] in contrast to its pathological role associated with cancer
[50]. Therefore, based in our results, it would be worth exploring more in depth how the
telomeric machinery is linked to the dedifferentiation process, specifically in regards to the
progression and speed of the cell cycle upon reactivation as many of its components remain
poorly studied to this day [197]. Our approach also highlights the importance of focusing on
poorly studied evolutionary conserved genes in planarians as a tool that allows us to help
bring forward novel elements from a non-canonical organism perspective to uncover
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processes that we were unaware before. In the long run, we expect this line of research to
provide us with a deeper and better understanding of the establishment of cellular identity
across different organisms and how its failure can lead to pathologies such as cancer.
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CONCLUSIONS:

After re-analyzing a previously published RNA-seq that compared hippo RNAIi with controls,
we found syne? and trrap as DEGs that have been described to have a role in cellular
senescence in other model systems. We also found syne? and med17 as representative of
the two most prevalent GO Ontology Terms in the RNA-seq: cytoskeleton regulation and
transcriptional regulation, respectively. Additionally, we have identified ccdc175 and mfn2 as
genes required for cell renewal and for growth regulation, respectively.

1. CELLULAR SENESCENCE MEDIATES THE FORMATION OF OVERGROWTHS AFTER
HIPPO SILENCING IN PLANARIANS

1.1. We established several markers for the detection of senescence in planarians:
accumulation of SA-3-Gal, a decrease of Imnb1 expression levels and increase of p53 and
PRb.

1.1. The downregulation of hippo, syne1 or trrap trigger an increase in senescence markers.

1.2. The senomorphic drug Rapamycin and the senolytic drug Navitoclax rescue the hippo
RNAI phenotype by preventing the formation of overgrowths.

2. THE HIPPO PATHWAY CONTROLS TISSUE RENEWAL THROUGH CYTOSKELETON
MAINTENANCE AND TRANSCRIPTIONAL REGULATION IN PLANARIANS

2.1. RNAI of syne1 and med17 phenocopy the hippo RNAi phenotype, with the formation of
overgrowths, appearance of unpigmented regions and disruptions in the nervous system.

2.2. syne1 and med17 are required for the maintenance of the neural and epidermal
differentiated state.

2.3. syne1 and med17 regulate cell cycle progression in a different manner: syne1 regulates
the transition through the different phases of M while med17 regulates the entrance from G2
to M.

2.4. synefl, representing the function of cytoskeleton regulation is required for the
maintenance of the epidermal cellular polarity, supporting that cytoskeleton stability is a
function of the Hippo pathway to maintain tissue homeostasis.

2.5. RNAi of med17 representing the function of transcriptional regulation combined with the
enhancement of the mediator complex activity by treatment with specific drugs aggravates
hippo RNAI phenotype, indicating that transcription regulation is an important effector of the
Hippo pathway to maintain tissue homeostasis.

3. CCDC175 REGULATES THE RENEWAL OF THE NEURAL TISSUE IN PLANARIANS.

3.1. ccdc175, a gene with no known function in any model system, was found as a
downregulated gene in hippo RNAI planarians compared to controls
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3.2. RNAi of ccdc175 phenocopy the hippo RNAi phenotype, with the formation of
overgrowths, appearance of unpigmented regions and disruptions in the nervous system.

3.3. ccdc175 regulates the renewal of the neural tissue in planarians.

3.4. ccdc175 is necessary for G2-M transition and its inhibition increases senescence and
reduces apoptosis.

4. MFN2 IS NECESSARY FOR STEM CELL PROLIFERATION DURING GROWTH BUT
DISPENSABLE DURING STARVATION

4.1. mfn2 downregulation in starved planarians promotes the appearance of unpigmented
regions and produces an accelerated degrowth.

4.2. mfn2 in starved planarians is necessary for the G2 to M transition in the cell cycle.

4.3. mfn2 downregulation under feeding conditions reveals a lack of growth of planarians, a
decrease in energy levels and a decrease in the transcriptomic levels of mTOR pathway
components.

4.4. mfn2 in fed planarians is necessary for the transition through the different phases of
mitosis.
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ABSTRACT

Control of cell number is crucial to define body size during animal
development and to restrict tumoral transformation. The cell number
is determined by the balance between cell proliferation and cell death.
Although many genes are known to regulate those processes, the
molecular mechanisms underlying the relationship between cell
number and body size remain poorly understood. This relationship
can be better understood by studying planarians, flatworms that
continuously change their body size according to nutrient availability.
We identified a novel gene family, blitzschnell (bls), that consists of de
novo and taxonomically restricted genes that control cell proliferation:
cell death ratio. Their silencing promotes faster regeneration and
increases cell number during homeostasis. Importantly, this increase
in cell number leads to an increase in body size only in a nutrient-rich
environment; in starved planarians, silencing results in a decrease in
cell size and cell accumulation that ultimately produces overgrowths.
bls expression is downregulated after feeding and is related to activity
of the insulin/Akt/mTOR network, suggesting that the bls family
evolved in planarians as an additional mechanism for restricting cell
number in nutrient-fluctuating environments.

KEY WORDS: Body size, Cell number, Growth, Regeneration,
Overgrowth, mTOR

INTRODUCTION

During embryonic development, all species undergo dramatic
increases in size until reaching a definitive body size, which is
strikingly similar across species. The definitive body size of an
organism is reached by increasing either cell number or cell size.
Changes in cell size have been described in specific organs, e.g.
imaginal discs in Drosophila (Miyaoka et al., 2012; Hariharan,
2015). However, regulation of cell number, achieved by modulating
the balance between cell death and cell proliferation, is the main
mechanism by which animals reach their definitive body size
(Guertin and Sabatini, 2006). Although conceptually simple, the
developmental mechanisms that control cell number constitute one
of the more intriguing issues in biology. In general, the main
signaling pathways thought to control growth regulate cell
proliferation and cell death in response to the nutritional

"Department of Genetics, Microbiology and Statistics and Institute of Biomedicine,
Universitat de Barcelona, Barcelona 08028, Catalunya, Spain. ?Institut de
Biomedicina de la Universitat de Barcelona (IBUB), Universitat de Barcelona,
Barcelona 08028, Catalunya, Spain. 3School of Biological Sciences, University of
East Anglia, Norwich Research Park, Norwich NR4 7TJ, UK.

*Author for correspondence (tadellc@ub.edu)

E.P.-C., 0000-0002-9577-840X; C.H.-U., 0000-0002-2334-9470; N.d.S., 0000-
0002-1895-9530; T.A., 0000-0002-5446-1510

Received 20 August 2019; Accepted 19 February 2020

environment. Studies in multiple species have identified the same
key signaling pathways that appear to regulate body size: the INK
pathway, the Hippo pathway and the insulin/Akt/mTOR signaling
network. The JNK signaling pathway controls cell death and
proliferation, mainly in response to cellular stress (Dhanasekaran
and Reddy, 2017). The Hippo signaling pathway regulates
proliferation, apoptosis and cell differentiation in response to
mechanical stimuli (Udan et al., 2003; Zeng and Hong, 2008).
Genetic perturbation of JNK or Hippo signaling leads to
overgrowths or organ size changes, but does not affect overall
body size (Tumaneng et al., 2012; Willsey et al., 2016). In contrast,
activation of the insulin/Akt/mTOR signaling network leads to
increases in body size in animals as distant as Drosophila and mice
(Saxton and Sabatini, 2017). Insulin/Akt/mTOR signaling is the
most conserved molecular mechanism that relates nutrient intake to
cell proliferation (Gokhale and Shingleton, 2015), and it is the main
regulator of cell size in response to cellular amino acid levels
(Gonzalez and Hall, 2017; Wolfson and Sabatini, 2017).

The study of planarians, flatworms that display extraordinary cell
plasticity, can help further our understanding of the molecular
mechanisms that control body size during development. In most
animals, adult body size is determined by growth during embryonic
and juvenile stages, while the adult stage consists of tissue renewal.
However, long-living species, such as planarians, change their body
size according to nutrient availability during their entire lives. These
alterations in planarian body size are mediated by changes in cell
number (Bagufia and Romero, 1981; Thommen et al., 2019)
resulting from modulation of the balance between cell proliferation
and apoptosis. Thus, the ratio of proliferation to apoptosis decreases
in starvation conditions and increases in times of nutritional
abundance (Baguna, 1976; Pellettieri et al., 2010). Planarian
plasticity is sustained by a population of pluripotent adult stem
cells (neoblasts) that can differentiate into any planarian cell type.
Furthermore, the balance between the stem cell population and all
types of differentiated cells relies on robust signaling mechanisms
that allow continuous adjustment of cell proliferation, cell death and
cell differentiation. The signaling pathways that determine cell fate
and tissue patterning in planarians, including the Wnt and BMP
pathways, have been extensively studied (Molina et al., 2011;
Sureda-Goémez et al., 2016). However, the mechanisms that control
planarian body size and growth remain to be fully elucidated. The
insulin/mTOR pathway is the only pathway demonstrated to control
planarian body size. Inhibition of insulin-like peptides or TOR
attenuates cell proliferation, prevents planarian growth after feeding
and accelerates shrinking during starvation (Miller and Newmark,
2012; Tu et al., 2012). Hyper-activation of mTOR using PTEN or
smg-1 RNA interference (RNAi) does not give rise to larger
organisms but does promote overproliferation and outgrowth
formation (Oviedo et al., 2008; Gonzalez-Estévez et al., 2012a,b).
In planarians, JNK is required for organ remodeling through the
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induction of apoptotic cell death (Almuedo-Castillo et al., 2014).
Moreover, hippo inhibition increases mitosis, inhibits apoptosis and
promotes dedifferentiation, leading to the formation of overgrowths
but not to changes in body size or cell number (de Sousa et al.,
2018). Planarian plasticity not only facilitates adaptation to the
environment but also enables reproduction: most species reproduce
asexually through fissioning the tail, producing two segments from
which two complete organisms regenerate. Amputation in
planarians triggers tightly controlled apoptotic and mitotic
responses (Bagufia and Salo, 1984; Pellettieri et al., 2010;
Wenemoser and Reddien, 2010). Silencing of several signaling
pathways, such as the JNK or TOR pathways, results in the
formation of smaller blastemas in which cell proliferation, apoptosis
and/or differentiation is impaired (Peiris et al., 2012; Tu et al., 2012,
Almuedo-Castillo et al., 2014). Interestingly, TOR hyper-activation
gives rise to larger blastemas, although they remain undifferentiated
(Gonzalez-Estévez et al., 2012a,b), and Hippo hyper-activation
enhances the wound response, promoting the expansion of cell
populations (Lin and Pearson, 2017).

Here, we describe the identification of a novel gene family that we
have named blitzschnell (bls), which controls cell proliferation and
cell death in intact and regenerating planarians. The bls family
consists of 11 genes and four pseudogenes that can be classified into
five subfamilies (blsl-bls5). The family is composed of de novo
genes, which appear to be taxonomically restricted to the order
Tricladida (commonly known as planarians). Silencing of bls2/bls3/
bls5 promotes faster regeneration and increases cell number during
homeostasis. However, this increase in cell number leads to an
increase in body size only in nutrient-rich environments: during
starvation cells are unable to maintain their normal size and become
smaller than those of control animals. Importantly, expression of
bls2, bls3 and bls5 is downregulated after nutrient intake, and it was
found to be related to the insulin/Akt/mTOR network, suggesting
that in planarians the bls family may have evolved as an additional
mechanism to restrict cell number in nutrient-fluctuating
environments.

A
Scaffold 54

Whisla bpls2a bls2b W bls1b bls3a

bis3b

RESULTS

blitzschnell is a new gene family organized in two clusters of
tandem repeats in Schmidtea mediterranea

We performed an RNA1 screen to find candidate genes involved in
planarian eye regeneration, and identified an unknown gene whose
inhibition resulted in faster regeneration of the eyes after head
amputation. We named this gene blitzschnell (bls), which means
‘quick as a flash’ in German. Surprisingly, upon attempting to
identify the genomic locus of this gene in Schmidtea mediterranea,
we found that bls belongs to a gene family composed of 15 members
distributed on two distinct genomic scaffolds (Fig. 1A, Table S1).

Although all bls sequences shared more than 70% identity
(Table S2), a phylogenetic analysis using the nucleotide sequence
allowed us to classify bils genes into five subfamilies (Fig. S1A).
Four of these subfamilies (bls1, bls2, bls4 and bls5) contained two
putative genes each (named a and b), apparently derived from
duplications. Subfamily bls3 contained seven bls sequences (named
bls3a-bls3g). These were also apparently derived from recent
successive tandem duplications, as suggested by their genomic
organization (Fig. 1A) and near identical DNA sequences
(Table S1; Table S2). One band of the expected size was
successfully amplified using primers spanning the junction
between bls3a and bls3b, confirming the existence of at least two
repeats (Fig. 1A, Fig. SIB, Table S3). Interestingly, in the repeated
block harboring bls3 members and in the vicinity of other bls genes,
we identified complete or fragmentary transposon-related genes,
including the genes encoding the reverse transcriptase RNAse H
and integrase (Fig. 1A).

By mapping reads from the transcriptome of intact planarians (de
Sousa et al., 2018) against the genome of S. mediterranea (Grohme
et al., 2018), we detected transcripts for subfamilies bls2, bls3 and
bls5, but not for subfamilies bls1 or bis4 (Fig. S1C). Furthermore, the
predicted open reading frame (ORF) for bis2, bls3 and bis5 encoded
peptides containing a N-terminal signal peptide (SP), suggesting that
they could be secreted, and a highly conserved C-terminal coiled-coil
(CC) domain (Fig. 1B, Table S4). Non-detectable transcription,
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Fig. 1. The bls family is composed of 11 genes and four pseudogenes. (A) Cartoon illustrating the genomic organization of Bls family members. Subfamilies
bls1, bls2 and bls3 are found in scaffold 54, and subfamilies bls4 and bls5 in scaffold 49. Primers used to amplify the junction of the first b/s3 repeats are
indicated in blue. bls genes are represented by orange triangles. bls pseudogenes (W) are represented by white and orange triangles. Transposon elements are
indicated with squares. Scale bar indicates base pairs. (B) Bls protein domains: red, signal peptide (SP); blue, coiled coil (CC). (C) bls homologs found in the
available genomic (Gen) and transcriptomic (Transc) datasets for planarian species. Expression as detected by in situ hybridization is indicated. Green tick
indicates presence of bls homolog; blue line indicates no available data. ISH, in situ hybridization; Smed, Schmidtea mediterranea (asexual strain); Smes,
Schmidtea mediterranea (sexual strain); Spol, Schmidtea polychroa; Djap, Dugesia japonica.
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together with a much shorter ORF, strongly suggests that subfamilies
bls1 and bls4 are made up of pseudogenes (\V).

Taken together, these data demonstrate that bls is a new gene
family consisting of 11 genes and four pseudogenes. The genes
encode very similar peptides that may be released into the
extracellular space, as suggested by the presence of a signal peptide.

The bls family is taxonomically restricted to Tricladida

A BLAST search using S. mediterranea bls sequences against non-
redundant transcriptomic and proteomic databases of all species
(NCBI) produced no significant results. More-specific BLAST
searches against genomic and transcriptomic datasets for
Platyhelminth species (Egger et al., 2015) (NCBI and Planmine)
indicated that homologs of the bls family are found only in species
of the order Tricladida (planarians) (Fig. S1D; Table S5):
Schmidtea polychroa (Spol), Dugesia japonica (Djap) and the
sexual S. mediterranea strain (Smes). Although genomic databases
are available for only a few Lophotrochozoa species, this result
suggests that the bls family is taxonomically restricted to order
Tricladida. Interestingly, a BLAST search of the available
transcriptomic databases for Tricladida species returned more than
one hit for those species (Fig. 1C), with a high degree of similarity at
the nucleotide level (Table S6). Phylogenetic analysis performed
with amino acid sequences (Table S7) revealed that the blsS
subfamily was present in all Tricladida species studied; the bls3
subfamily was present in Smed, Spol, and Djap; and the bls2
subfamily was present only in Smed (Fig. 1C, Fig. S1E). However, it
should be borne in mind that transcriptomic databases for Tricladida
species other than Smed are incomplete. These findings suggest that
the bls family is taxonomically restricted to Tricladida.

Subfamilies bls2, bls3 and bis5 are expressed in secretory
cells

Although the three transcribed bls subfamilies (bls2, bls3 and bis5)
shared a high percentage of sequence identity at nucleotide level
(Table S2), we designed riboprobes spanning different gene regions
(Table S3, Table S8) to specifically detect genes from each subfamily.
Whole-mount in situ hybridization with each riboprobe revealed the
same pattern of expression and labelled specific dorsal-prepharyngeal
cells (Fig. 2A, Fig. S2A). Double fluorescence in situ hybridization
(FISH) revealed co-expression of genes from the three families in the
same cells, although not presenting identical subcellular localization
(Fig. S2B), confirming riboprobe specificity.

The bls3 riboprobe revealed that bis3* cells were located dorsally
and in the marginal cells throughout the body (Fig. 2A). These bls3*
cells were differentiated, as they were insensitive to irradiation
(Fig. S2C), and corresponded to secretory cells, as they co-
expressed dd4277, a secretory and parenchymal cell marker
(Fincher et al., 2018; Plass et al., 2018) (Fig. 2B). bls3 was not
expressed in blastemas during regeneration, but re-established its
expression pattern according to the remodeling of the fragment
in question (Fig. S2D). Interestingly, whole-mount in situ
hybridization in sexual S. mediterranea (Smes) and S. polychroa
(Spol) revealed the same expression pattern as observed for Smed
(Fig. S2E), supporting a conserved function among Tricladida
species (Fig. 1C). Taken together, our data indicate that genes from
subfamilies bls2, bls3 and bls5 are expressed in a specific
subpopulation of secretory prepharyngeal cells in planarians.

Inhibition of bls genes promotes faster regeneration
Because bls2, bls3 and bls5 genes share a high percentage of
identity (Table S2), specific inhibition of any of these genes using

dad4277

Fig. 2. bls expression pattern. (A) b/s3 expression in a transverse section, as
detected by whole-mount in situ hybridization (blue) and fluorescent in situ
hybridization (green). Nuclei are stained with DAPI. (B) b/s2, bls3 and

bls5 co-expression with dd4277. Scale bars: 200 pm.

RNAIi was technically impossible. Furthermore, the high level of
shared identity and cellular colocalization (Fig. S2B) suggested that
at least some paralogs may perform similar functions. For this
reason we designed double-stranded RNAs (dsRNAs)
corresponding to a highly conserved region in order to inhibit
genes of each of the three subfamilies (Fig. S3B, Table S8). gPCR
analysis using primers specific to each subfamily (Fig. S3B) showed
that expression levels of each of the three subfamilies were
downregulated after RNAi (Fig. S3A,C). Sequencing of the
fragments amplified by each qPCR corroborated inhibition of the
genes of each of the three subfamilies (see Materials and Methods;
Fig. S3C). These animals are referred to henceforth as bls2/3/
5(RNAI) animals.

RNAIi of bls2, bls3 and bls5 confirmed our initial observation of
faster regeneration after head amputation in planarians. We
observed earlier differentiation of the eye spots (Fig. S3D), and
earlier differentiation of photoreceptor cells (identified by anti-
arrestin immunostaining): after 3 days of regeneration (3dR, the
optic chiasm was visible in most b/s2/3/5(RNA1) animals but not in
control animals (Fig. 3). In addition to the visual system, other
anterior structures, such as the brain branches and chemoreceptors,
regenerated faster than controls (Fig. 3), as evidenced by
quantification of gpas™ (Cebria et al., 2002) and cintillo™ (Oviedo
et al., 2003) cells, respectively. Quantification of pitx™ cells (Currie
and Pearson, 2013; Mirz et al., 2013) revealed an increase the

3

DEVELOPMENT



STEM CELLS AND REGENERATION

Development (2020) 147, dev184044. doi:10.1242/dev.184044

Visual system regeneration

*kk

100+
2w Il o oc
gfo (RNAI) bls2/3/5 (RNAI) ‘g o .OC
- ” o\o 20
o
> e T s
gfo (RNAI) bls2/3/5 (RNAI)
Chemoreceptor density
o | 2
E - . ©
IS bt
£
L 3
= gfp (RNAI)=— bls2/3/5 (RNAI)
: 8 i i
S z Brain Proportions
> *
T ¢ o
. om H
3dR s 1 -
g EE ——
£
E 0.
m

— gfo (RNAi) — bls2/3/5 (RNAI)

Fig. 3. Regeneration is accelerated in b/s2/3/5 RNAi planarians. Immunohistochemistry with anti-arrestin antibody (VC1), labelling the visual system; whole-
mount in situ hybridization showing cintillo (chemoreceptors) and gpas (brain branches) expression. lllustration indicates areas of gpas and cintillo expression
and positive arrestin (VC1) staining; dashed red line represents the level at which amputation was performed. Graphs show quantification of the appearance
of the optic chiasm (controls, n=23; RNAi, n=23; ***P<0.001), cintillo* cells/mm? (the area quantified is indicated with a yellow dashed line) (controls, n=8;
RNAI, n=17, **P<0.01) and gpas™ area/body area (gpas™ area is indicated with a green dashed line) (controls, n=3; RNAi, n=9 ;*P<0.05) in gfp(RNAI) and

bls2/3/5(RNAI) animals at 3 days of regeneration (3 dR). Scale bars: 100 um.

number of differentiated neural cells in the blastema of bls2/3/
5(RNAI) planarians as early as 18 h of regeneration (hR) (Fig. S3E).
These results demonstrate that inhibition of Smed-bls2/3/5 promotes
faster regeneration.

bls genes attenuate cell proliferation and promotes cell
death after injury

To understand the mechanism by which Smed-bls2/3/5(RNA1)
promotes faster regeneration, we analyzed the proliferative and
apoptotic responses triggered by amputation. In planarians,
amputation triggers a general proliferative response, which peaks
at 6 hR, and a local response that peaks at 48 hR. Quantification of
mitotic cells using an anti-phospho-histone 3 (PH3) antibody
(Wenemoser and Reddien, 2010) revealed an increase in the mitotic
response at both 6 hR and 48 hR in bls2/3/5(RNAI) versus control
animals (Fig. 4A). The apoptotic response after amputation consists
of two apoptotic peaks: one at 4 hR, which occurs close to the
wound, and a second at 3 days of regeneration (dR), which is
generalized (Pellettieri et al., 2010). Using a TUNEL assay
(Fig. 4B) and by quantifying caspase 3 enzymatic activity
(Fig. 4C), we demonstrated lower rates of apoptosis in bls2/3/
5(RNAI) versus control planarians at both time points.

Distinct molecular and cellular responses are induced during
healing of amputated tissue, notches (which imply tissue loss) and
incisions (in which no tissue is removed). While control of cell
proliferation and cell death is required in all scenarios, incision gives
rise to just the first proliferative and apoptotic peaks. To examine
how general the role of bls2/3/5 is in attenuating cell proliferation
and promoting cell death, we analyzed the response to notching and

incision in bls2/3/5(RNAi) animals. In both situations, when
compared with control RNAi, animals showed an increase in the
number of mitotic cells (Fig. S4A,C) and a decrease in apoptosis
(Fig. S4B,D), indicating that bls2/3/5 attenuates proliferation and
promotes cell death. These findings indicate that Smed-bls2/3/5
attenuates cell proliferation and promotes cell death after any injury
type, regardless of whether tissue is removed.

Cells are more numerous but smaller in starved bis(RNAi)
planarians, resulting in no overall change in body size

The pattern of bls2, bls3 and bls5 expression in secretory cells in the
prepharyngeal region and along the planarian margin suggests that
these peptides may play a role in controlling cell proliferation and
cell death, not only after injury but also during homeostasis, as
planarians undergo continuous growth and degrowth according to
nutrient availability. These changes in size are thought to be
primarily due to modulation of cell number (Baguiid and Romero,
1981; Thommen et al., 2019) through regulation of the balance
between proliferation and apoptosis (Pellettieri et al., 2010;
Gonzalez-Estévez et al., 2012a,b). In nutrient-poor environments
planarians shrink by decreasing mitosis and increasing cell death.
To determine whether bls2/3/5 participates in regulating the
proliferation/apoptosis  equilibrium and body size during
degrowth, we injected starved animals with bls2/3/5 dsRNA for
3 weeks (Fig. 5A, Fig. S5A). The number of PH3" nuclei found in
starved bls2/3/5RNAI animals versus control was only increased
after the third week (Fig. 5B, Fig. S5C). Importantly, starved bls2/3/
5(RNAI) planarians showed decreased apoptosis as the first week of
inhibition compared with controls (Fig. 5C, Fig. S5D).
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cells at different stages of regeneration (controls, n>5; RNAi, n>5; *P<0.05). Lower panel shows anti-PH3 immunostaining of gfp(RNAi) and b/s2/3/5(RNAI)
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images. Images correspond to z projections. (C) Quantification of caspase 3 activity in b/s2/3/5(RNAi) animals and controls (controls, n=4; RNAIi, n=4;
***P<0.001). In the schematic drawings, the red dashed line represents the amputation plane and the square indicates the region analyzed. In the images,
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Although this alteration in the proliferation/apoptosis equilibrium
did not give rise to larger animals (Fig. 5D), total cell number was
higher in RNAi-injected animals versus controls (Fig. SE). The fact
that total cell number but not body size was increased in bls2/3/
5(RNAIi) animals implies a decrease in cell size. To examine
changes in cell size, we focused our analysis on the epidermis, as
epidermal cells form a monolayer that can be easily imaged in three
dimensions. Nuclear staining revealed a higher density of epithelial
cells in bls2/3/5(RNAi) animals (Fig. 5F, Fig. SS5E), and
quantification of mean epidermal cell area confirmed that this
parameter was reduced in b/s2/3/5(RNAi) animals when compared
with controls (Fig. SF’). A decrease in mean epidermal cell area
could be due not to a reduction in the total cell volume but to
narrowing of the cells in bls2/3/5(RNAi) animals. To quantify
epidermal cell volume, we measured epidermal cell height (i.e. the
mean distance from the apical to the basal margin of the cell) in
animals immunostained with 6G10 antibody. We observed no
differences in apical-basal distance in bls2/3/5(RNA1) animals with
respect to controls (Fig. 5G,G"). Multiplication of mean cell area by

mean cell height confirmed a decrease in epidermal cell volume in
bls2/3/5(RNAi) animals versus controls (Fig. SH,I). Changes in
specific neural populations were evaluated by confocal imaging
(Fig. 5J, Fig. S5F) and qPCR (Fig. S5G). The density of
serotoninergic (pitx™) (Curric and Pearson, 2013; Mirz et al.,
2013), octapaminergic (tbh") (Eisenhoffer et al., 2008) and
dopaminergic (t4") (Fraguas et al., 2011) neurons, and of
chemoreceptors (cintillo™) (Oviedo et al., 2003) was increased in
bls2/3/5(RNAI) animals. Given the increase in cell density found in
bls2/3/5(RNAI) animals after 3 weeks of inhibition, it could be that
the increase in PH3" cells found at this time point results from the
cell accumulation rather than from an effect of bls2/3/5(RNAi) on
mitotic activity. This hypothesis is supported by the finding that the
number of PH3" cells/area normalized by epidermal cell density of
bls2/3/5(RNAI) is not significantly different from controls after 2
and 3 weeks of inhibition (Fig. S5H).

Importantly, continuous inhibition of bls2/3/5(RNAi) for
4 weeks resulted in the formation of overgrowths that were all
located in the posterior part of the animal, mainly in the dorso-
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immunostained using anti-6G10. The distance from the basal to the apical part of the cells (epidermal cell height, H) is indicated with a pink line. (G’) Height
quantification (controls, n=18, RNAIi, n=17, n.s.). (H) Quantification of epidermal cell volume (V) (controls, n=8; RNAIi, n=7; *P<0.05). (I) Schematic illustration of
the measurements performed to quantify V. (J) lllustration depicts the expression of cintillo, pitx and tbh. The square indicates the area quantified. Quantification
of cintillo* cells/head area (controls, n=5; RNAI, n=5; ***P<0.001), pitx* cells/head area (controls, n=8; RNAi, n=4; ***P<0.001), tbh* cells/head area (controls,
n=3; RNAI, n=3; *P<0.05). (K) Half of the animals developed overgrowths after 4 weeks of b/s2/3/5 inhibition in starved conditions. Fluorescence in situ
hybridization of h2b riboprobe combined with anti-SMEDWI-1 immunostaining, and fluorescence in situ hybridization with agat* and nb. 27 riboprobes (controls,

n=60; RNAI, n=58). White arrowheads indicate overgrowths. Images from F and K correspond to z projections. Scale bars: 1 mm squares in D; 20 um in F,G;
500 pm in K.
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ventral margin (Fig. 5K). The molecular analysis of those
overgrowths demonstrates the accumulation of postmitotic cells
(PTWT" and h2b™) (Solana et al., 2012), which express epidermal
progenitor cell markers (nb21" and agatl") (Eisenhoffer et al.,
2008) (Fig. 5K, Fig. S5I).

These data indicate that bls2/3/5 promotes cell death during
periods of shrinkage. b/s2/3/5 inhibition in starved planarians
prevents the necessary reduction in cell number. Because cell size is
reduced in bls2/3/5(RNAI) versus control animals, the increase in
cell number observed in the former does not translate to larger body
size. However, the accumulation of cells following long term
inhibition does lead to overgrowths.

bls RNAi: in fed planarians results in increases in cell number
and body size

Planarians grow in size in nutrient-rich environments. This growth
is due to an increase in cell number resulting from an increase in
the mitosis:apoptosis ratio (Pellettieri et al., 2010; Gonzalez-
Estévez et al., 2012a,b). Our previous findings suggest that bls2/3/
5 inhibition in continuously fed planarians may lead to an increase
in cell number and possibly also in body size. To test this
hypothesis, planarians fed twice per week were injected with bls2/
3/5 dsRNA for 3 weeks (Fig. 6A, Fig. S6A,B). Compared with
controls, these animals showed an increase in the rate of mitosis
from the first week of inhibition (Fig. S6B,C), together with a
decrease in the rate of apoptosis (Fig. 6C, Fig. S6E). Furthermore,
during this 3-week period RNAi animals grew faster and reached a
larger size (Fig. 6D) than controls (Fig. 6E). Quantification of
dissociated cells revealed an increase in total cell number in bls2/3/
5(RNAI) animals after 3 weeks of RNAIi (Fig. 6F). In contrast to
the results obtained for starved planarians, no differences in
epidermal cell area or volume were observed in fed animals with
respect to controls (Fig. 6G-J, Fig. S6F). Furthermore,
quantification of neural and chemoreceptor cells revealed no
differences in cell density between RNAi and control planarians
(Fig. 6K, Fig. S6G).

These data indicate that Smed-bls2/3/5 also promotes cell death
and attenuates the rate of mitosis during growth periods, resulting in
an increase in cell number. Remarkably, in fed animals this increase
in cell number translates to an increase in body size, as cell size is
maintained in this nutrient-rich context.

bls transcription depends on nutrient intake and mTOR
signaling

Our results demonstrate that bls2/3/5 subfamilies control the
balance of cell proliferation and cell death in planarians not only
after injury but also during normal homeostasis. We hypothesize
that bls2/3/5-mediated signaling may constitute a general
mechanism required to balance cell proliferation:cell death ratio in
response to nutrient availability in planarians. According to our
hypothesis, bls2/3/5 activity would be required in nutrient-poor
environments but not when food is readily available. As previously
mentioned, planarian growth is sustained by increasing mitosis and
decreasing cell death. After feeding, apoptosis remains very low and
changes little (Fig. S7A), but proliferation increases and mitosis
peaks at 3 h post-feeding (hpf) (Baguia, 1974; Newmark and
Sanchez Alvarado, 2000) (Fig. S7B). Thus, according to our
hypothesis, bls expression should be actively downregulated a few
hours after food ingestion to enable subsequent growth.
Quantification of mRNA levels of bls2, bls3 and bls5 by qPCR at
3 hpf and 24 hpf revealed downregulation of all three bls mRNAs
(Fig. 7A). This downregulation was also confirmed by

FISH expression analysis: after feeding (24 hpf) expression of all
three genes had decreased and/or the expression pattern had
expanded and delocalized with respect to starved conditions
(Fig. 7B, Fig. S7C,D).

To further understand the mechanism by which bls2/3/5 balances
cell proliferation:cell death ratio in response to nutrient intake, we
analyzed its possible functional interaction with the mTOR
pathway, a central regulator of cell metabolism (Saxton and
Sabatini, 2017). In planarians, mTOR is upregulated in response
to food intake, and its inhibition decreases proliferation and
increases cell death, impeding growth (Peiris et al., 2012; Tu
et al., 2012). Quantification of bls2, bls3 and bis5 expression levels
in growing mTOR (RNAI) planarians shows a significant increase
of bls2, bls3 and bls5 mRNA expression levels (Fig. 7C).
Furthermore, quantification of mTOR expression levels in
growing bls2/3/5 (RNAi) animals shows upregulation of mTOR
mRNA levels (Fig. 7D). Akt is a serine threonine protein kinase
downstream of insulin and upstream of mTOR pathway (Yoon,
2017), inhibition of which in planarians increases cell death,
decreases proliferation and impedes planarian growth (Peiris et al.,
2016). qPCR quantification of Akt levels also demonstrates its
upregulation in bls2/3/5 RNAI planarians (Fig. 7D).

Overall, these suggest that expression of bls2/3/5 subfamilies are
constantly regulated in planarians to balance the cell proliferation:
cell death ratio, being downregulated by nutrient intake to allow
planarian growth. bls2/3/5 is a novel gene that regulates cell number
in response to nutrient intake, but it interacts with the evolutionary
conserved insulin/Akt/mTOR metabolic network.

DISCUSSION

bls is a de novo gene family taxonomically restricted to the
order Tricladida (planarians)

In this study, we have identified a new gene family, blitzschnell
(bls), which appears to be an evolutionary novelty of Triclads
(planarians), and is essential for the control of cell number in
response to nutrient intake. In S. mediterranea, the bls family is
composed of 15 members, grouped in five subfamilies (blsI-blsS5).
Members of blsl and bls4 subfamilies are pseudogenes, while
members of bls2, bls3 and bls5 subfamilies encode short peptides
that contain a signal peptide (SP) and a coiled coil domain (CC).
Fluorescent in situ hybridization analysis with specific riboprobes,
demonstrates that bls2, bls3 and bls5 are all expressed in a subset of
secretory cells, seeming tissue specific. Furthermore, we have only
been able to find homologs of bls in species of the Tricladida order.
Although the genomic databases of Platyhelminthes are incomplete,
the bls family appears to be taxonomically restricted (Wilson et al.,
2005). All described features: gene duplication and presence of
pseudogenes (Tautz and Domazet-Loso, 2011), short open reading
frame with a signal peptide and a ISD (Neme and Tautz, 2013;
Palmieri et al., 2014; Wilson et al., 2017; Werner et al., 2018), being
expressed in specific cell types (Toll-Riera et al., 2009; Carvunis
et al., 2012; Zhao et al., 2014), and being taxonomically restricted
(Van Oss and Carvunis, 2019), are shared by genes that originated de
novo during evolution. De novo genes, previously known as orphan
genes (Schlétterer, 2015), could originate from an existing gene in the
genome (Long et al., 2003), from non codifying genomic regions
(Schlétterer, 2015) or from transposon domestication (McLysaght
and Hurst, 2016). Although further phylogenetic studies are required
to understand the origin of the b/s family, our data favor the last two
possibilities, as we could not find any homolog in species outside
Tricladida, and we found transposable elements in the same genomic
region where the bls family is found.
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Fig. 6. In fed conditions, b/s2/3/5(RNAi) animals show an increase in proliferation and a decrease in cell death, which results in larger animals. (A)
Schematic depicting the RNAI procedure. (B) Quantification of PH3™ cells after 3 weeks of RNAI treatment (controls, n=6; RNAi, n=7; *P<0.05). Quantification is
based in the number of PH3" cells per body area. (C) Quantification of TUNEL™ cells after 3 weeks of RNAI treatment (controls, n=6; RNAI, n=6; *P<0.05) (see
Materials and Methods and Fig. S6E for details of quantification). (D) Length of control and RNAi animals (controls, n >35; RNAI, n >35; *P<0.05, **P<0.01). (E)
Quantification of body area in live animals (controls, n=35; RNAi, n=36; **P<0.01). (F) Quantification of cell number (controls, n=3; RNAi, n=3; **P<0.01). Each
biological replicate represents five animals. (G) DAPI staining of epithelial cells of the prepharyngeal region. (G’) Quantification of mean epidermal cell area (A)
(controls, n=6; RNAI, n=7; n.s.). (H) Transverse sections of planarian epidermis immunostained using anti-6G10. The distance from the basal to the apical part of
the cell (epidermal cell height, H) is indicated with a pink line. (H’) Quantification of H (controls, n=26; RNAI, n=23; n.s.). (I) Quantification of epidermal cell volume
(V) (controls, n=6; RNAI, n=7; n.s.). (J) lllustration showing measurements used to quantify V. (K) Quantification of th* cells/head area (controls, n=9; RNAI, n=6;
n.s.) and cintillo* cells/head area (controls, n=7; RNAI, n=8; n.s.). lllustration depicts the expression of th and cintillo, and the square indicates the area quantified.
Images from G’ correspond to z projections. Scale bars: 1 mm squares in D’; 20 ym in G,H.

The appearance of bls in Tricladida may be linked to the
requirement for continuous and rapid modulation of cell
number in response to nutrient availability

Our results demonstrate that bls2/3/5 regulates the mitotis:apoptosis
ratio in all scenarios analyzed. In homeostatic animals, the

imbalance in this ratio led to an increase in cell number.
Strikingly, this increase in cell number resulted in normal body
size but smaller cell size in starved planarians, and in larger body
size and normal cell size in fed animals (Fig. 8), suggesting an
energy-dependent role for this gene. In other organisms, de novo
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genes have been shown to play an important role in the response to
biotic and/or abiotic stresses (Colbourne et al., 2011; Donoghue
et al., 2011; Zhao et al., 2014). The observation that bls2, bls3 and
bls5 are downregulated a few hours after food ingestion suggests
that those genes can function as sensors of cell energy status.
According to this hypothesis, bls expression is required to restrict
cell number (and maintain cell size) in starvation conditions, but is
downregulated after nutrient intake to allow for increases in cell
number and body size (Fig. 8). The appearance of bls in Tricladida
during evolution may be linked to the requirement for continuous
modulation of cell number in response to nutrient availability in
these organisms. The increase in the number of copies of bls family
members and their tandem disposition suggest that they may be
regulated by the same promoter, facilitating rapid regulation of their
protein levels according to cell energy status.

Because bls genes share 70-100% of identity at the nucleotide
level, we were unable to inhibit specific copies using RNAi, and
were therefore unable to determine which gene copies perform the
described function. For this reason, in this study we have ascribed
this function to ‘bls2/3/5°. However, because all bls genes appear to
follow the same expression dynamics and share almost identical
amino acid sequences, we hypothesize that the gene copies
encoding the SP and CC domains may perform the same
function. This is in agreement with the aforementioned hypothesis
of simultaneous regulation enabling rapid changes in expression.

Nonetheless, we cannot rule out the possibility that copies that do
not encode the CC domain may act as inhibitors.

bis genes could control the mitosis:apoptosis ratio and the
cell size through interacting with the insulin/Akt/mTOR
network

It has been described that de novo and TRG lack catalytic domains
and normally interact with proteins in conserved networks
(Arendsee et al., 2014). The presence of a SP suggests that bls2,
bls3 and bls5 may be secreted and interact with components of those
conserved pathways. Our results suggest that bls2/3/5 may interact
with members of the insulin/Akt/mTOR pathways, a universal
mechanism that is activated by the extracellular nutrients and
activates the signals required for growth. In planarians TORC-1 is
downregulated during starvation and its inhibition decreases
proliferation without affecting cell death. mTOR is upregulated in
response to food intake in planarians, and its inhibition decreases
proliferation and increases cell death, impeding growth (Peiris et al.,
2012; Tu et al., 2012). mTOR hyper-activation, through PTEN or
smg-1 RNAI, promotes overproliferation and outgrowths (Oviedo
et al.,, 2003; Gonzalez-Estévez et al., 2012a,b). As bis2/3/5 is
expressed in nutrient-deprived conditions, it could be acting as an
inhibitor of the insulin/Akt/mTOR network, which is in fact what
our results suggest; mTOR and Akt are upregulated when bls2/3/5 is
inhibited, and vice versa.
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Fig. 8. Model representing bls-mediated control of cell number. In starving conditions bls is expressed and limits cell number and body size by
promoting apoptosis without significantly affecting mitotic index. After feeding bls is downregulated, allowing an increase in mitotic cells and a decrease in cell
death, which results in an increase in cell number. In starved bls RNAi animals, the mitosis:apoptosis ratio increases, as does total cell number. However,
cells cannot maintain their size and body size does not increase. In fed bls RNAi animals, the mitosis:apoptosis ratio is even higher than in controls and cell
number increases. This is accompanied by an increase in body size, as cells maintain their normal size.

An important result in this study is the finding that cellular
responses are different according to the energetic status of the
animals. bls2/3/5 inhibition during starvation results in an early
decrease in apoptosis and, with our methods, we could not detect an
increase in mitotic index. In contrast, in growing animals both
parameters seem to be affected. This could be also true when
modulating the mTOR pathway, and the reason why different
studies show opposite results regarding the mitotic rates mTOR
silencing during homeostasis (Peiris et al., 2012; Tu et al., 2012).
Cell death and proliferation analysis from specific nutritional
context are required to understand the metabolic role of those
signals.

Similarly, only fed animal cells are able to maintain the size
after bls2/3/5 inhibition. One possible explanation for the inability
of starved animals to maintain cell size is that bls2/3/5 silencing in
these conditions may promote entry into M phase before cells
reach their proper size. It is possible that, in wild-type planarians,
cell cycle length varies according to nutritional status. Recent data
suggest the existence of crosstalk between cell division and
mitochondrial dynamics and metabolic pathways (Salazar-Roa
and Malumbres, 2017). For example, yeast grown in nutrient-poor
conditions adjust their cell-cycle duration to accommodate slower
growth, so that the size at which cells divide is similar to that
observed in nutrient-rich environments (Lloyd, 2013). It is
possible that the duration of the cell cycle is longer in starved
than fed animals, thereby ensuring that daughter cells reach the
appropriate size. Promoting entry into M phase after bls2/3/5
silencing could give rise to smaller cells in starved but not in fed
animals. Because a mechanism through which mTOR signals
regulate cell size is by controlling cell cycle (Fingar et al., 2002),
and, as described above, planarian mTOR activity is regulated by
food intake, interaction of bls2/3/5 with this pathway could
account for the smaller size of cells in starved animals. Analysis of
the cell cycle in each of these different conditions will be required
to test this hypothesis.

bls genes are tumor suppressors, inhibition of which favors
regeneration

The appearance of overgrowths in starved bls2/3/5 RNAi animals
could be a consequence of the increase in cell density promoted after

sustained inhibition cell death, as observed in tumoral processes
(Lowe and Lin, 2000). bls genes as tumor suppressors during
planarian degrowth. This observation presents us with a paradox:
although caloric restriction extends lifespan (Pifferi and Aujard,
2019), in bls2/3/5(RNAi) planarians, food deprivation promotes
hyperplasia and the formation of overgrowths, while fed bls2/3/
5(RNAI1) animals only increase body size with no apparent changes
in patterning. A second key observation is that while bls2/3/5
inhibition in starved animals promotes overgrowths, it favors
regeneration after any kind of injury. This is consistent with the view
that tumor suppressors evolved not to suppress tumor growth but to
control cellular processes such as proliferation, cell death and cell
differentiation, which are essential during embryogenesis and are
activated during regeneration of complex tissues (Nacu and Tanaka,
2011). Perturbation of tumor suppressor function can enhance the
regeneration of somatic stem cells in the hematopoietic system or
endocrine cells (Pomerantz and Blau, 2013). Furthermore,
inhibition of the Hippo pathway and consequent YAP/TAZ
activation results in increases in organ size and promotes tumor
formation in adult mice, but also promotes regeneration of the liver,
gut, muscle and heart in mouse models (Moya and Halder, 2019).

Silencing of several known vertebrate tumor suppressors,
including mTOR, p53 and Hippo, also induces the formation of
overgrowths in planarians, but despite increasing proliferation does
not promote proper regeneration. While TOR hyper-activation results
in larger blastemas, these remain undifferentiated (Gonzalez-Estévez
et al., 2012a,b). Hippo hyper-activation also enhances the wound
response and promotes expansion of the epidermal and muscle cell
populations, and regeneration of larger structures such as the eyes
(Lin and Pearson, 2017). However, this new tissue is not properly
patterned (de Sousa et al., 2018). bis is the first family of genes
described whose inhibition promotes faster but apparently normal
regeneration. One possible explanation is that bls genes specifically
control cell number (through regulation of the cell proliferation:cell
death ratio) but not cell differentiation, as described for other
signaling pathways such as Hippo (de Sousa et al., 2018). In this
scenario, an increase in the number of cells during early stages of
regeneration could accelerate the expression of wound-induced genes
(Wenemoser et al., 2012), as we observed for pitx, and thereby
promote more rapid appearance of regenerated structures.
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Conclusions

In most animal species, the adult stage is distinguished from the
embryonic stage by the maintenance of body size, cell number and
proportions. However, long-lived animals, such as planarians,
continuously regulate body size in adulthood by controlling cell
number according to nutrient availability. Thus, the mechanisms
described for other organisms, such as Drosophila, in which tissues
‘know’ their final size, may not apply to planarians (Nowak et al.,
2013). Given that nutrient availability always fluctuates in nature,
the bls family may represent an example of de novo genes that
evolved in planarians to fulfil the requirement for continuous
regulation of cell number according to nutrient availability. Other de
novo genes have been implicated in increasing the fitness of the
organism (Reinhardt et al., 2013; Schlétterer, 2015). Examples are
described in cnidarians, in which Hym301 regulates tentacle number
(Khalturin et al., 2008), and in mollusks, in which each species
expresses a unique set of secreted proteins that drives shell diversity
(Aguilera et al., 2017). De novo genes are usually integrated into
existing pathways, adding additional levels of regulation. bls genes
may interact with members of the insulin/Akt/mTOR signaling
pathways, which regulate growth in response to nutrient intake in
planarians and in vertebrates. RNAi of components of these pathways
does not fully phenocopy bls2/3/5 RNAi. However, this signaling
pathway should be thought of as a network in which each of these
signals functions in a complex and dynamic manner, as opposed to a
linear pathway. Future studies will need to determine whether the
primary function of bls is to control proliferation or apoptosis, or both,
and to elucidate the molecular integration of bls genes within the
insulin/Akt/mTOR network. Given that the molecular signals
controlling body and organ growth are also key players in most
human cancers, understanding the mechanism by which b/s genes act
as tumor suppressors would help identify novel targets for the design
of therapeutic strategies to modulate tissue growth.

MATERIALS AND METHODS

Planarian culture

The planarians used in this study are the asexual clonal strain of
S. mediterranea BCN-10 biotype and were maintained as previously
described (Fernandéz-Taboada et al., 2010) in planarian artificial medium
(PAM) water (Cebria and Newmark, 2005). Animals were fed twice per week
with liver, and those used in starvation experiments were starved for 1 week.

RNA:i screening

To identify genes involved in eye regeneration we performed a high density
DNA microarray. We ran a gene expression profile of planarian tissues with
control animals (control RNA1) and planarians without eyes (Smed-sine oculis
RNAI) during early stages of head regeneration using the ‘array star’ software
from Nymbelgene. Sixty-one candidate genes differentially expressed in
those conditions were analyzed by RNAi (Eckelt, 2011). Among them we
isolated Smed-bls3, which inhibition produced a faster eye regeneration.

Sequence and phylogenetic analyses

A fragment of Smed-bls3 was identified from Eckelt (2011). Other members
of the families were identified from the genome (Grohme et al., 2018) and
amplified using specific primers (Table S3). The signal peptide was
identified with SigalP v5.0 (Almagro Armenteros et al., 2019) and the
coiled-coil domain was characterized using the tool available online from
PRABI [Pole Rhone-Alpes de Bioinformatique; https:/npsa-prabi.ibep.fr/
cgi-bin/npsa_automat.pl?page=npsa_lupas.html (Lupas et al., 1991)].
Sequence identity comparison was carried out using the pairwise
alignment tool in Jalview suite v2.11 (Waterhouse et al., 2009).

To determine which members of each family were expressed, we mapped
the RNAseq paired reads from adult wild-type animals (de Sousa et al.,
2018) against assembly 2 of the S. mediterranea genome (Grohme et al.,
2018) using Bowtie2 (Langmead et al., 2009) v2.3.4, selecting the -end-to-

end option. After alignment, we extracted the reads mapping the scaffolds of
interest using samtools view (Li et al., 2009) v1.9. The final assessment was
performed manually using the Integrative Genomics Viewer (Robinson
etal., 2011) (IGV v2.4.4) to verify the families with mapped reads.

Sequence comparison against the GenBank database was performed
using the NCBI BLAST network server (http:/www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). Potential orthologs were searched for using
tBLASTx where possible to allow a certain level of tolerance in case of a
high degree of divergence. The search for orthologs was performed against
transcriptomes and genomes from several Platyhelminthes species
(Table S4) (Egger et al., 2015).

The IQ-tree web server (Trifinopoulos et al., 2016) was used to
reconstruct the phylogenetic relationships between Smed-bls families. The
nucleotide or protein sequences were first aligned using the alignment
servers in JalView suite (MUSCLE for nucleotides and MAFFT for amino
acids). Substitution model selection was performed automatically by the
software, the number of bootstrap iterations was set to 1500 and default
options were selected for the remaining parameters. The trees were
visualized using FigTree v1.4.4 (http:/tree.bio.ed.ac.uk/software/figtree/)
with the default parameters.

Whole-mount in situ hybridization

Probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or
FITC- modified (Roche). RNA probes were purified by ethanol precipitation
and the addition of 7.5 M ammonium acetate. For colorimetric whole-mount
in situ hybridization, animals were sacrificed using 5% N-acetyl-L-cysteine
(NAQ), fixed with 4% formaldehyde and permeabilized with Reduction
Solution (50 mM DTT, 1% NP-40, 0.5% SDS in 1x PBS). The fixative and
whole-mount in situ hybridization protocol used has been previously
described (Currie et al., 2016). For whole-mount fluorescent in situ
hybridization, animals were sacrificed with 7.5% NAC and fixed with 4%
formaldehyde. Fluorescent in situ hybridization was carried out as described
previously (King and Newmark, 2013). For double fluorescent in situ
hybridization (dFISH) an azide step (150 mM sodium azide for 45 min at
room temperature) was added. Nuclei were stained with DAPI (1:5000;
Sigma). For fluorescent in situ hybridization of paraffin sections, animals
were sacrificed with 2% HCI and fixed with 4% PFA. Paraffin embedding
and sectioning were carried out as previously described (Cardona et al.,
2005),slides were de-waxed and re-hydrated, and antigen retrieval step was
performed as previously described (Sureda-Gomez et al., 2016). Sections
were hybridized with the corresponding probes for 16 h and incubated with
antibody diluted 1% BSA for 16 h. Both steps were carried out in a
humidified chamber (Cardona et al., 2005).

Immunohistochemistry

Whole-mount immunohistochemistry was performed as previously described
(Ross et al., 2015). Animals were killed with 2% HCI and fixed with 4%
formaldehyde. The following antibodies used in these experiments: mouse
anti-synapsin (anti-SYNORF1, 1:50; Developmental Studies Hybridoma
Bank), mouse anti-VC1 (anti-arrestin, 1:15,000, kindly provided by Professor
Hidefumi Orii, University of Hyogo, Kobe, Japan), rabbit anti-phospho-
histone H3 (Ser10) (D2C8) (PH3) (1:500; Cell Signaling Technology; 9701)
and anti-SMEDWI-1 antibody (1:1000, kindly provided by Professor
Kerstin Bartscherer, Hubrecht Institute, Utrecht, The Netherlands). The
secondary antibodies used were Alexa 488-conjugated goat anti-mouse
(1:400; Molecular Probes; A28175) and Alexa 568-conjugated goat anti-
rabbit (1:1000; Molecular Probes; A-11011). Nuclei were stained with DAPI
(1:5000). For immunohistochemistry of paraffin sections, animals were killed
and treated as described above. Sections were blocked in 1% bovine serum
albumin (BSA) in 1xXPBS for 1 h at room temperature and then incubated with
primary antibodies diluted in blocking solution (mouse anti-muscle fiber
antibody, 6G10, 1:400; Developmental Studies Hybridoma Bank) for 16 h at
4°C in a humidified chamber. Subsequently, sections were washed in 1xXPBS
and incubated with secondary antibodies (anti-mouse Alexa 488-conjugated
antibody, 1:400; Molecular Probes; A28175) in blocking solution for 3 h at
room temperature in a humidified chamber. Nuclei were stained with DAPI
(1:5000; Sigma-Aldrich).
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TUNEL assay

For the whole-mount TUNEL assay, animals were sacrificed with 10%
NAC, fixed with 4% FA and permeabilized with 1% sodium dodecyl sulfate
(SDS) solution. A TUNEL assay was carried out as described previously
(Pellettieri et al., 2010) using the ApopTag Red In situ Apoptosis Detection
Kit (CHEMICON, S7165). Nuclei were stained with DAPI (1:5000; Sigma-
Aldrich). For TUNEL assay on paraffin sections, animals were killed and
treated as described above. Sections were treated as described previously
(Pellettieri et al., 2010) and after the dewaxing step a proteinase K step was
added for permeabilization. Next, we used the ApopTag Red In situ
Apoptosis Detection Kit (CHEMICON, S7165). Positive cells were counted
in at least 9 representative sagittal sections per animal, and the overall mean
value was determined. Six animals were analyzed per condition.

RNA interference analysis

Double-strand RNA (dsRNA) was synthesized by in vitro transcription
(Roche) as previously described (Sanchez Alvarado and Newmark, 1999).
dsRNA (3x32.2 nl) was injected into the digestive system of each animal on
three consecutive days (1 round). The experiments in which regeneration was
studied consisted of two consecutive rounds of injections and an amputation at
the end of each round. In experiments in which planarians were starved,
animals underwent three or four consecutive rounds of injection, without
amputation. In experiments involving fed animals, planarians received
dsRNA injections on three non-consecutive days per week and were fed on
the two intervening days. This process was repeated for 3 weeks in total. All
control animals were injected with dsRNA of green fluorescent protein (GFP).
RNAI of subfamilies bis2, bls3 and bls5 was carried out using two different
RNA sequences, both of which produced the same phenotype when injected
in regenerating planarians (Table S3, Table S8). The sequences corresponded
to the full bls3 sequence and to a smaller region showing the greatest
similarity between the bls2, bls3 and bls5 subfamilies. In the case of the
second RNA sequence, inhibition of all members of the transcribed families
was demonstrated by qPCR analysis (Figs S3B,C, S5B, S6B)

Feeding experiments

In long-term growth experiments involving RNAi, animals were fed twice per
week: food was provided in the morning and removed at the end of the
day (Fig. 5A, Fig. S5A). PAM water was replenished three times per week. To
study gene expression after feeding, we analyzed planarians that had been
starved for 1 week and then fed for 30 min. Next, we removed the food and
replenished the PAM water (Fig. 7A). Hours post feeding (hpf) were counted
from the moment of removal of the last piece of food.

Quantitative real-time PCR

Total RNA was extracted from a pool of five planarians per condition using
TRIzol reagent (Invitrogen). cDNA was synthesized as previously described
(Almuedo-Castillo et al., 2014). Expression levels were normalized to that
of'the housekeeping gene ura4. All experiments were performed using three
biological and three technical replicates for each condition. The design of
specific primers corresponding to the 5" region for subfamilies bls2, bis3
and bls5 allowed verification of the inhibition of the three gene families after
RNAI. All primers used in this study are shown in Table S3.

Caspase 3 activity assay

For each condition, protein extraction was performed in five planarians. The
protein concentration of the cell lysates was measured using Bio-Rad protein
reagent. Fluorometric analysis of caspase 3 activity was performed as
described previously (Gonzalez-Estévez et al., 2007) using 20 mg of protein
extract, which was incubated for 2 h at 37°C with 20 uM caspase 3 substrate
Ac-DEVD-AMC or 2 ml from a stock of 1 mg/ml for a final volume of
150 pl. Using a Fluostar Optima microplate fluorescence reader (BMG
Labtech), fluorescence was measured in a luminescence spectrophotometer
(Perkin- Elmer LS-50), applying the following settings: excitation, 380 nm;
emission, 440 nm. Three technical replicates were analyzed per condition.

Cell number and cell volume analyses
To quantify total cell number, planarian cells were dissociated with trypsin
and the nuclei stained with DAPI (Moritz et al., 2012). The cell suspension

was transferred to a Neubauer chamber, cells were manually counted on
three occasions, and the mean value calculated. Five planarians were
analyzed per biological replicate, and three replicates were analyzed per
condition. Mean cell volume (V) was calculated by multiplying mean
epidermal cell area (A) by epidermal cell height (H). To quantify the mean
epidermal cell area, the prepharyngeal epidermal area was imaged and the
number of nuclei per area was quantified. To determine mean epidermal cell
height, the distance between the apical to the basal part of the cell was
measured. Measurements were taken in three different regions of the same
section and the mean value obtained.

Imaging and quantification

Whole-mount and fluorescent i situ hybridization, and immunohistochemistry
images were captured with a ProgRes C3 camera from Jenoptik (Jena). A Leica
MZ16F microscope (Leica Microsystems) was used to observe the samples and
obtain fluorescent in situ hybridization, immunostaining and TUNEL images.
A Leica TCS SPE confocal microscope (Leica Microsystems) was used to
obtain confocal images of whole-mount fluorescent in situ hybridization,
immunostaining and TUNEL assays. Representative confocal stacks for
each experimental condition are shown. Cell counting of PH3", TUNEL"
and specific cell types was carried out by eye quantification in a previous
defined area of each animal. Areas are schematically indicated in each
figure. The total number of positive cells was divided by these areas. Images
were blind analyzed and later grouped according to each genotype. To
calculate the ratio of PH3cells:epidermal cell density, the number of PH3*
cells/mm? counted per animal was divided by the epidermal cell density
quantified in a predetermined prepharyngeal region.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 6. Two-sided
Student’s #-tests (0=0.05) were performed to compare the means of two
populations. Two-sided Fisher’s exact tests were used to compare two
phenotypic variants between two populations. Fisher.test from the R
package was used to compare more than two phenotypic variants between
two populations.

Statistical data presentation

Results were plotted using GraphPad Prism 6. To compare two populations,
we used box plots depicting the median, the 25th and 75th percentiles (box),
and all included data points (black dots). Whiskers extend to the largest
data point within the 1.5 interquartile range of the upper quartile and to
the smallest data point within the 1.5 interquartile lower range of the
quartile. To plot data points over time, we used xy plots, in which each
dot represents the mean and bars represent the standard error. Each dot is
connected with the next in an arbitrary manner. To visualize the percentage
phenotype in each population we used the Stacked Bars plot in R. Each
phenotype is assigned a distinct color.
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Figure S1. Genomic and evolutionary features of bls subfamilies. (A) Phylogenetic
analysis of all members of Smed Bls family using nucleotide sequences. They group
into 5 subfamilies. Scale indicates expected nucleotide substitution per site. (B) PCR
analysis using primers flanking the junction of the first bls3 repeat (between bls3a and
b) showing the expected 1 Kb band. (C) Transcriptomic reads mapping in the three
non-consecutive parts of the two scaffolds where bls genes are located. Peaks
represent reads accumulation. The absence of peaks is considered a lack of
expression. Lateral number represents the higher summit in each track. (D) Presence
of bls homologs in the transcriptomic (Transc) and genomic (Gen) available databases
from different Platyhelminth species. Green check means that presence of some
homolog, red cross indicates that no homologs have been identified and blue line
indicates no available data. (E) Phylogenetic tree of the bls homologs in the Tricladida
Order using amino acidic sequences. bls5 subfamily is present in all species, bls3 was
not found in Smes, and bls2 was only found in Smed. Scale indicates expected amino
acidic substitution per site.
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Figure S2. bis2/3/5 expression in intact and regenerating animals. (A) Scheme
indicating the riboprobes designed for each gene family. WISH with the different
riboprobes in intact animals showing the similar expression pattern. (B) Double FISH
combining all specific riboprobes. Each panel represents each gene combination. A
magnification is also shown. All riboprobes colocalize in most of the cells, and
magnifications demonstrate that riboprobes present a different cellular distribution. (C)
WISH of bls3 and piwi in non-irradiated and irradiated animals. After irradiation the
neoblast marker (piwi) expression decreases but not b/s3, corroborating that b/s gene
family are localized in differentiated cells. (D) WISH of b/s3 during regeneration at
different time points. From 3hR to 24hR no b/s3 expression is observed in the
blastemas. From 72hR to 14dR the new expression and redistribution of b/s3 is

observed. (E) WISH of bls3 in Schmidtea polychroa (Spol) and Schmidtea
mediterranea sexual strain (Smes), showing the same expression pattern than in
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Figure S3. biIs2/3/5 inhibition after RNAi during regeneration, and faster
regeneration of b/s2/3/5 (RNAIi) animals. (A) Cartoon illustrating the protocol of RNAI
inhibition during planarians regeneration. One week starved planarians were injected 3
consecutive days and amputated the following day. The following 3 days, planarians
were let to regenerate. Planarians were amputated anterior and posteriorly, and a
second week of inhibition was performed only with trunk fragments. The second week
trunks were amputated just anteriorly. (B) Scheme indicating the fragments used for
RNAi and gPCR analysis. (C) gqRT-PCR analysis quantifying bls2, bls3 and bls5
expression after b/s3 inhibition at 3dR, demonstrating that all three subfamilies were
down-regulated after injection of bls3 dsRNA. Relative expression is plotted as 224¢T
values. Data are plotted as mean and error bars represent s. d. (****P<0.0001). (D) in
vivo images of planarians showing that in bls2/3/5 (RNAI) animals regenerating eyes
are more evident (yellow arrows) than in controls at 3 and 4dR (n of controls=23, n of
RNAI=23, ***P<0.001). (E) Representation of pitx expression in wt animals. In the
drawing, red dashed line represents amputation level. FISH of pitx shows an increase
of pitx+ cells in the blastema at 18 hR. Quantification of pitx+ cells / mm? is showed (n
of controls=8, n of RNAIi=5, **P<0.01). Yellow dashed line in the images indicates the

area quantified. Scale bars: 250 pm in (D), 100 um in (E).
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Figure S4. bis2/3/5 (RNAi) animals show an increase in proliferation and a
decrease of apoptosis after any injury. (A) Quantification of PH3+ cells at different
time points after incision shows an increment of mitotic cells/mm? in bls2/3/5 (RNAI)
animals. Time points were 6 hR (n of controls=5, n of RNAi=7, *P<0.05), 18 hR (n of
controls=6, n of RNAi=7, **P<0.01), 24 hR (n of controls=6, n of RNAIi=8, *P<0.05) and
48 hR (n of controls=8, n of RNAIi=8, ***<0.001). anti-PH3 immunostaining images are
shown below. (B) Quantification of TUNEL+ cells show a decrease of apoptotic cells in
bls2/3/5 (RNAI) animals after incision at 4 hR (n of controls=7, n of RNAi=7, **P<0.01)
and 72 hR (n of controls=6, n of RNAi=7, **P<0.01). TUNEL images are shown below.

(C) Quantification of PH3+ cells at different time points after notching shows an
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increment of mitotic cells/mm? in bls2/3/5 (RNAi) animals at 6 hR (n of controls=8, n of
RNAi=9, ***P<0.001), 18 hR (n of controls=8, n of RNAi=8, ****P<0.0001), 24 hR (n of
controls=8, n of RNAIi=9, ***P<0.001) and 48 hR (n of controls=8, n of RNAI=8,
**P<0.01). anti-PH3 immunostaining images are shown below. D) Quantification of
TUNEL+ cells show a decrease of apoptotic cells in bls2/3/5 (RNAIi) animals after
notching at 4 hR (n of controls=7, n of RNAIi=7, *P<0.05) and 72 hR (n of controls=7, n
of RNAi=9, **P<0.01). TUNEL images are shown below. All images correspond to Z
projections. lllustrations show the amputation plane and the area analyzed (dashed red
line and black square, respectively). Red dashed line in the images indicate the area
analyzed. Scale bars: 200 uym in all panels.

[
o
)

©

£
fe
‘_8
£

o)

|

©
-+

[

(0]

£
Q

Q.

Q

>
()

(]
2

[

(]

£

Q
ke)

(O]

>

(O]
o



Development: doi:10.1242/dev.184044: Supplementary information

A Starvation ) B b
b 5
Vi Vi £P7 Z
H+—+++t+++++ -+t @ 'E. | gfo (RNAQ)
: ki o W bis3p2 (RNA)

0.0 - - -
1stweek  2ndweek  3rd week bls2pl bis3pl bis5pl

gfo (RNA) | bls2/3/5 (RNA) | Cell Death in intact animals
a0

gfo (RNA)) | bis2/3/5 (RNA)

2nd week

@
m*

PH3 + cells

TUNEL + cells
TUNEL+ cells/mm
8

3rd week

**

*é

— gfp (RNAI) — bis2/3/5 (RNA)

F
Epithelial cell density ‘ cintilio T8H pitx
25000 *
o~
E 20000 1
@ qs000 e o
=]
8 =
R
=
_ o ; @ cintifio
gfo (RNAI) — bis2/3/5 (RNAI) il
® tbh =
2
G . z
i) 0
@ 3
g{ [ gfp (RNAY) 3
Wl 5/s2/3/5 (RNA)
pitx ih | merge
H Proliferation per cell density .
P4
2nd week 3rd week 923
_ e - P 0014 X ns. u% N
?lg 0.013 : s = &
g % — <
x S8 . oot % 1
T 00w 3 r
o —-— o 0.008: oue
L2
o o %
gfo (RNAI) — bls2/3/5 (RNA) L=

Figure S5. In starved conditions, bl/s2/3/5 (RNAi) animals show a decrease in cell
death, which leads to cell accumulation and overgrowth formation. (A) Scheme of
the RNAI procedure to inhibit b/s2/3/5 in starved planarians. Each week, animals were
injected 3 consecutive days. At the end of the third week, animals were fixed and
analyzed. (B) qRT-PCR analysis measuring bl/s2, bls3 and bls5 expression after 3
weeks of bls3 p2 inhibition demonstrated that all three genes are down-regulated.
Relative expression is plotted as 22°°T values. Data is plotted as mean and error bars
represent s.d. (*P<0.05; ***P<0.001). (C) anti-PH3 immunostaining images of b/s2/3/5
(RNAI) animals and controls (D) TUNEL assay images of b/s2/3/5 RNAi animals and
controls, corresponding to the posterior region of the animals, which was the area
quantified (indicated with a square in the schematic drawing). Images correspond to Z

projections after the second and the third week of treatment. Quantification of TUNEL+
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cells /area in bls2/3/5(RNAi) and control animals; after the second week of treatment
(controls, n=7; RNAI, n=5, *P<0.05); and after the third week of treatment (controls,
n=7; RNAIi, n=7, **P<0.01). (E) Quantification of Nuclei of epidermal cells stained with
DAPI per area (n of controls=15, n of RNAi=15, *P<0.05). The illustration indicates the
area quantified with a black square. (F) Confocal images of the expression of neural
(tbh and pitx) and chemoreceptor (cintillo) markers in bls2/3/5 (RNAIi) animals and
controls. The illustration shows the expression of tbh, pitx and cintillo. Cintillo and tbh+
cells were quantified with respect to the head area (indicated with a square in the
schematic drawing). pitx+ cells were quantified in a region of the head (green square in
the images). (G) qRT-PCR quantification of the expression of neural markers (pitx and
th). Relative expression is plotted as 22°T values. Data is plotted as mean and error
bars represent s.d. (*P<0.05). (H) Normalization of PH3+cells/area by epidermal cell
density (quantified as showed in E) in bls2/3/5(RNAi) and control animals. After 2
weeks of RNAI treatment (controls, n=7; RNAi, n=6; n.s.) and 3 weeks of RNAi
treatment (controls, n=7; RNAI, n=8; n.s.). (I) Overgrowths of bls2/3/5(RNAi) stained
with anti-SMEDWI and h2b riboprobe. Nuclei are in blue. White arrows indicate
overgrowths. Images from D, G and | correspond to Z projections. Scale bars: 500 ym
in (C), 100 ym in (D), 200 uym in (G) and 500 pm in (I).
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Figure S6. Bls inhibition during growth conditions decreases cell proliferation
and increases cell death, but does not promote cell accumulation. (A) Scheme of
the RNAI procedure to inhibit b/s2/3/5 in fed planarians. Each week, animals were
injected 3 non consecutive days, being feed the other two days. At the end of the third
week, animals were fixed (three days after the last injection) and analyzed. (B) qRT-
PCR quantifying bls2, bls3 and bis5 expression after 3 rounds of b/s3 inhibition,
demonstrating that all three genes are downregulated. Relative expression is plotted as
22%CT values. Data is plotted as mean and error bars represent s.d. (*P<0.05;
***P<0.001). (C) Quantification of PH3+ cells/body area after 1 week of bls2/3/5 RNAI
treatment (n of controls=5, n of RNAIi=9, *P<0.05), and the corresponding anti-PH3
immunostaining images showing the increment of the mitotic cells. (D) Anti-PH3
immunostaining images of bls2/3/5 RNAi animals and controls showing the increment

of the mitotic cells after 3 weeks of the treatment. (E) TUNEL assay images of bls2/3/5
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RNAI animals and controls, corresponding to transversal sections of the animals.
TUNEL+ cells/section area was quantified. At least 9 sections per animal and at least 5
animals per condition were analyzed (F) Quantification of nuclei of epidermal cells
stained with DAPI per area (n of controls=15, n of RNAi=15, ***P<0.001). The
illustration indicates the area quantified with a black square. (G) Confocal images of the
expression of neural (th) and chemoreceptor (cintillo) markers in bls2/3/5 RNAIi animals
and controls. The illustration shows the expression of th and cintillo, and the square
indicates the area analyzed. Images from C and F correspond to Z projections. Scale

bars: 200 uym in the entire panel.
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Figure S7. bils2, bls3 and biIs5 are down-regulated by food ingestion. (A) TUNEL
assay at different time points after feeding reveals no changes in wild type planarians
(n of starved=7, n of 2hpf=6, n.s.). (B) PH3+ cells/body area quantification at different
time points after feeding reveals a proliferative peak at 3hpf (n of starved=6, n of
3hpf=6, ****P<0.0001). (C) Representative FISH images of b/s2 and bls5 before
feeding and after feeding, demonstrating its reduced expression at 24 hpf. (D)
Representative FISH images showing the downregulation and delocalization of bls2,
bls3, and blsb expression observed after feeding. Four patterns of bls2, bls3, and bls5

expression could be observed: high intensity and localized; high intensity and
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delocalized; low intensity and localized; low intensity and delocalized. (The brightness
and contrast of the images is not equivalent, since in the low density ones it had to be
adjusted to show the expression). The percentages corresponding to each category
are shown in D’ (starvation conditions, n >7; 24 hpf, n >10; *P<0.05, **P<0.01, ****

P<0.0001).
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Table S1. Schmidtea mediterranea bls nucleotide sequences.

Click here to Download Table S1

Table S2. Nucleotide subfamily identity.

Click here to Download Table S2

Table S3. Primers used to clone bls genes; and qPCR primers.

Click here to Download Table S3

Table S4. ORF of the bls genes in Schmidtea mediterranea.

Click here to Download Table S4

Table S5. Platyhelminthes species.

Click here to Download Table S5

Table S6. Nucleotide sequences of bls homologs in Tricladida species.

Click here to Download Table S6

Table S7. ORF of the bls homologs in Tricladida species.

Click here to Download Table S7

Table S8. Alignments of ISH and dsRNA sequences

Click here to Download Table S8
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