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ABSTRACT 

 
Continuous cellular division that is essential for the renewal of adult tissues, also provides 
recurrent opportunities for cancer development. However, it remains poorly understood 
how systemic tissue renewal leads to cancer formation. Planarians constantly renew their 
tissues and are susceptible to develop cancer-like phenotypes upon disruption of tumor 
suppressor genes (e.g. PTEN). PTEN is among the most commonly inactivated genes in 
human cancers, known to counteract the PI3K/AKT/TOR signaling cascade required for 
cellular proliferation, anti-apoptosis and growth. PTEN disruption in planarians is 
characterized by stem cell hyperproliferation and tissue colonization by abnormal cells, 
which rapidly kills the animal in roughly two weeks. In this study, we have catalogued the 
process of cellular transformation during tissue renewal and defined early and late stages 
(e.g. subcellular and cellular, respectively) of the PTEN phenotype in planarians. Our 
results indicate that early manifestation of cellular transformation in planarians have 
important similarities with cancer evolution in mammals. Furthermore, we can track pre-
malignant abnormalities starting within 24-48 hours after PTEN disruption, which are 
attributed with DNA double stranded breaks, chromosomal abnormalities and checkpoint 
override. We have identified new genes and signaling pathways central to the regulation 
of cell cycle and DNA repair. Specifically, cell cycle checkpoint stability and DNA repair 
mechanisms; such as Rad54B and Rad51, respectively. Together, these signaling 
mechanisms facilitate the establishment and evolution of hallmarks of cancer (e.g. 
genomic instability, sustained proliferation and evasion of death) into the cancer-like 
phenotype. Our findings support the use of PTEN(RNAi) planarian model to obtain critical 
and new insights about cancer evolution during adult tissue renewal.  
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CHAPTER ONE 
 
 

INTRODUCTION 
 
1.1. Dissertation Introduction 

 
The adult human body replaces 50-70 billion cells every day [1]–[6]. Roughly 90% 

of deaths caused by cancer worldwide originate from abnormalities in tissues that are 
continuously renewed by stem cells (SCs). Hence, to maintain homeostasis within organs 
and tissues, a delicate balance must be made between cellular division and programmed 
cell death. Adult tissue renewal is mediated by small pools of adult SCs, which can self-
renew, differentiate and generate cellular progeny that carry out tissue specific functions 
in renewing, stressed or aged tissues. Thus, SCs regulate tissue repair, maintenance and 
regeneration throughout an organism's lifespan. However, the frequent renewal of aging 
and damaged tissues provides recurring opportunities for cancer development. Genomic 
instability (i.e. higher rates of genomic changes per cell division) is a pervasive trait in 
almost all cancer types. Nonetheless, the basic mechanisms regulating survival and 
growth of these cancerous cells during tissue renewal remain a puzzling issue within the 
biomedical field.  

Cells are constantly exposed to DNA damage [7]. DNA integrity is under constant 
threat caused by multiple sources, including errors during DNA replication, products of 
intrinsic cellular reactions (e.g. reactive oxygen species) and environmental factors such 
as UV radiation and chemical exposure [3], [7]–[10].  In humans, DNA damage caused by 
exogenous and endogenous insults generate 105 DNA lesions per cell every 24 hours 
[11]–[13]. Long lived SCs are prone to harboring DNA damage derived mutations, which 
can alter their renewal and/or differentiation, providing a selective advantage for mutated 
SCs survival. If not repaired, DNA damage will be transmitted to SC progenitors and 
subsequently compromise tissue integrity and function [14]. Thereby, organisms have 
evolved highly efficient regulatory and surveillance machinery (e.g. cell cycle arrest, 
apoptosis and DNA repair) to prevent exhaustion and/or cellular transformation of SC 
pools during cellular turnover [7], [15]–[20]. 

Identifying genomic instability as a precursor to aging and malignant phenotypes 
is difficult to monitor during tissue renewal due to limitations with in vivo, in vitro and organ 
specific models available. The current techniques (e.g. transgenic or loss-of-function) 
used to establish genomic instability, aging and/or cancer models yield concerns of 
capturing relevant genetic or molecular changes during tissue renewal [21]. Thus, 
simultaneous analysis of DNA damage and SC-mediated tissue renewal at the organismal 
level would allow better appreciation of cancer evolution in situ. Studies merging 
homeostatic cellular turnover and SC response to DNA damage may provide important 
insights about intercellular crosstalk regulating cell fate decisions in the adult body. For 
example, there are patterns of regional differences of cell proliferation along the 
anteroposterior (AP) body axis that affect the fate of SCs and their progeny during tissue 
renewal, regeneration and carcinogenesis [22]–[28]. These regional differences are found 
across different species and recent studies have shown the fate of cells with DNA damage 
are susceptible to regional signals [16], [17], [29].  

Cellular transformation is the process by which cells acquire cancer properties (i.e. 
transition of a normal cell to malignant). Despite its central role in cancer, it remains poorly 
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understood how cellular transformation is established during adult tissue renewal. The 
oncogene/tumor suppressor-induced DNA damage model (OTS-DDM) is the prevailing 
model outlining the process of cellular transformation [30]–[32]. It suggests a deregulation 
of genes controlling cellular growth (i.e. tumor suppressor and oncogenes) leads to the 
accumulation of DNA damage or DNA replication stress (e.g. stalling and collapse of DNA 
replication forks) within proliferative cells. Therefore, DNA damage is a pervasive feature 
present at early and initiating stages of almost all cancers [32]–[34]. Constitutively active 
DNA damage response and repair pathways ignite many hallmarks of cancer. For 
instance, DNA damage or replication stress can result in genomic instability and the 
selection of cells to escape apoptosis/senescence. In addition, sustained proliferation of 
these cells results in shortened telomeres and the establishment of replicative immortality 
(Fig. 1) [30], [31], [35]–[38]. Thus, proteins involved in the DNA damage response and 
repair pathways are becoming novel anti-cancer therapeutic targets. Nonetheless, current 
DNA damage pathway agents lack specificity and a defined mechanism of action [21], 

[36], [39]–[41].   
 

In this dissertation, we will capitalize on a unique model system, the planarian 
flatworm, Schmidtea mediterranea, as a novel archetype to study OTS-DDM in the adult 
body. Planarian possess high rates of cellular turnover and tissue regeneration, driven by 
adult pluripotent SCs called neoblasts [42]. Neoblasts possess clonogenic properties and 
are the only cells in the organism with the capacity to divide [43]–[49]. Continual 
proliferation of neoblasts support the renewal of roughly 40 different tissue types in their 
bodies and facilitate studies about SC-mediated tissue renewal and DNA damage [16], 
[17], [29], [42]–[44], [50]–[55]. Neoblasts undergo cellular transformation when highly 

 
Figure 1. The oncogene-tumor suppressor- induced DNA Damage/replication stress 
model for cancer development derived from Macheret and Halazonetis 2015. 
Alterations to growth promotor or suppressor genes create the primary hallmarks of 
cancer: sustained proliferation and DNA damage/replication stress. As cancer 
progresses, the latter hallmarks emerge such as replicative immortality, genomic 
instability and escape form apoptosis/senescence.   
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conserved tumor suppressors (e.g. PTEN, Rb, MLL3/4, SMG-1 and p53) are inactivated 
or by pharmacological alterations [45], [56]–[63]. Furthermore, PTEN, one of the most 
commonly inactivated tumor suppressor genes found in cancers can be disabled in 
planarians through RNA interference (RNAi), resulting in tumor formation and lethality 
within two weeks [56]. Planarian provide a novel and simplified platform for studies of 
cancer initiation in the adult body. Here, we will provide new arenas to investigate the role 
of the OTS-DDM model, in vivo, to further elucidate the mechanisms underlying DNA 
damage and signals contributing to cellular transformation.  

 
1.2. Research Summary 

 
The planarian will be introduced as a novel model to study evolutionary conserved 

DNA damage response and repair pathways, setting the stage for the use of planarian to 
study the OTS-DDM model, in vivo. We aim to shed light on system wide cell fate decision 
of SCs harboring genomic instability during adult tissue homeostasis, cellular turnover and 
regeneration. Thus, we will describe primarily, the response of neoblasts to the induction 
of DNA damage and the reestablishment of tissue homeostasis. Secondly, we will 
highlight body-wide signals affecting cellular decisions (e.g. survival, proliferation, and 
death) in the presence of genomic instability within our genetically induced-DNA damage 
models. Third, we will discuss transcriptomic changes of DNA damage response and 
repair signaling pathways during large-scale tissue regeneration. Lastly, we will provide 
an in vivo validation of the transcriptomic analyses conducted during planarian head 
regeneration. Overall, results indicate that the DNA damage response and repair signaling 
pathways are central for tissue homeostasis and regeneration in the planarian.    

Next, we examine the molecular conservation of the PI3K/PTEN/AKT/TOR signal 
transduction cascade in the planarian model. A discussion on the signaling pathway will 
be presented as well as the roles of key components of the cascade (e.g. PTEN, AKT and 
TOR) during cancer and its progression. The conservation of this pathway within the 
planarian model will be determined through bioinformatic approaches, focusing on key 
components of the PI3K/AKT/PTEN signaling cascade. Lastly, a discussion of four key 
papers involved in characterizing of planarian Smed-PTEN, Smed-AKT and Smed-TOR 
will be made. Here, we will further elucidate the roles of these signaling molecules by using 
updated single-cell RNA sequencing data to determine expression levels and neoblast 
lineage enrichment. The goal of this discussion is to showcase the planarian as a novel 
cancer model to study cellular transformation in the context of tissue renewal and present 
unanswered questions within the Smed-PTEN cancer model.    

The next chapter will discuss the role of the proto-oncogene Smed-AKT during 
planarian tissue homeostasis and regeneration. We find that Smed-AKT regulates the 
balance between cell death and proliferation as results showed an increase in cell death 
accompanied by a decrease in neoblast division. The reduction of neoblasts results in the 
decline of differentiated tissue integrity such as the nervous and ciliated structures. In 
addition, Smed-AKT(RNAi) animals exhibited bloating, elongation and edema-like 
phenotypes because of a decaying filtration and excretory systems. Furthermore, we 
identify that Smed-AKT expression is critical for planarian head regeneration and blastema 
formation. Lastly, a theoretical discussion of the role of Smed-AKT overexpression within 
the planarian cancer model Smed-PTEN(RNAi) will further support the use of the 
planarian to study the OTS-DDM model in vivo. 

Succeeding this chapter, we will discuss the functional role of PTEN within the 
nucleus. Majority of the studies in the field, focus their attention on the cytoplasmic role of 
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PTEN in counteracting the PI3K/AKT/TOR signaling cascade. However, the role of nuclear 
PTEN provides a unique opportunity to study the initiation and onset of cancer and its 
progression into malignancies. As PTEN contains no canonical nuclear shuttling sites, we 
discuss the role of PTEN-C-terminal segment as a crucial component of its nuclear 
translocation. Nuclear PTEN is found to regulate centromere stability, cell cycle and the 
DNA repair process via direct interaction with Rad51 and an indirect role of protecting the 
tumor suppressor p53 from degradation. We focus on specific roles of PTEN during DNA 
replication (e.g. firing and restart of replication origins) and mitotic division checkpoints in 
relation to the fidelity of chromosome segregation. Here, we will propose the planarian 
model as an amenable alternative to understand the process of cellular transformation 
during tissue renewal.     

Lastly, we will discuss the conserved role of planarian PTEN within the nucleus 
and its relation to the OTS-DDM model. Primarily, we catalogued the process of cellular 
transformation during tissue renewal and defined early and late stages of the PTEN 
phenotype. Our results suggest that early manifestation of cellular transformation in 
planarians involve deregulation of nuclear PTEN, cell cycle checkpoint stability and DNA 
repair mechanisms. Furthermore, we identified that PTEN is required for the induction of 
cell death of cells harboring DNA damage. Lastly, we identified that cells carrying DNA 
damage and DNA replication stress are capable of bypassing cell cycle checkpoints and 
abnormally divide. Together, these phenotypes facilitated the establishment and 
progression of genomic instability during tissue renewal. We also add to the OTS-DDM 
two additional hallmarks (e.g. mitotic stress and evasion of death) as precancerous 
characteristics, which lead to cancer progression. Collectively, the results presented here 
introduce a new model to the study of cancer evolution and identify a new paradigm to 
analyze in situ cellular transformation in a time/cost-effectively manner.   
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CHAPTER TWO 
 
 

BACKGROUND   
 
Planarian as a model organism to study DNA damage during 
tissue renewal and regeneration 
 
2.1. Introduction 
 

The lifespan of an organism relies on faithful renewal of aging and damaged 
tissues [64]–[67]. SCs generate cellular progeny to maintain adult tissues and in humans, 
this process requires the daily demand of billions of cells that could span over a century 
[2], [68]–[70]. Tissue renewal is extremely complex and appears to be unsynchronized 
among tissues. Turnover rates may be based on tissue’s physiological conditions and/or 
SCs response to DNA damage. For instance, the architecture of epithelial tissues within 
the small intestine and colon are quite similar as their SCs are localized to the base of the 
crypt and their differentiated cells are near the lumen. However, their rates of cellular 
turnover are substantially different. Specifically, small intestine epithelial tissues renew 
every 5 days while colonic tissues turnover approximately every 20 days [71], [72]. Other 
differences in turnover rates have been identified in skin epidermal cells and cells within 
blood tissue (e.g. 10-30 days and 1 day-several months, respectively) [73]–[76]. Tissue-
specific SC turnover maintains organ functionality; however, it remains poorly understood 
how coordination and faithful turnover occurs as organisms age.   

This chapter addresses critical problems of SC derived DNA damage: (1) during 
tissue renewal and homeostasis, (2) cellular turnover in the complexity of adult body and 
(3) systemic cell-fate decisions that maintain genomic integrity. Primarily, we will discuss 
various DNA lesions and the molecular cascades involved in their repair. Here, we 
emphasize on double-strand breaks (DSBs), the most hazardous form of DNA damage 
[11], [15], [77], [78]. Secondly, the proposal of a novel organism, the planarian, Schmidtea 
mediterranea to track the onset of DNA damage mediated aging and degenerative 
disease. In addition, how planarian can provide insights to DNA damage response (DDR) 
and repair during adult tissue maintenance and regeneration. Lastly, a discussion on how 
the DDR is a critical component of the large-scale tissue homeostasis and regeneration in 
planaria. Overall, this chapter will discuss the use of planarian as a model to address 
evolutionarily conserved mechanisms of DDR and DNA repair during adult tissue renewal.  

 
2.2. Tissue renewal and stem cell response to DNA damage 

 
Exposure to DNA damaging agents generally lead to lesions that are common 

throughout all living organisms [7], [12], [18]. The chemical structure of DNA contains 
regions that are sensitive to both endogenous and exdogenous insults or lesions. 
Spontaneous endogenous factors such as hydrolysis and chemical reactions (e.g. cellular 
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metabolism and reactive oxygen species (ROS), respectively) can alter the structure of 
DNA by creating abasic sites, base deaminations, 8-oxoguanine lesions or base oxidation. 
In addition, endogenous DNA replication errors can produce nucleotide substitutions, 
insertions or deletions as one mistake per 100-1000 nucleotides is made during DNA 
replication [79]. Environmental factors also give rise to DNA alterations, such as UV light 
and chemical reagents that can induce nucleotide modifications. Moreover, DNA single 
stranded breaks (SSBs), double strand breaks (DSBs), interstrand and intrastrand 
crosslinks (ICLs) are exploited by the clinical use of ionizing radiation, X-rays and 
chemotherapy drugs. These lesions being the most hazardous within the genome, inhibit 
essential processes such as DNA replication and gene transcription, resulting in highly 
mutagenic alterations and genomic instability if not repaired (Fig. 1A). 

Organisms have formed highly conserved pathways to counteract DNA damage 
by employing cell-fate decisions to maintain long-term genomic stability and tissue 
homeostasis. This is known as the DNA damage response (DDR) and it consists of 

 
Figure 1. DNA damage responses and stranded break signal transduction. (A) The illustration 
summarizes different types of DNA damaging agents, the genomic lesions they produce and 
the specialized DNA repair pathway deployed. For example, exposure to ionizing radiation may 
lead to DNA single and/or double-stranded breaks and crosslinks that can be repaired through 
HR or NHEJ  (B) Different molecules mediate the repair of DNA strand breaks. Commonly, a 
signal transduction cascade involving sensors, transducers, mediators, and effector molecules 
that together influence cellular fate decisions to repair the damage or undergo programmed cell 
death 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-damage-response
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-repair
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ionizing-radiation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/non-homologous-end-joining
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-strand
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mediator
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sensors, transducer kinases, mediators and effectors that are continuously deployed with 
the goal of reestablishing genomic integrity [7], [15]–[17], [19] (Fig. 1B). Specifically, in the 
presence of SSBs, DSBs or ICLs, organisms employ a series of cascades that sense 
damage such as the MRN complex (MRE11-Rad50-Nbs1), Ku70/80 heterodimer and RPA 
(replication protein A). Once sensed, signal transduction is established by ATM (ataxia 
telangiectasia mutated) or ATR (ataxia telangiectasia and Rad3-realted) proteins which 
mediate this response. Effector kinases and proteins that regulate cell cycle checkpoints 
(e.g. Chk1, Chk2, p53 and CDC25s) mediate cell-fate outcome. Central to this process 
are the well-studied tumor suppressors p53 and Rb (retinoblastoma) proteins which work 
in tandem to mediate effector outcomes, consisting of cell cycle arrest, quiescence, 
senescence, apoptosis and DNA repair. Overall, these signaling cascades mediate cell-
fate decisions in the presence of DNA damage (Fig. 2).  

Activation of DNA damage sensing cascade leads to the phosphorylation and 
stabilization of p53. Nuclear accumulation of p53 and upregulating of its target genes (e.g. 
p21-cyclin-dependent kinase inhibitor 1), mediates cell cycle arrest to initiate DNA damage 
repair or induce programmed cell death [7]. The p53-p21 axis arrests cell cycle at G1/S or 
G2/M checkpoints. The inhibition of CyclinD-CDK4/6 complex via p21 promotes Rb hypo-
phosphorylation which inhibits the E2F transcription activity and cells to bypass the G1 
restriction point (R-point). Rb activity allows for cell cycle arrest in G1 phase and the 
maintenance of cells within the G0 quiescent state. Further, in the presence of DNA 
damage Rb and p53 have been implicated in cellular senescence which blocks cellular 
renewal giving rise to aging phenotypes and inhibits the rise of cancer cell accumulation. 
Moreover, the loss of Rb/p53 and the re-expression of telomerase proteins are key steps 

 
Figure 2: DNA damage response’s regulation of cell cycle. The protein p53 is central to the cell 
cycle and influence cell cycle arrest at all three checkpoints through p21 upon upstream signals. 
Rb regulates the G1/S transition and counteracts Cyclin D and CDK4/6 preventing cells for 
passing the restriction point. CDC25A is inhibited by either ATM and/or ATR inhabiting the G1/S 
transition. Furthermore, ATM and ATR can regulate damage formed in G2/M phases through 
the regulation of CDC25A thus inhibiting cell division. Once the cycle is in arrest, cell fate 
decision such as apoptosis or DNA repair will be determined in response to the severity of 
lesion.    
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for cancer cells to escape cellular senescence and drive malignant transformation. Thus, 
further understanding how cell-fate decisions are determined in the presence of DNA 
damage is crucial in understanding aging and malignant phenotypes. 

A positive correlation between DNA repair and lifespan of organisms (e.g. humans 
and naked mole rates) have been identified [64], [65], [80], [81]. Several lines of evidence 
imply continued exposure of SCs to DNA damage plays a major role in age-related 
dysfunctions (e.g. cancer and degenerative diseases) and their inability to repair DNA 
results in SC attrition, cellular transformation and aberrant differentiation [8], [9], [82]. The 
mechanistic process by which genome integrity declines with age is not well understood 
and may be due to different cell-fate decisions in the presence of DNA damage within 
epithelial tissues. For instance, SC-fate decisions can produce mixed outcomes in the 
presence of DNA damage, either preserving or deteriorating genomic stability. Epidermal 
tissues are constantly being exposed to genotoxic stress (e.g. UV radiation and cellular 
metabolism) and despite their SCs (e.g. melanocyte and bulge SCs) residing within the 
same hair follicle niche, their cell-fate decisions differ drastically. In the presence of DNA 
damage, bulge SCs display accelerated DNA repair through the error-prone non-
homologous end joining pathway, thus increasing SC maintenance. In contrary, 
melanocyte SCs do not induce DNA repair but activate irreversible terminal differentiation 
which depletes the SC pool. Another example can be seen within the intestine. Upon 
exposure to irradiation, small intestinal SCs undergo massive apoptosis and is attributed 
to increased activation of p53 tumor suppressor signaling, reduced anti-apoptotic BCL2 
expression and lack DNA repair activity [83]. Interestingly, colonic SCs require eight times 
the amount of irradiation to exhibit apoptosis rates similar to small intestinal SCs. This is 
attributed to colonic SCs possessing low levels of p53 signaling and high levels of BCL2 
expression [84]–[87]. Due to the response to DNA damage, it is well noted that the rise of 
malignancies, despite cellular turnover rates, are rare in intestinal tissues versus colon 
cancers which are placed within the top five most common cancers. Overall, SC-fate 
decisions can eliminate pre-cancerous lesions and promote aging phenotypes or 
compromise genomic integrity to maintain a mutation enriched SC pool.  

 
2.3. Repair of DNA double stranded breaks  
 

Eukaryotic organisms have adapted highly conserved repair mechanisms that can 
recognize and repair an array of DNA lesions with varying fidelity and mutagenic 
consequences. The most severe and less understood form of DNA damage are DSBs and 
the pathways involved in their repair. DNA insults give rise to roughly ten DNA DBSs per 
cell per day [77], [88], [89] and occur when both strands of the DNA double helix are 
broken in close proximity. DSBs can be repaired through the following mechanisms: non-
homologous end joining (NHEJ) and homologous recombination (HR) and their alternative 
pathways: alternative end joining (alt-EJ) and single strand annealing (SSA). 

2.3.1. Non-homologous end joining (NHEJ) 

NHEJ is active throughout the cell cycle but is pervasive during the G0 and G1 
phases. The Ku70-Ku80 heterodimer first recognizes and docs onto the blunt ends of 
DSBs, thus recruiting, facilitating and improving the binding of proteins needed to join them 
together. This repair lacks micro-homology (e.g. DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs)).  Interestingly, the two DNA ends may act independently of each 
other, therefore, the processing of DNA ends is highly error-prone. Thus, NHEJ may alter 
the original DNA template leading to insertions, deletions, nucleotide change or 
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chromosomal translocations. Acquired errors through NHEJ are corrected by the high-
fidelity mismatch repair (MMR) pathway.  

2.3.2. Homologous recombination (HR) 

HR repairs DSBs using a template strand and relies on the presence of DNA 
segments sharing high homology between the donor and acceptor, allowing for HR to 
conduct error-free repair. Science HR requires undamaged chromosomes to initiate strand 
invasion, this pathway can only be activated after a cell duplicates its DNA (S and G2/M). 
Three main phases comprise HR signaling: presynaptic, synaptic and postsynaptic. These 
stages prepare the DNA through multiple series of end restrictions to contain 3'-end 
overhangs or 5'-end restrictions to facilitate proper HR repair. Upon DNA damage, the 
exposed single stranded DNA are coated with RPA, which stabilizes the strand, prevent 
its degradation and formation of secondary structures. Rad51 recombinase (Rad51) is a 
key player in stand invasion and homologous search which must replace RPA though 
Breast Cancer Type 2 Susceptibility Protein (BRCA2) facilitation. In the synaptic phase, 
Rad51 filaments span over several thousand base pairs of DNA and require ATP 
hydrolysis to tightly bind Rad51 to DNA. Post binding, Rad51 filament-mediated strand 
invasion is initiated. Alterations in several HR related proteins have been of high clinical 
significance as their mutation lead to aging phenotypes or cancer predisposition disorders 
such as Bloom's syndrome, Cockayne syndrome, Fanconi's anemia and Hereditary 
breast-ovarian cancer syndrome [39], [90].    

2.3.3. Double strand break repair pathway alternatives and choices 

Studies are currently reporting that cancer SCs may take advantage of faults within 
DNA repair mechanisms which are commonly used by tissue-specific SCs to mediate 
resistance to chemo- and radio- therapies. Regulated DNA damage repair acts as an 
anticancer barrier inhibiting the progression of DNA damage to malignant transformation 
[91], [92]. In hereditary breast and ovarian cancer (HBOC) patients the mutations in one 
of the two BRCA1 or BRCA2 genes result in increased risk for cancer initiation. Mammary 
gland cancer SCs exhibit increased expression of many DNA damage response and repair 
genes (e.g. p53 and Rad51) [93], [94]. For instance, in HR deficient BRCA1 or BRCA2 
mutant tumors the over expression of p53 is accompanied by an elevation of AKT and 
Wnt oncogene signaling activity [93], [95]. Further, the elevation of RAD51 protein 
stabilization is seen to support triple negative breast cancers, genomic instability and the 
transcription of pro-metastatic CCAAT/Enhancer Binding Protein, Beta (c/EBPβ) signaling 
[94], [96]–[98]. Concurrent inhibition Rad51 and Poly(ADP-Ribose) Polymerase (PARP), 
a key determinant in alternative end joining DNA repair, have been shown to rescue and 
sensitize breast cancer SCs [98]. Continual DNA damage response signaling and HR 
dysregulation in cancer SCs allow for the activation of alternative error-prone DNA repair 
pathways such as SSA, which is usually suppressed by Rad51 accumulation, thus 
inhibiting Rad52 activity during DSB repair. 

Proper and timely selection of DSBs repair pathways are required for faithful DNA 
repair. HR induced activity during G0 and G1 phases of the cell cycle is often mutagenic 
as sister chromatid are needed as a template [99]. The selection of DSB repair pathways 
is determined by three independent variables: the resection of DNA blunt ends, cell cycle 
phase and the abundance of regulatory proteins in each cell cycle phase. NHEJ is active 
throughout the cell cycle but is predominantly activated during the G1 phase, when it relies 
on alternative homologous sequences (e.g. repetitive elements) with little or no 
microhomology <20bp (Fig. 3A, B). In G1-phase, HR, Alt-EJ and SSA are limited by the 
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lower efficiency of MRN and RB binding protein 8, endonuclease (CtIP). Furthermore, the 
abundance of ATM, H2A Histone family member X, gamma (γH2AX), mediator of DNA 
damage checkpoint 1 (MDC1) and p53 binding protein 1 (53BP1) regulatory proteins result 
in an inhibitory activity. Together, these proteins and a high affinity for the Ku70/80 
complex; commit the cell to NHEJ repair. NHEJ remains an active player in DSB repair 
later in the cell cycle however, its efficiency is reduced due to the decreased inhibitory 
effect of G1 regulatory proteins and increased abundance of MRN and CtIP. In the 
presence of microhomology, Alt-EJ, SSA and HR repair pathways are employed (e.g. 
<25bp, >25bp and >50bp, respectively). In the S, G2, M phases, additional series of DNA 
end restrictions are mediated by regulatory proteins, required to have error-free DSB 
repair (e.g. PARP1, BLM, Exo1 and RPA). 

 
Figure 3. (A) DSB repair is mediated by four different pathways (e.g. NHEJ, Alt-EJ, SSA and 
HR) and these pathways are deployed dependent on blunt end formation or restriction. (B) 
Moreover, the selection of which pathway is also determined by three mechanisms: (1) the 
status of chromosome homology which is dependent on what phases of the cell cycle DSBs 
occur (e.g. homology during S-G2-M phases which favors HR). (2) The abundance of regulatory 
proteins in each cell cycle phase. For example, increased expression of ATM, Mdc1 and 53BP1 
have been shown to favor NHEJ in the G0/G1 phase of the cell cycle by suppressing MRN and 
CtIP expression needed for HR-mediated repair. (3) Lastly, the restriction of DNA blunt ends. 
The length of DSB nucleotide base pairs give rise to blunt end protection or a series of end 
restrictions. (e.g. <20 bp for NHEJ and >50 bp for HR mediated repair). 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/non-homologous-end-joining
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-cycle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-cycle-phase
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2.4. Planarian as a model to study DNA damage and tissue renewal 
 

Planarians are members of the phylum Platyhelminthes (flatworms) and are 
classically known for their robust regenerative capabilities within seven days (Fig. 4A) [50], 
[100]. Planarians undergo constant renewal and repair upon injury of their organs and 
tissues (e.g. digestive, nervous, muscle, etc.) [42], [101]. The planarian Schmidtea 
mediterranea, which is the most common species used worldwide to study aspects of 
tissue homeostasis, contains a large pool of SCs called neoblasts. Neoblasts are 
recognized as the only cells with capacity to proliferate in S. mediterranea and therefore, 
serve as the sole source of new cells that support the dozens of different tissues types 
[42]–[44], [50]–[52], [102]. The neoblast diversity is only beginning to be elucidated and 
so far, twelve subpopulations have been described (e.g. Nb1-12) support six different 
lineages and display restricted potential to generate and maintain tissues within the 
endoderm, mesoderm and ectoderm (Fig. 4B) [43], [44], [103]–[106]. This diversity within 
planarian neoblasts allows for the integration of local and environmental stimuli throughout 

 
Figure 4. Planarian a novel model organism. (A) Images of a live worm (left) amputated pre-
pharyngeal; images on the right show the regeneration of the anterior portion including the 
head. Time-lapse images depict proper wound healing response and blastema formation in a 
regenerating planarian. By Day 7, the fragment has regenerated into a completely functional 
animal. (B) Linage model for planarian neoblasts consists of 12 major classes representing 6 
distinct tissue lineages. Image derived from Zeng et al. 2018. (C) Image depicts cell division 
(yellow dots, H3P immunostaining) after RNAi of TOR and PTEN genes in comparison to 
control (mock-RNAi). TOR (RNAi) reduces mitotic activity while PTEN (RNAi) induce the 
opposite effect. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/regeneration
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/wound-healing
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/blastema
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pten-gene
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitosis-rate


 

12 
 

its lifespan to maintain tissue homeostasis. Similar to SCs in other organisms, neoblasts 
are in constant crosstalk with their surroundings and are influenced by local and systemic 
signals involving metabolic status, neural inputs, tissue integrity, etc. In the presence of 
nutrients, planarians increase the body size by incorporation of new cells. Conversely, 
starvation conditions lead to reduction in animal size by elimination of cells that maintain 
body proportion [74], [107]–[109]. Neoblasts also sense and respond to tissue injury by 
mounting a multi-step proliferative response that mediates regrowth of missing and 
damaged parts[53], [110]–[112]. 

The capacity to regulate SC division in response to physiological demands and 
injury has been attributed to the conserved tumor suppressors and oncogenes within the 
planarian (e.g. PTEN, AKT, p53, Rb) [45], [56], [57], [109]. Planarian cells rarely develop 
cancer but can be forced to undergo cellular transformation after treatment with 
carcinogenic compounds or manipulation of tumor suppressor genes (Fig. 4C) [45], [45], 
[57]–[59]. Thus, preservation of DNA integrity is paramount for tissue regeneration and 
extended lifespan in planarians. Recent interest in dissecting mechanisms of DNA repair 
in planarians revealed evolutionary conservation of key regulators such as Rad51, p53, 
Ubc9, Brca2, and Rad54B that are activated in response to endogenous and exogenous 
environmental insults [16], [17], [60], [113]–[115]. Functional studies of DNA repair 
pathways identified patterns of SC exhaustion and tissue renewal defects similar to those 
observed in mammals [82]. These planarian features confer unique advantages to analyze 
critical parameters in response to DNA damage in the context of the whole body. Thus, 
we propose the use of S. mediterranea as a simplified platform to address cell fate 
decisions in the presence of genomic instability during large-scale SC-mediated cellular 
turnover and tissue repair.  
 
2.5. Evolutionarily conserved DNA damage repair mechanisms exist in planarian  
 

Older specimens of S. mediterranea are phenotypically indistinguishable from 
younger ones, which highlight the efficient mechanisms of unlimited cellular renewal in 
planarian [42]. This also implies that planaria contain efficient DNA repair mechanisms to 
combat endogenous and exogenous insults that normally deplete SCs in adult tissues, 
thus preventing aging and cancer-like phenotypes [58]. Indeed, high-throughput query on 
genomic resources [116], [117] have allowed us to identify a wide range of DSB 
recognition and repair homologs in planaria (Fig. 5). Specifically, we uncovered 
components of signaling pathways involved in DNA damage recognition, signaling 
transduction and effector outcome (e.g. cell cycle arrest, cell death and DNA repair). 
Though DNA damage can affect cells in numerous ways, DSBs represent the most severe 
form of DNA damage as they occur when both strands of the DNA double helix are broken 
in close proximity. Two DSBs within a cell are capable of forming chromosomal 
translocations and some estimates establish that 10–50 DSBs occur per cell per cycle 
[11], [77], [78], [118]. As previously discussed, DSBs can be repaired through: non-
homologous end joining (NHEJ), homologous recombination (HR) and their alternative 
pathways: alternative end joining (alt-EJ) and single strand annealing (SSA). 

Detailed evaluation of the planaria genome revealed an important molecular 
conservation of the DDR mediator γ-H2AX and DSB repair protein RAD51 (e.g. ∼65% and 
∼81%, respectively) (Fig. 6A, B). Further analysis also showed the presence of key 
signatures of their phosphorylation sites (e.g. S-Q motif the signature for γ-H2AX) or 
binding domain activity (e.g. Rad51′s Walker A/B, L1/2 and BRC domains) (Fig. 6A, B). 
The molecular conservation of these molecules in planaria also facilitates the possibility 
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of using commercial antibodies to evaluate the spatial distribution of DDR proteins at 
cellular and organismal levels (Fig. 6C) [16], [17], [119]. DSBs can be induced in planaria 
through ionizing radiation (IR), RNA interference (RNAi) and through drug exposure such 
as methyl methanesulfonate (MMS) [16], [17], [59]. In order to gauge the effects of these 
DSB inducing strategies, three key strategies have been optimized (e.g. TUNEL, COMET 
assay and karyotyping) [16], [17]. The COMET assay, under alkaline conditions (pH > 13), 
is commonly used to monitor DNA integrity with focus on DSBs. In addition, karyotyping 
protocols have been optimized to assay abnormalities found in neoblast-specific 
chromosomes [16], [17], [120]. FACS protocols have been implemented to monitor 
neoblast populations, cell cycle progression and cellular apoptosis (Fig. 6D) [46], [101], 
[121], [122].  

Planaria tolerate relatively high doses of IR, far surpassing the thresholds of 
exposure that are known to be lethal in mammals [123], [124]. Thus, the DDR in planaria 
can be analyzed by exposing animals to IR. For example, exposing planaria to IR above 
3000rad irreversibly eliminates neoblasts, abolishes regeneration, and leads to animal 
death in about three weeks [50], [105], [113], [125]–[127]. Lethal doses of IR has been 
traditionally used as a tool to identify neoblast-associated markers and mechanisms of 
neoblast repopulation during tissue transplantation and irradiation [50], [105], [113], [125]–
[127]. However, data mining of recent transcriptional data involving samples from a seven 
day time course upon lethal IR [54] revealed a persistent upregulation of genes involved 
in DNA damage sensing and signal transduction of DSBs throughout the time course. 

 
Figure 5. Planarian display evolutionary conservation of the mechanisms involved in DNA 
double strand break (DSB). (A) Gene homologies for sequences regulating DDR and signal 
transduction mechanisms are found in planaria. For simplicity the attention is mostly focused 
on mediators of DSB. Checkmarks indicate conservation between the planarian species 
S. mediterranea and humans. However, some genes remain unfound in the planarian genome 
indicated by a question mark.  
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Figure 6. Molecular conservation of key proteins regulating DNA double strand break repair and 
DNA damage assays in planarian. (A) Protein alignment of planaria γH2AX and homologs 
indicate conservation of γH2AX 's S-Q motif among species The S. mediterranea mediator 
γH2AX scores 65.19% similar to the human homolog. Sequence alignment was obtained by 
CLUSTALW. Using Illustrator for biological sequences (IBS version 1.0) we were able to create 
diagrams for both human and SMED-γH2AX protein sequences. Human protein length is 143 
amino acids (aa) versus 144aa in SMED-γH2AX. Within this protein both the planaria and 
human sequences contain Histone H2A domain (dark blue, 73aa long) and a C-terminus (light 
blue, 30aa long). Within the Histone H2A domain both contain the H2A signature (6aa long), 
DNA binding sites (7/7 sites) homodimerization sites (4/4 sites) and H2A-H2B dimerization sites 
(7/7 sites). Importantly, both contain the S-Q motif (red domain) phosphorylation on Ser139 site 
in the S-Q motif. However, human γH2AX contains acetylation sites (6aa and 10aa), 
ubiquination site at 120aa and another phosphorylation site at 143aa. (B) The 
S. mediterranea RAD51 sequence shares 80.61% similarity with the human homolog and 
contains all the documented characteristic binging domains. Both contain a helix-hairpin-helix 
(HhH) motif (light blue, 48aa long) with a large RecA/Rad51 domain (dark blue, 277aa long). 
Within the RecA/Rad51 domain there two key features Walker A (green and 8/8 sites) and 
Walker B (red, 5/5 sites) binding regions. Other features of the protein are the BRC multimer 
interface (20/20 sites), (AAA-ATP binding sites (7/7 sites), L1/L2 DNA binding loops (yellow) 
which contain a Tyr232 and Phe279, respectively. (C) Details of commercial antibodies that 
recognize the S. mediterranea RAD51 and γH2AX homologs. (D) General assays and detection 
methods for inducing and quantifying the response and outcome of DNA damage in native stem 
cells in the planarian model.  
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Interestingly, there was high expression of ATM but reduced gene expression of DNA-
PKcs, required for NHEJ, throughout the time course (Fig. 7A). Similar effects are 
observed in primary human fibroblasts cell lines during chronic exposure to IR [128]. 
Because lethal IR exposure irreversibly eliminates neoblasts, the results confirmed that 
key regulators of cell cycle progression and markers of proliferating neoblasts were nearly 
abolished upon IR (e.g. PCNA and cyclinB). Furthermore, the irreversible elimination of 
neoblasts may also result from a gradual increase in the expression of the inhibitor of 
growth protein (ING) (Fig. 7A). Members of the ING family have been found to negatively 
regulate EGFR/PI3K/Akt signaling pathway, which is central to planaria neoblast re-
population post IR [113], [129]. Thus, the increased amount of IR-induced DNA damage 
together with upregulation of ING expression may act together to eliminate neoblast and 
prevent residual cell proliferation post-IR. These findings also indicate that most 
components of the DDR are associated with neoblasts. 

Exposure to sub-lethal doses of IR (i.e. 1000–1750 rad) leads to a partial 
elimination of neoblasts, which allow for studies of DDR, SC repopulation and recovery 
during adult tissue renewal [47], [113] (Fig. 7B). The re-establishment of mitotic activity 
post sub-lethal IR has been attributed to EGF signaling and active DNA repair 
mechanisms (e.g. Rad51 and Rad54B) [16], [113]. Sub-lethal IR depletes neoblast mitotic 
activity within 24 h, accompanied by a significant spike in apoptosis and DSBs. There is a 
gradual increase in DSB repair that peaks at five days post IR as determined by RAD51 
gene/protein expression and RAD51 nuclear translocation (Fig. 7B). Neoblasts uniquely 
express the gene smedwi-1 (piwi-1, henceforth) [47], [104], [125]. piwi-1 expression is 
currently used as the gold standard to recognize the presence of neoblasts and their 
distribution. piwi-1+ cells clusters are severely reduced during the first 7 days post-
irradiation (dpi, 1250 rad) and begin to expand after 9 dpi [47], [113]. However, mitotic 
activity is detectable after 7 dpi (Fig. 7B). Neoblast repopulation depends on EGF signaling 
that requires active DNA repair mediated by ATM, Rad51, Ku70 and Rad54B [16], [113]. 
Interestingly, functional disruption of ATM with RNA-interference (RNAi) leads to an 
accelerated re-establishment of mitotic activity 7dpi [16] (Fig. 7C). 

ATM is an important player of the DDR that influences cellular decisions upon IR 
through regulation of p53/p21 axis to facilitate cell cycle checkpoint arrest [128], [130]. 
Thus, we can postulate that Smed-ATM may be key to facilitating an appropriate cellular 
response to DSBs (e.g. detection and cell cycle arrest). Further experiments will be 
required to identify the role of Smed-ATM upon IR in cell cycle regulation and determine 
if Smed-ATM(RNAi) hyper-proliferative neoblasts are gnomically stable; altogether 
validating the conservation of this protein in planaria. The interplay of DNA repair and 
neoblast repopulation is only beginning to be understood but the recent evidence suggest 
that mechanisms of HR are the predominant repair pathway in planaria [16], [17], [113]. 
This is further supported by results demonstrating that RNAi of Rad51 and Rad54B in sub-
lethally irradiated animals fail to repopulate piwi-1+ cells and mitotic activity, resulting in 
lethality. Conversely, dynamics of mitotic repopulation in Ku70(RNAi) sub-lethally 
irradiated animals are indistinguishable from untreated control group (Fig. 7C) [16]. All 
together, these results imply that Smed-ATM is a key upstream regulator of cell fate in 
response to IR-induced DSBs and HR is the dominant pathway used in repairing damaged 
DNA in planaria. 
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Figure 7. Neoblast response and repopulation post irradiation is attributed to functional DNA 
damage detection and repair. (A) Lethal irradiation of planarian (10k rad) irreversibly depletes 
neoblast populations. Upon analysis of GO term annotations published by Solana et al., genes 
involved in DDR and repair along a 7-day time course were selected. The heat map shows 
changes in gene expression at different times post-irradiation with color red indicating reduction 
and blue increase in gene expression (scale bar to the right). DNA damage response triggers 
upregulation of ATM gene expression accompanied by a decrease in cell cycle and DNA repair 
gene expression (e.g. PCNA, CyclinB and Rad51, respectively). Note that the inhibitor of growth 
(ING) gene expression is upregulated after 2hpi. (B) Cartoon depiction of neoblast response to 
sublethal irradiation. Upon sublethal irradiation, 1–3 dpi, neoblast decay arises from a large-
scale apoptotic response and a lack of RAD51 nuclear translocation accompanies increases of 
DSBs. Secondly, the remainder of piwi-1+ neoblast clusters begin to slowly expand and cells 
exhibit a peak of DDR and DNA repair proteins at 5dpi (e.g. γH2AX and RAD51, respectively); 
marking the DNA damage repair response. Lastly, neoblast repopulation occurs 7+ dpi with 
increases of piwi-1+ cells, recovery of mitotic neoblasts and a decrease in DSBs. Cellular events 
are depicted by the following: mitotic neoblasts (yellow), apoptotic cells (red) and piwi-1+ cells 
(green) (C) Fold change in mitosis in RNAi and mock control animals is quantified 7dpi after 
1.25k rad (sub-lethal dose). Notice the increase in mitotic events upon ATM(RNAi) and the 
inability for neoblasts to recover post Rad51(RNAi). Underneath, proposed mechanism of 
neoblast repopulation post sublethal IR show a possible role of Smed-ATM functioning as a 
transducer of DSB signal in tandem with γH2AX phosphorylation. Further, this model implies 
that HR signaling is a key player in neoblast repopulation as RNAi of NHEJ did not affect 
neoblast repopulation. Dotted arrows and shaded colors imply uncertainties within the model 
and further experiments are required to validate these assumptions and interactions. 
****p < 0.0001; one-way-ANOVA. 
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2.6. Genomic instability models in planarian  
 

Two independent DNA damage models have been developed in planarian by 
disrupting gene function via RNAi of Rad51 and Ubc9 [1], [2]. Planaria homologs 
of Rad51 and Ubc9 show high evolutionary conservation with higher organisms and their 
disturbance revealed important patterns of regional defects along the AP axis (Fig. 8A-D). 
Furthermore, RNAi of Rad51 and Ubc9 display loss of genomic integrity, specifically by 
the accumulation of DSB throughout the planaria body [16], [17]. Rad51 is required for 
nucleofilament formation and without functional RAD51 protein the HR repair complex 
cannot form [15], [131], [132]. Full knockout of Rad51 results in embryonic lethality in 
mammals [133], [134]. Nonetheless, it is possible to knockdown the HR pathway, but it is 
challenging to evaluate organismal SC response and track their progeny in an 
environment of genomic instability. Thus, the planaria model system offers unique 
opportunities to overcome these limitations by enabling the possibility of disrupting HR 
while SC attend systemic demands of cellular turnover and repair.  

On the other hand, SUMOylation is a dynamic and reversible post-translational 
modification that requires the cooperation of a host of proteins [135]. Critical to this 
pathway is UBC9, which determines protein SUMOylation [135]. SUMO attachment 
regulates protein function as it can affect protein localization, stability, protein–protein 
interaction, cause conformational changes or act as a hub to form multi-protein complexes 
[136]. Mounting evidence suggests SUMOylation plays a critical role in the regulation of 
DSB repair [137]–[140]. It does so in three ways: (1) regulates protein stability, DNA 
binding ability and localization of sensors and effectors of DSB repair, including both 
NHEJ and HR; (2) leads to creation of an open chromatin state more amenable to repair 
by controlling epigenetic modification through modulation of various methylases and 
acetylases; (3) orchestrates successful DDR response by coordinating multiple types of 
post-translational modifications, most notably SUMO-targeted ubiquitin ligase-mediated 
ubiquitination [141]–[150]. 

The unique feature of the Rad51 and Ubc9 knockdown models is the prevalence 
of DNA damage, especially DSBs that is present throughout the planaria body [16], [17]. 
Molecular analysis in both models revealed a transient presence of DNA DSBs and 
chromosomal abnormalities that progressively increased over time. This is consistent with 
the role Rad51 plays in DSBs repair through HR. However, the mechanism driving this 
phenomenon in the Ubc9 phenotype was less evident. Two observations were critical to 
relate SUMOylation to DNA damage: (i) the regional defects in animals subjected to Ubc9 
(RNAi) were similar to those observed in Rad51 phenotype and (ii) late stages of 
the Ubc9 phenotype display increase in RAD51 and γ-H2AX protein expression, which 
appeared in clusters along the AP axis. Additional analysis revealed that DNA damage 
in Ubc9(RNAi) is due to the inability of RAD51 to translocate from the cytoplasm to the 
nucleus to repair DSBs [17]. This finding links the two models together and additionally 
explains phenotypic similarities, which altogether supports the idea that HR is the 
prominent pathway for repair of DSBs in planaria. 

The induction of DNA damage after Ubc9 and Rad51(RNAi) results in a cascade 
of cell fate decisions led by cell cycle arrest [16], [17]. Cell cycle analysis revealed that 
while most cells in the Rad51(RNAi) were arrested in S phase, cells in Ubc9 
(RNAi) animals were primarily arrested in the G1 phase (Fig. 8E). p53 and Rb commonly 
regulate neoblast fate decisions (i.e. apoptosis, proliferation and cell cycle arrest) during 
tissue renewal and regeneration. This is also the case in the presence of DNA damage in 
planaria but intriguingly; we found that p53 gene expression is downregulated across the 



 

18 
 

 
Figure 8. Rad51 and Ubc9 inhibition in planaria yields high levels of DSB and region-specific 
neoblast responses (A) Whole mount immunostaining of mitotic neoblasts marked by Histone3 
phosphorylated (H3P) in mock control, Rad51(RNAi) and Ubc9(RNAi) models. Note the 
difference in mitotic cells along the anteroposterior axis in the Rad51(RNAi) group; white arrow 
heads indicate a severe decrease in mitosis in the posterior versus the anterior. (B) Levels of 
mitotic cells across the anteroposterior axis, confirms the asymmetric distribution of mitoses is 
specific to Rad51(RNAi) but not to animals subjected to Ubc9(RNAi). (C) Whole mount 
immunostaining of cell death marked by the Caspase-3 antibody. Note the increase of apoptotic 
events (green signal) is concentrated in the posterior region of 
both Rad51(RNAi) and Ubc9(RNAi)animals (yellow arrowheads). (D) Quantification of the 
fluorescent intensity signal from caspase-3 stained Rad51(RNAi) and Ubc9(RNAi) animals 
confirming the increased cell death in the posterior regions compared to the anterior and control 
(yellow arrowheads coincide with the increase in cell death). Intensity readings were obtained 
by tracing a line in the middle of the animal from the anterior to the posterior region using 
ImageJ software. (E) Cell cycle analysis using flow cytometry in cells dissociated from the 
anterior and posterior regions in animals subjected to Rad51(RNAi) and Ubc9(RNAi). Different 
phases of the cell cycle are color coded and show that Rad51(RNAi) and Ubc9(RNAi)animals 
display different effects on cell cycle represented by important reduction in M-phase in the 
posterior region of Rad51(RNAi), while Ubc9(RNAi) animals tend to halt cell cycle in G0/G1 
phases but some cells still continue to divide. (F) Fold change in gene expression of Rb and 
p53 relative to the control. Rb expression is asymmetrically upregulated in the anterior 
of Rad51(RNAi) but it does not appear affected in the same manner after Ubc9(RNAi). (G) Heat 
map, representing fold change in the average of gene expression of neoblast subclass (sigma, 
gamma, zeta) markers in the anterior and posterior regions. Red indicates diminished gene 
expression and blue increased gene expression. **p < 0.01; ***p < 0.001; ****p < 0.0001; two-
way-ANOVA. Scale bars: 200 μm. 



 

19 
 

AP axis in both RNAi groups (Fig. 8F). However, there were stark differences in Rb 
expression. Specifically, there is an increase in Rb expression in the anterior region 
of Rad51(RNAi) animals whereas there is no significant change in Ubc9(RNAi) group (Fig. 
8F). Although our knowledge of Rb dynamics relies on gene expression data, it is tempting 
to link increased Rb expression with cell cycle arrest. Canonically, Rb is thought to be an 
important regulator of the G1/S checkpoint and studies suggest that overexpression of Rb 
can increase rates of cellular survival and predispose cells to become more cancerous 
[151], [152]. 

Furthermore, the genomic instability driven cell cycle arrest in both lead to 
interesting changes in tissue homeostasis and cellular turnover, specifically in terms of 
cell survival and death [16], [17]. While both models coincide in a significant decrease in 
the cycling neoblasts, the Rad51 model reveals a remarkably difference across the AP 
axis, specifically loss of survival in the posterior region. This is likely due to the differential 
expression of cell fate regulators p53 and Rb. On the other hand, both models show a 
massive increase in cell death in the tail region with significantly less cells dying in the 
anterior. It is possible that Rb is acting as switch for allowing cell survival in the anterior 
but not the posterior. Another explanation as derived from experimentation in 
the Ubc9(RNAi) model, where the cell death is partially attributed to attenuation of 
Hedgehog signaling, which is known to be an important regulator of posterior polarity in 
planaria. Whether the same mechanism is driving cellular decisions in 
the Rad51phenotype requires further experimentation. 

A remarkable finding from these studies is that some SCs in the anterior region 
are able to overcome surveillance mechanisms and continue proliferating with genomic 
instability [16], [17]. In the Rad51(RNAi), this is in part due to increased expression 
of Rb and neural inputs in the anterior region. Ectopic introduction of brain tissue in the 
posterior region, induce neoblast proliferation with DSB. These findings highlight the 
possibility of intercellular effects, whereby neural signals alter fate decisions of neoblasts 
with DSBs. Likewise, these results also prompt future studies about possible neural 
regulation of Rb signaling that facilitate proliferation of neoblasts with DSBs. Alternatively, 
it is possible that a subset of neoblasts is endowed with proliferative capacity to give rise 
to cancer-like cells in the anterior. Multiple neoblast subtypes have been characterized 
[43], [103], [104]. We found that gene expression of markers associated with zeta 
neoblasts are increased in the anterior for both Ubc9 and Rad51 (RNAi) animals (Fig. 8G). 
Recent research demonstrates the intriguing possibility that inhibition of Hippo signaling 
trigger dedifferentiation of postmitotic progenitors in planarians [153]. 

It is tantalizing to speculate that the increasing load of genomic instability may act 
as a switch for zeta neoblasts to leave their lineage-restricted state and try to fill the niche 
left behind by sigma cells that cannot survive increasing DNA damage. It is also possible 
that persistent demands of cellular turnover override fate decisions to promote exit of cell 
cycle arrest has been noted in hematopoietic SCs [154]. Some of these cells may have 
weaker sensors and effectors of the DDR, allowing them to more easily circumvent these 
checks and balances and ultimately evolve into cancer-like cells. Additional experiments 
are required to dissect the actual mechanisms driving cells to withstand excessive DNA 
damage and continue to proliferate. Nonetheless, the results obtained 
with Rad51 and Ubc9 downregulation supports the notion that cellular decisions in the 
presence of DNA damage are also influenced by regional signals that may involve 
crosstalk among tissues and organs. This is an important finding as a comprehensive 
focus on regional signals that supports proliferation of cells with genomic instability may 
help to understand the mechanisms facilitating cancer formation and progression. 
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2.7. DNA damage and repair are essential components for tissue regeneration  
 

Cell death and proliferation are not only instrumental during tissue renewal but also 
in the process of regenerating missing or injured body parts. Upon amputation, planaria 
undergo an orchestrated series of localized and systemic cascades of cellular proliferation 
and programmed cell death (e.g. ∼4–6 h and ∼48 h). Recent research has greatly 
furthered our understanding of the genetic and molecular cascades required for tissue 
repair and regeneration [53], [110], [155]. The initial peaks of systemic cell division and 
localized cell death events were found to be accompanied by a genetic response called 
the generic wound response that happen during the first 24hrs post-injury/amputation 
(hpa). This is followed by a wave of specific gene expression representing the 
regeneration response (24–70hpa) that includes the second molecular peak of mitosis 
and apoptosis. Finally, the differentiation phase is attributed to neoblast progeny mediated 
differentiation and specialization of the blastema at +70hpa (Fig. 9A) [53], [110]. 

The ability to adjust cell proliferation during simultaneous demands of tissue 
renewal and injury highlight the faithful mechanisms used by planaria to regulate cell 
number. Since injury repair relies on cell proliferation and consequently DNA replication, 
we argue that the DDR is an active player that preserves genome integrity during 
regeneration. In other words, an increase in cell division is accompanied by DNA 
replication that is carefully monitored by DNA repair mechanisms. Indeed, recent studies 
have demonstrated that key components of DNA replication and repair (e.g. p53, Rb, 
Rad51 and Ubc9) are critical for the regenerative process and without them; planaria fail 
to regenerate [16], [17], [60], [61]. In addition, cell death is necessary for proper 
regeneration. The TUNEL assay, which detects cellular apoptosis induced by DSB-nicked 
ends, is commonly used to evaluate cell death in planaria [101]. After amputation, two 
peaks of cell death are known to happen at ∼4hrs and ∼48 h. However, it remains unclear 
whether these stereotypical patterns of TUNEL + cells are derived from the stressful 
environment of regeneration or actual DNA damage, specifically DSBs. 

We were prompted to reanalyze the possible role DNA damage response play 
during the early and late phases of tissue regeneration based on published transcriptomic 
data [53], [110]. Transcriptomic changes during the first half of the generic response in 
planaria offer an interesting resource to discern the role of DDR [110]. This process 
involves four waves of gene expression found within differentiated tissues (waves 1–3) 
and neoblasts (wave 4) (Fig. 9B). Using published RNAseq data from Wenemoser et al. 
[110], we were able to identify genes involved in DNA damage response by GO term 
analysis. We found that all waves except wave 3 contained genes involved in DDR (Fig. 
9C-E). Interestingly, we found PARP-3 as the only DDR gene involved in wave 1 and the 
only DDR-specific gene with a peak in gene expression within the first hour post 
amputation. At the decline of PARP-3 expression at 3 h, both wave 2 and wave 4 DDR 
specific gene expression increased and peaked at 6 h, which coincide with the system 
wide mitotic response (Fig. 9C). These results suggest that expression of genes in the 
DDR follow similar transcriptomic changes of the generic wound response except in wave 
3. It also implies that PARP family genes may prime the DDR during early regenerative 
events (Fig. 9C-E). However, the question still remains whether the first peak of 
TUNEL+ cells starting ∼4hrs is linked to DNA damage. 
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Figure 9. DNA damage repair (DDR) is activated during the initiation of tissue regeneration (A) 
Schematic representation of the general cellular events taking place during the first week post-
amputation (hpa) of the anterior region in planaria (color coded boxes). During the generic 
wound response, a localized apoptotic response occurs ∼4hpa, accompanied by a systemic 

burst of mitotic neoblasts at 6hpa that gradually reduces ∼12hpa. Next, the regeneration 
response is followed by a localized increase in cell proliferation and a systemic wave of death. 
After 72hpa the tissue will continue restructuring newly formed tissue through differentiation of 
stem cells and progenitors. (B) Waves of gene expression found in the generic wound response 
within the first 12hpa. (C) Heat map representing GO term analysis of wound induced DDR 
gene expression derived from Wenemoser et al. 2012 (D) Percent of DNA damage genes 
associated within each wave. (E) Temporal wound-induced gene expression waves. Solid lines 
indicate averages of DDR specific wave response and dotted lines indicate waves according to 
Wenemoser et al. 2012. (F) Heat map of average DDR gene expression post amputation. At 
48 hpa the average expression of all DDR genes is upregulated following wounding. (G) Graph 
depicts the temporal model of planaria regeneration including the average expression for genes 
involved in the DDR. The average of all DNA damage gene expression was obtained from the 
heat map in (F), (blue line) is plotted against the established temporal model of regeneration 
(dotted lines) according to Wenemoser et al. 2012 and is color coded as shown in (A). 
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PARP-3 catalyzes post-translational modifications of proteins involved in 
transcription silencing, cell death and interacts with PARP-1 during DDR to accelerate 
NHEJ [156]–[159]. In addition, PARP-3 has been shown to act independently of DNA 
damage and mediate centrosome stability, G1/S cell cycle progression and 
telomerase activity [157], [160], [161]. For instance, PARP-3 expression has an inverse 
relationship with telomerase activity. Lung cancer cells depleted of PARP-3 displayed an 
increase in telomerase activity [161]. During planaria regeneration, telomerase activity is 
upregulated and accompanies neoblast proliferation [55]. Thus, the possible role of PARP-
3 expression during the first 3 h of regeneration may be to restrict both neoblast cell cycle 
progression and telomerase activity. The decline in PARP-3 after 3 h may allow the 
priming of transcription of both cell cycle and DNA repair proteins that are involved during 
initial mitotic burst at 6h. The data analysis shows that the initial localized peak of 
TUNEL+ cells may not be in response to DNA damage but to the harsh environment at 
the amputation site to facilitate wound closure and there is a possibility that PARP-3 may 
be mediating the post-translational modifications associated with cell death. 

Regenerating planaria exhibit a localized mitotic peak and a systemic increase in 
TUNEL+ cells resulting in the formation of a regenerative blastema starting at 48 h post 
amputation [101], [110], [111]. Gene expression levels associated with DNA damage 
response and repair are relatively low within the first 24h of regeneration (Fig. 9F). 
Strikingly, at 48h, there was a dramatic increase in the expression of genes involved in 
DNA damage signal transduction and DDR (Fig. 9F). Thus, by plotting the average of DDR 
gene expression values onto the established temporal model of planaria regeneration [53], 
we observed that the second wave of DDR is much more significant than that of the 
generic phase and remains a key feature in the regeneration and early differentiation 
phases (Fig. 9G). Consistently, our recent work strongly supports the idea that DDR is 
required for large-scale tissue regeneration. Without key molecules such as Rad51, 
BRCA2, Ubc9 animals, fail to regenerate and replace lost tissues [16], [17]. Furthermore, 
according to Wurtzel et al. [53]; expression levels of genes involved in HR (e.g. Rad51-A,-
B,-C and BRCA2) were highly active compared to the decrease in NHEJ (e.g. Ku70, Ku80 
and Ligase IV) related genes. However, gene expression analysis revealed that HR and 
NHEJ were at their peaks at 48h post amputation. Delving into the molecular dynamics of 
mitotic events during regeneration in Rad51 and Ubc9(RNAi) animals, we observe that at 
6 h post-amputation both groups respond with a slight increase in mitoses but fail to elicit 
a second mitotic peak at 48 h [16], [17]. These results together provide further evidence 
that DDR is a crucial component of the overall regenerative response in planaria. 

 
2.8. In vivo validation of PARP’s role during planarian regeneration   
 

To validate the functional role of PARP3 during tissue regeneration and 
homeostasis, we began by identifying the planarian homologs and cloning the genes. 
Human PARP-1, -2 and -3 contain similar domains such as the WGR binding domain and 
a PARP catalytic domain. Thus, to verify that we are obtaining PARP3, the human 
sequence for PARP-1, PARP-2 and PARP-3 were BLAST-ed into PlanMine3.0 [162] and 
obtain three independent hits with PARP1 having a direct target (e.g. E-value zero) (Fig. 
10A). Observing domain conservation, Smed-PARP1 contained zinc fingers and a BRCT 
domain, a key feature for human PARP1. Smed-PARP2 contained conserved WGR 
binding domain and a PARP catalytic domain just as the human counterpart. Lastly, 
Smed-PARP3 contained a PARP catalytic domain however, it lacked the PARP3-specific 
WGR binding domain. Moreover, the percent identity of the planarian PARPs show a large 
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homology between the planarian and human PARPs (e.g. 44.20%, 51.92% and 58.29%, 
respectively). These results imply that PARP pathway proteins are highly conserved in the 
planarian.  

The initial screen consisted of testing both Smed-PARP1 and Smed-PARP3 during 
tissue homeostasis. After a 30-day injection period consisting of five dsRNA 
microinjections we identified that both Smed-PARP1 and Smed-PARP3 did not alter tissue 
homeostasis and did not alter tissue integrity or mitotic numbers; thus, indistinguishable 
from the control group. To test the roles of these two genes during regeneration, planarian 
underwent head amputation at the end of the 30-day injection schedule and monitored 
animal regeneration over the span of 8 days (8dpa). Relative to the control that formed 
blastemas, Smed-PARP1(RNAi) failed to form regenerative-specific blastemas unlike 
Smed-PARP3(RNAi) (Fig. 10B). Interestingly, Smed-PARP-1(RNAi) with the limited 
blastema that was formed did not produce photoreceptors of eye pigmentation and when 
observing Smed-PARP3(RNAi) we identified that within their regenerative blastemas they 

 
Figure 10. in vivo validation of PARPs during larger-scale regeneration. (A) BLAST hits obtained 
from placing human PARP-1, -2, and -3 into PlanMine3.0. The planarian homologs contained 
high conservation of PARP-specific domains and percent identity (e.g. 44.20%, 51.92% and 
58.29%, respectively). (B) Blastema measurements 8 days post head amputation (μm). (C) 
Immunostaining using the eye marker VC-1 antibody of the control and RNAi groups. (D) Mitotic 
neoblasts marked by H3p antibody at 8 days post head amputation. *p < 0.05; one-way-ANOVA. 
Scale bars: 200μm. 
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did form cycloptic eyes or were aberrant of eye pigmentation but were photophobic. To 
further understand this phenomenon, we stained 8dpa animals with the VC-1 antibody 
which marks the eye structures. Relative to the control, Smed-PARP1(RNAi) did not 
contain any VC-1 signal and that Smed-PARP3(RNAi) animals contained signal that was 
disordered, tangled and showing that both eye cups were connected (Fig. 10C). Further, 
looking at mitotic activity, marked by Histone 3 phosphorylated (H3P), Smed-
PARP1(RNAi) displayed a marked reduction and Smed-PARP3(RNAI) animals did not 
show any difference in mitotic activity 8dpa (Fig. 10D). 

As Smed-PARP3(RNAi) animals are capable of forming blastemas and forming 
deformed differentiated tissue structures, a hallmark of an intact regeneration response, 
we can postulate that Smed-PARP3(RNAi) may function specifically within the first 3hours 
post amputation. Thus, the deformities obtained from Smed-PARP3(RNAi) can be the 
result of a defective wave 1 wound response required for apoptosis, signaling factors and 
transcription. On the other hand, Smed-PARP1(RNAi) failed to regenerate differentiated 
tissues, re-establish basial levels of mitosis and form a regenerative blastema. This finding 
supports the notion that DNA repair proteins are highly crucial for the regenerative 
response wave of gene expression found ~48hpa as other DNA repair and DDR proteins 
exhibited the same phenotypes as discussed above. These findings are intriguing and 
need further experiments to validate and confirm the roles of Smed-PARP3 during the 
early phases of regeneration and Smed-PARP1 during the late phases as well as their 
role in maintaining DNA integrity during the regenerative process.                
 
2.9. Discussion  

 
Preserving genomic integrity over recurrent tissue renewal is an important 

challenge that wanes with age. DNA damage and the cellular responses associated with 
it are at the center of efficient cellular turnover. Thus, we advocate for studies of SCs in 
their natural environment as they attend demands of tissue renewal and repair. The 
analyses integrating SCs, DNA damage and tissue renewal in the complexity of the whole 
body present fresh opportunities to the field and has the potential to inform about cellular 
crosstalk and regulation of signaling pathways (e.g. tumor suppressors, oncogenes) that 
control cellular decisions in the face of DNA damage (Fig. 11A). The evolutionary and 
functional conservation of the DDR and mechanisms of SC function in planarian offers a 
simplified paradigm, in which pharmacological or genetic screens can be performed 
rapidly and cost-effectively. 

The capacity to induce different levels/types of DNA damage with pharmacological 
compounds, IR and genetic manipulations paves the way for additional studies aimed at 
understanding the biology of the DDR and possible alternatives for therapeutic 
applications (Fig. 11B). The genetic models using loss of function 
of Rad51 and Ubc9enable in situ analysis of tissue renewal in response to DNA damage 
that uniquely allow us to address the molecular basis controlling regional differences in 
the adult body (Fig. 11A). Furthermore, the activation of regional cell survival and death in 
response to the systemic presence of DSBs is a great resource to address mechanisms 
of SC survival with defective DNA. This example prompts the possibility of studying 
intrinsic and extrinsic cues that may favor or restrict the growth of cancer initiating cells 
(Fig. 11C, D).  
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Figure 11. DNA damage repair (DDR) pathways are critical components of the cell 
proliferation required for tissue regeneration. (A) Rad51(RNAi) (gray) and Ubc9(RNAi) (light-
yellow) planaria share similar increases in DNA damage along the AP axis accompanied by 
varying levels of cell cycle arrest. Localized cell death (green) is observed in the posterior region 
of both RNAi conditions. Survival of neoblasts/sub-types were determined from gene expression 
data from Fig. 8G; neoblast subtypes: zeta (yellow), sigma (blue) and gamma (brown). (B) 5 
days post sublethal irradiation, remaining neoblasts will repair DSBs by homologous 
recombination and neoblasts will repopulate the entire animal. We propose a hypothetical model 
whereby EGFR signaling integrates with DDR to facilitate neoblast repopulation post-irradiation 
(indicated with dotted lines). (C) Proposed RAD51-UBC9 interaction model. Presence of DNA 
DSB breaks triggers upregulation of RAD51 and γ-H2AX that together participate in DNA repair. 
However, after Ubc9(RNAi) the RAD51 protein accumulates in the cytoplasm as SUMOylation 
is required for RAD51 translocation to the nucleus. We propose that Ubc9 may interact with 
intermediate regulators of Rad51 for DDR. (D) Model of DNA damage during large-scale tissue 
regeneration. PARP3 expression peaks during the first 4 hpa and may be suppressing DDR 
gene expression within that timeframe. Upon the decline of PARP3 expression, DDR expression 
at +6 hpa is observed. A substantial peak in DDR observed in parallel with the regeneration 
responses that begins +24 hpa. The robust responses of DDR pathways during wound repair 
could be necessary to drive DNA repair during neoblast proliferation that is required in tissue 
regeneration. 
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What are the signals facilitating survival of SCs with DSB in the anterior, whereas 
in the posterior surveillance mechanisms remain active and effectively eliminate damaged 
cells? Our results suggest that neural inputs may influence dynamics of cell cycle in 
neoblasts carrying DSBs. Thus, future experiments will address the source and the 
molecules mediating nervous signals that facilitate cell survival in an environment of 
genomic instability. Since neoblasts in the anterior region tend to survive with DSBs, it 
brings interesting opportunities to dissect potential differences among SCs and their 
susceptibility and advantages to DNA damage. Likewise, future studies will also integrate 
positional cues along the AP axis [163], [164] with DNA repair to inform about potential 
interactions that can enhance or reduce the integrity of the genome. Answering these 
fundamental questions will enable the field to identify early markers of cellular 
transformation, mechanisms regulating tumor suppressors, and to define means by which 
transformed cells survive and form tumors. Finally, we believe that planaria traditionally 
recognized as a model for tissue regeneration, may also represent a fresh alternative to 
understanding and manipulating DNA damage and its effects in the adult body. 
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CHAPTER THREE  
 
 

FINDINGS  
 
The conserved PI3K/AKT/PTEN/TOR signaling transduction 
cascade is required for tissue maintenance in planarians  
 
3.1 Introduction 

 
Approximately 90% of cancer related deaths in the U.S. result from alterations in 

tissues often undergoing cellular renewal (e.g. epithelial lining of organs) [165], [166]. 
Tissue homeostasis and repair requires constant cellular turnover dependent on precise 
interactions between SCs and differentiated tissues. This process is highly influenced by 
the balance between oncogene (i.e. growth genes) and tumor suppressors (i.e. growth 
suppression genes) which are evolutionarily conserved across species [30], [167]–[169]. 
Tumor suppressor genes can halt the positive influence of oncogenes in cell growth, 
proliferation, migration, division, differentiation, metabolism and genomic instability. 
However, cancer cells take advantage of homeostatic signaling pathways and grow 
beyond normal confines of a cellular niche characterized by the hallmarks of cancer (e.g. 
angiogenesis, maintaining energetics, overcoming stress and sustaining cellular viability) 
[169]. 

Various signaling pathways collaborate at the cellular and systemic levels to 
maintain tissue repair and regeneration. Disruption of a cellular pathway can result in the 
onset of cancer and degenerative diseases. For instance, the tumor suppressor PTEN is 
a lipid phosphatase that is frequently under-expressed in many cancer types due to 
deletions, mutations or gene silencing [30], [170]–[174]. Its main function is to 
dephosphorylate PIP3 in the plasma membrane, thereby opposing the activity of Class I 
oncogene PI3K. Aberrant PI3K results in increases of cellular growth, proliferation and 
survival factors through its effectors and proto-oncogenes, AKT and mTOR [172]–[175]. 
The PI3K/AKT/TOR pathway is well studied however, further characterization of how this 
pathway is regulated at cellular and systemic levels are crucial for therapeutic advances. 

Loss or gain of function of key components of the PI3K/PTEN/AKT/mTOR 
signaling transduction pathway is recognized to be a dominant player in cancer formation 
and progression [30], [170]–[174]. Importantly, PI3K and PTEN have been identified as 
the second and third most targeted genes by point mutations. From 3,281 tumor genome 
data sets representing 12 different cancer types, mutations (e.g. nucleotide substitutions, 
deletions, amplifications, translocations, etc.) targeted PI3K 17.8% of the time followed by 
PTEN at a rate of 9.7% [30]. The suppression or balance of PI3K/AKT/mTOR signaling by 
PTEN during cellular turnover acts as a barrier against oncogene induced DNA damage 
required for the onset of tumorigenesis [30], [176], [177]. Many of these components have 
been studied separately or in tandem but lack an understanding on how the balance of 
PI3K/PTEN/AKT/mTOR signaling cascade regulates SCs during adult tissue maintenance 
with respect to the OTS-DDM.  

This section will introduce the PI3K/PTEN/AKT/mTOR pathway as a conserved 
and integral player within the planarian, Schmidtea mediterranea. Specifically, their roles 
in SC regulation, tissue homeostasis and regeneration. Primarily, a more in-depth 
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explanation of PI3K/PTEN/AKT/mTOR signal transduction cascade will be presented. 
Secondly, the conservation and roles of these signaling molecules within the planarian will 
be discussed in respect to tumorigenesis. The goal of this section is to identify if the 
planarian is a viable model to reveal new aspects to the OST-DDM in the context of cellular 
turnover.    

3.2 PI3K/PTEN/AKT pathway signal transduction 
 
3.2.1. PTEN negatively regulates PI3K-AKT signaling 
 
 Phosphoinositides have been found to coordinated may components of 
homeostasis such as cell migration, cell proliferation, membrane transport and cellular 
turnover [178], [179]. Receptor tyrosine kinases (RTK) are cell surface receptors with 
high-affinity for growth factors ligands, cytokines and hormones [180], [181]. Through 
their downstream signaling cascades (e.g. PI3K and Ras), they regulate normal cellular 
processes and are integral regulators of cancer development and progression [182]. 
Phosphatidylinositol-3 kinase (PI3K) is a heterodimer protein requiring phosphorylation at 
its regulatory subunit p85 and within its catalytic subunit p110 (i.e. PI3KR and PI3KCA, 
respectively) [183], [184]. PI3K is directly activated by p85 association with 
phosphorylated tyrosine kinase and/or insulin receptor substrate 1 (IRS-1). In addition, 
p110 catalytic subunit can indirectly be activated by Ras signaling. Thereby, allowing the 
transfer of a phosphate group to membrane phospholipids [183], [185]–[187]. Activated 
PI3K mediates the phosphorylation of PIP2 (phosphatidylinositol 4,5 bisphosphate) by 
transferring an ATP-derived phosphate to the D-3 position of the inositol ring therefore 
forming PIP3 (phosphatidylinositol 3,4,5 trisphosphate).  

PTEN (phosphatase and tensin homologue deleted on chromosome 10) a well 
characterized phosphatase and tumor suppressor counteracts PI3K/AKT/mTOR signaling 
cascade by dephosphorylating PIP3 into PIP2 (Fig. 1A) [188], [189]. Moreover, this event 
allows for the suppression of AKT signaling required for cell proliferation, differentiation, 
transcription and cell migration in both vertebrates and invertebrate [56], [174], [185], 
[190]. Since its identification in 1997 (Li & Sun 1997, Li et al. 1997, Steck et al. 1997)  
[191]–[193] PTEN has been of interest to the pharmaceutical realm as a new and 
promising approach for SC regulation during regeneration and wound healing [56], [172], 
[173], [190], [194]. Overall, the balanced activation of PI3K and PTEN act as compass 
molecules essential for systemic homeostasis and the prevention of cancer induction.  
 
3.2.2. AKT signaling 
 

Following PTEN loss, the accumulation of PIP3 at the plasma membrane recruits 
and activates proteins that contain pleckstrin homology (PH) domains (e.g. AKT and 
PDK1). Importantly, once bound to PIP3 at the plasma membrane, AKT serine/threonine 
kinase can undergo a stepwise and dual phosphorylation process. Primarily, the 
phosphorylation of Thr308 activates AKT by phosphatidylinositol 4,5 bisphosphate-
dependent protein kinase-1 (PDK1) within its kinase domain activation loop. Active AKT 
bound to the membrane is primed for its last phosphorylation event at Ser473 within the 
regulatory domain HM region by mammalian target of rapamycin complex 2 (mTORC2) 
[195]–[199]. Furthermore, AKT has been seen to be activated in a PI3K-independent 
manner through ACK1 or PKA which activate AKT in the presence of increased 
cAMP/insulin [200], [201]. Once activated at the plasma membrane, phosphorylated AKT 
can translocate to the cytosol or nucleus to phosphorylate its substrates that promote 
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Figure 1. PI3K/PTEN/AKT/TOR signal transduction cascade. (A) general transduction cascade 
with the downstream effectors. (B) PTEN-AKT negative feedback loop. (C) insulin sensitivity 
negative feedback loop which is mediated by mTORC1-S6K. Red depicts negative regulators 
of the pathway (e.g. PTEN) and positive regulators of the pathway in blue (e.g. Akt, TOR). 
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survival (e.g. NF-κB, BAD, BCL2, FoxO), migration, cell cycle progression (e.g. MDM2), 
protein synthesis (e.g. mTOR, REHB) and metabolism (e.g. mTOR, REHB, GSK3β, TSC 
complex, AMPK) [199], [202]–[206]. 

  
3.2.2.1. AKT signaling: Cell Cycle Regulation and Cell Survival  
 

AKT works upstream of key regulators required for the suppression of cell survival, 
proliferation and metabolism (e.g. forkhead box O family transcription factors (FoxO) and 
glycogen synthase kinase 3 (GSK3β)) [207]–[209]. AKT can altering cell cycle dynamics 
through FoxO suppression which regulates cell cycle arrest via p21 and p27 [210]–[213]. 
Furthermore, AKT-dependent phosphorylation of p21 prevents the formation of the p21-
PCNA complex and in turn inhibits DNA replication fidelity. Furthermore, allowing for an 
accelerated rate of cell cycle progression through CDK2 and CDK4 [212]. Interestingly, in 
the presence of mitogenic signals, AKT can inactivate FoxO3a thus, increasing ROS 
production, DNA damage and Rb-mediated senescence [214]. Cells harboring DNA 
damage continue to progress through the cell cycle as a result of AKT-mediated 
phosphorylation of MDM2 inhibits p53 tumor suppressive activity [215]–[218].  

AKT activity mediates cell survival by phosphorylating FoxO and mediates its 
binding to 14-3-3 [219]. Akt-dependent phosphorylation of FKHRL1, MAP kinase kinase 
kinase, apoptosis signal-regulating kinase 1 and mixed lineage kinase 3, suppress the 
transcription of death genes (e.g Fas ligand gene, etc.) and promots cell survival [219], 
[220]. AKT binds to the pro-apoptotic gene BAD, resulting in the activation of anti-apoptotic 
BCL2 through enhanced activity of cAMP-response element-binding protein (CREB) 
[221]. Phosphorylation of AKT is a negative modulator of pro-apoptotic BIM binding to 
BCL2 and inhibits the Caspase-9 protease activity [199], [222], [223]. Furthermore, AKT’s 
requirement for glucose metabolism has been seen to suppress p53-dependant 
transcription of PUMA, preventing apoptosis via glucose depravation [224]. Interestingly, 
PUMA can be activated in a p53-independnat fashion, via FoxO3a and NF-κβ when AKT 
or PI3K signaling is inhibited [225]–[227].  
 
3.2.2.2. AKT signaling: Cell Metabolism and Growth  

 
AKT kinase activity activates mammalian target of rapamycin (mTOR) to promote 

protein synthesis, cell growth, biogenesis and anti-autophagy [228]. PTEN loss is 
attributed to the overexpression of Ras homolog enriched in brain (RHEB) protein leading 
to mTOR activation [229], [230]. Mechanistically, in the presence of aberrant AKT activity, 
the mTORC1 inhibitor tuberous sclerosis complex (TSC1 and TSC2) can no longer 
function to suppress RHEB. In addition, AKT can suppress the GSK3β and the energy 
sensing liver kinase B1 (LKB1)-AMP-activated protein kinase (AMPK) pathway which also 
phosphorylates TSC complex. The suppression of TSC complex allows for REHB to 
convert GDP to GTP and its subsequent activation of mTOR and its complexes (e.g. 
mTORC1 and mTORC2). mTOR signaling pathway simultaneously couples energy, 
stress, growth factors and nutrient abundance to execute its functions in cell growth and 
division [197]. 

mTOR forms two complexes to execute its function by regulating important kinases 
(e.g. 70S6 kinase (S6K) and AKT) required for cell growth and cell proliferation/survival, 
respectively [197]. The mTORC1 complex is composed of mTOR, DEP domain-
containing mTOR-interacting protein (DEPTOR), mammalian lethal with SEC13 protein 
8 (mLST8), 40 kDa Pro-rich AKT1 substrate 1 (PRAS40) and regulatory associated 
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protein of mTOR (RAPTOR). Secondly, the mTORC2 complex is composed of: mTOR, 
DEPTOR, mLST8, stress-activated MAP kinase-interacting protein 1 (mSIN1), Pro-rich 
protein 5 (PROTOR) and rapamycin insensitive companion of mTOR (RICTOR). Raptor 
is specific to mTORC1 and facilitates substrate recruitment to mTOR. Furthermore, 
mTORC1 contains inhibitory subunits PRAS40 and DEPTOR which are inhibited by active 
AKT. Importantly, mTORC1 not mTORC2 is sensitive to rapamycin pharmacological 
treatment due to the rapamycin-FKBP12 complex that forms and binds to mTOR [231]. 
mTORC2 contains Rictor, insensitive to rapamycin, as well as mSin1 and Protor1/2 and 
together can further phosphorylate AKT. Moreover, both of these complexes contain 
mLST8 which is crucial for mTOR function and the stimulation of its catalytic activity [232].  

    
3.2.2.3. AKT signaling: Feedback Loops 
 

AKT activation is accompanied by both positive and negative feedback loops. 
PI3K-AKT signaling can negativity regulate PTEN by activating its downstream target 
transcription factor NF-κB, peroxisome proliferator-activated receptor delta (PPARβ/δ) 
and tumor necrosis factor (TNFα), in turn suppressing PTEN activity (Fig. 1B) [233]–[235]. 
Furthermore, PI3K-AKT signaling activity can upregulate NEDD4-1, which targets PTEN 
for degradation [236], [237]. Downstream negative regulator of AKT signaling are protein 
phosphatases PP2A and PHLLP that dephosphorylate AKT [238], [239]. The loss of 
PHLPP1 and PHLPP2 expression is reduced in many cancers, resulting in AKT 
hyperphosphorylation [240].  

The most prominent negative feedback loop regulating PI3K/AKT pathway is its 
downstream target mTORC1 complex (Fig. 1C). However, chronic insulin-mediated PI3K 
stimulation leads to phosphorylation and degradation of IRS-1 by mTORC1/p70S6K; 
decreasing inding of p85 subunit of PI3K to IRS-1 [241]–[243]. Furthermore, S6K1 and 
mTORC1 can phosphorylate IRS-1, preventing its recruitment and binding to RTKs [242], 
[242], [244]–[247]. Interestingly, PTEN loss can override the mTORC1-medaited negative 
feedback loop by overexpressing RHEB [229], [230]. Together, we see that the 
PI3K/AKT/mTOR pathway and its regulation by PTEN is crucial for the suppression of 
age-related disease such as diabetes and cancer. However, the field lacks on how these 
molecules interact together in vivo and systemically during tissue homeostasis.  
 
3.3 Conservation of PI3K/PTEN/AKT pathway signal transduction in planarian  
 

A multitude of updates and advances to the planarian genome and transcriptome 
have been made since 2013 [61], [106], [116], [117], [162], [248]–[253]. Over the years, 
genes in this dissertation have been identified and validated countless times. Thus, gene 
identification has been cross-referenced in SmedGD 2.0 [117], PlanMine1.0 [116], Toronto 
Transcriptome [106] and lastly in 2019, PlanMine3.0 [162]. Further details can be found in 
the methods and materials section. Gene identification of molecules found within the 
PI3K/PTEN/AKT/TOR signaling cascade were obtained by BLAST-ing the human 
sequence into PlanMine3.0 and cross-referenced using the Toronto Transcriptome. By 
doing so, many genes of this signaling pathway and downstream targets have been 
identified (Fig. 2A). For example, PI3K heterodimer protein complex PI3KR and PI3KCA 
are highly conserved in planarian (e.g. 30% and 38%, respectively). However, Smed-
PI3KR does not contain SH3 domain, a requirement for biding to PxxP motifs and Smed-
PI3KCA is missing the RAS biding domain (Fig. 2B,C). Next, we will concentrate on the 
conservation of PTEN, AKT and mTOR within planarian as these genes will be crucial for 
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RNA interference regimen created to test if the planarian is an exemplary model to test 
the OTS-DDM.     

 
3.3.1. Identification of Smed-PTEN  

 
Human PTEN consists of four main regions that allow for PTEN's phosphatase 

activity as it migrates from the cytosol to the plasma membrane of a cell. First, the N-
terminal of PTEN consists of a phosphoinositide-binding motif (PBM) required for its 
allosteric binding to PI(4,5)P2 on the plasma membrane [254]–[256]. Second, the 
phosphate domain of PTEN recognizes and hydrolyzes the substrate PI(3,4,5)P3 [255]. 
Third, a C2 domain electrostatically attracts and binds phosphatidylserine onto the plasma 
membrane independently of Ca2+ membrane voltage-gated channels [255], [257], [258]. 
The end of the PTEN protein contains a C-terminal tail which negativity regulates the 
phosphatase activity by binding to the C2 and phosphatase domains when phosphorylated 
[258]. Therefore, the selectivity of PTEN for the plasma membrane is mediated by 
interactions within the C- and N-terminal ends (Fig. 3A). 

The function of PTEN signaling has been identified and characterized in the 
planarian model over ten years ago [56]. Oviedo et al. 2009 identified two paralogues of 
human PTEN in the planarian known as Smed-PTEN-1 and Smed-PTEN-2. The 

 
Figure 2. Conservation of the planarian PI3K/PTEN/AKT/TOR signaling cascade. (A) BLAST 
outcomes of the human genes placed into the various planarian databases such as PlanMine3.0 
(left side) and Toronto genome transcripts placed into the PlanMine3.0 (right). Subject IDs, total 
score and E values were documented. (B, C) Conservation of planarian Smed-PI3K(R1) and 
Smed-PI3K(CG) protein structure relative to the human counterpart. 
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Figure 3. PTEN homologs identification through SmedGD2.0. (A) The three human isoforms of 
PTEN. (B) BLAST and sequence identification strategy. (C) SmedGD BLAST outputs for each 
of the three human isoforms. (D) Phylogenetic trees, neighbor-joining tree with real branch 
length of all SMU ID hits against the three-individual human PTEN isoforms. (E) Protein domain 
conservation of the eleven Smed-PTEN paralogues.   
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Figure 4. PTEN homologs identification through PlanMine. (A) The three human isoforms were 
BLAST-ed into PlanMine and V6 IDs were obtained. Green, orange and yellow represent like 
outputs. (B) BLAST and sequence identification strategy. Bottom: The outputs of SmedGD were 
placed into PlanMine and were BLAST-ed to obtain the V6 ID. Color represent the E. value of 
the sequence within PlanMine. (C) Phylogenetic trees, neighbor-joining tree with real branch 
length of all SMU ID hits, with PlanMine IDs and the three-individual human PTEN isoforms. (D) 
Identification of the Smed-TPTE2 transmembrane phosphatase protein conservation (E) 
Protein domain conservation of the two Smed-PTEN paralogues.   
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paralogues were identified in the SmedDb database published in 2002 [252]. However, 
recent updates to the planarian genome database (e.g. SmedDG 2.0) resulted in 
additional maker annotations for the three human PTEN (Hs_PTEN-1, -2 and -3). The 
initial BLAST of the three Hs_PTEN isoforms into SmedDG 2.0 resulted in 10 additional 
maker annotation without e-values of zero (Fig. 3B, C, D). Maker annotations 
SMU15033039 and SMU15015185 ranked the highest in terms of bit score and e-value. 
However, all maker IDs when placed into Clustal Omega V2.1 to identify percent identity 
and phylogeny, we found that SMU15016927 was relatively closer to Hs_PTEN1. 
Consistently, this maker ID was clustered around SMU15033039 and SMU15015185 in 
context to Hs_PTEN1/2/3 on the neighbor-joining trees. In addition, SMU15039358 and 
SMU15032984 clustered together in all cases. To resolve this issue, the structural 
conservation of all 10 BLAST hits were investigated (Fig. 3E). We found that the top 
ranked maker genes SMU15033039 and SMU15015185 both contained a phosphatase 
domain and a C2 domain with gap a region. The maker annotation with the highest percent 
identity to Hs_PTEN1, SMU15016927 did not contain any domains as well as 
SMU15002880. Interestingly, the clustering of SMU15039358 and SMU15032984 was 
correlated to their resemblance to PTEN transmembrane phosphatase (TPTE/TPIP) as 
they both contained an ion transmembrane phosphatase domain. Moreover, the rest of 
the maker IDs consisted of phosphatase domains with a variation of active sites and 
catalytic residues.  

Next, we BLAST-ed Hs_PTEN1/2/3 into PlanMine1.0 database. The results 
yielded dd_Smed_v6_8546_0_1, dd_Smed_v6_7478_0_1, and dd_Smed_v6_4925_0_1 
as top BLAST hits and highest percent identities (e.g. Hs_PTEN1/2: 45%, 39%, 46%, and 
Hs_PTEN3: 49%, 43% and 42%, respectively) (Fig. 4A). To identify what maker 
annotation from SmedGD correlated to PlanMine1.0 V6 IDs, we BLAST-ed the SMU 
sequences into PlanMine1.0. Direct targets for SMU and Smed_v6 were correlated with 
e-values of zero (Fig. 4B). Using neighbor-joining trees, we identified that 
dd_Smed_v6_4925_0_1 clustered with SMU15039358 and was identified with as Smed-
TPTE2 (Fig. 4C). Furthermore, dd_Smed_v6_8546_0_1 and dd_Smed_v6_7478_0_1 
clustered with SMU15015185 and SMU15033039, respectively. Interestingly, Smed-
PTEN1 (dd_Smed_v6_8546_0_1) contained a phosphatase domain with active sites and 
a partial C2 domain. On the other hand, Smed-PTEN2 (dd_Smed_v6_7478_0_1) 
contained a phosphatase domain lacking active sites and a full C2 domain with a gap 
region (Fig. 4D, E). Lastly, the remainder of the clustered together, resembling protein-
tyrosine phosphatase (COG453 or PTZ00393) 

In 2018 and 2019, the Toronto transcriptome and PlanMine3.0 were published. 
Here we identified bonafide Smed-PTEN1, Smed-PTEN2 and Smed-TPTE2. To validate 
the Toronto Transcriptome, we BLAST-ed their transcripts in preexisting databases, and 
the outcomes were consistent with V6 IDs (Fig. 5A). Smed-PTEN1 and Smed-PTEN2 are 
highly conserved across many species. Specifically, 37.7% and 35.6% to human 
counterpart, respectively (Fig. 5B). Interestingly, Smed-PTEN1 contains a phosphatase 
domain with 6/6 active sites and now, unlike PlanMine1.0, a full C2 domain with a gap 
region 296-351. Smed-PTEN2 was found to contain a phosphatase domain lacking active 
sites and a C2 domain with a gap region 302-347 (Fig. 5C).  
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Figure 5. Bonafide PTEN sequences derived from Toronto Genome. (A) The search outputs for 
PTEN homologs within the database. Transcript code and top UniPort or SwissProt BLAST hits. 
(B) Phylogenetic trees, neighbor-joining tree with real branch length of transcript codes aligned 
to other species and to the right the percent identity matrix. (C) Protein domain conservation of 
the two Smed-PTEN paralogues revealing gap regions. The bottom is an up-close view of the 
sequence alignments for the input species. Sequence regions were isolated to zoom into the 
phosphatase and C2 domain region of PTEN across species.      
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3.3.2. Conservation of AKT 
 

Human AKT also known as protein kinase B is an important serine/threonine 
kinase and consists of three isoforms AKT1, AKT2 and AKT3. These isoforms all contain 
highly homologous structures but their knockout in mice produce independent outcomes 
[259]–[262]. Each isoform contains four functional domains: (1) N-terminal pleckstrin 
homology domain, (2) central catalytic domain, (3) hinge region and (4) C-terminal 
regulatory domain [262], [263]. Importantly, the pleckstrin homology domain binds to 
phosphoinositides with high affinity (e.g. PIP3). Disruption of pleckstrin homology domain 
via somatic mutations results in constitutively activity and oncogenic activation of AKT in 
human cancers (Fig. 6A) [264]. 

 

 
Figure 6. Identification of Smed-AKT (A) The three human AKT isoforms protein sequences. (B) 
BLAST and sequence identification strategy. (C) PlanMine3.0 BLAST outputs. (D) Percent 
identity matrix against the three isoforms of many species. (E) Phylogenetic trees, neighbor-
joining tree with real branch length of Smed-V6 ID aligned to other species. (F) Smed-AKT2 
protein domain conservation.   
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To find the planarian AKT paralogues, we used the same regimen as previously 
discussed. BLAST-ing the three human AKT isoforms in SmedGD2.0 resulted in direct 
hits (e.g. e-values of zero) for all isoforms. However, each hit held the same ID number, 
SMU15006709 with their percent identify varying depend on isoform (e.g. 57%, 56% and 
57%) (Fig. 6B, C). This may indicate that planarian only contain one form of AKT. To 
validate these findings, all three human isoforms we placed into PlanMine3.0 and again 
direct hits were obtained for the three isoforms (dd_Smed_v6_4393_0_1). Further 
conformation was obtained by BLAST-ing both the SMU ID and Toronto transcript into 
PlanMine3.0. Furthermore, to discern which AKT isoform planarian contain, we placed an 
array of isoforms from different species into Clustal Omega (Fig. 6D). The percent identity 
of Smed-AKT ranged from 56-60% depending on what species and isoform it correlated 
to in the matrix. Observing phylogeny, Smed-AKT clustered closely with Hs_AKT2 (Fig. 
6E). Smed-AKT contains a highly conserved pleckstrin homology domain and central 
catalytic domain with an ATP region and a C-terminal AGC_Kinase region. However, it 
lacks conserved structures such as an activation loop, polypeptide substrate biding sites, 
hydrophobic motif and phosphorylation site (Fig. 6F).  

 
3.3.3. Conservation of TOR, RICTOR and RAPTOR  

 
Mechanistic target of rapamycin, Hs_mTOR contains a large FRB domain known 

as the FKBP12-rapamycin biding domain. This domain is where Rapamycin macrolide 
antibiotic and the cytosolic protein FKBP12 inhibit the formation of TORC1 complex. 
Within this domain, there are many HEAT (Huntington elongation factors) repeats, a FAT 
and a catalytic (PIKKc_TOR) domain, which have intrinsic serine/threonine kinase activity. 
After this catalytic domain, a small FATC (FRAP, ATM, TRRAP C-terminal) domain is 
present where redox-dependent structural stability and cellular stability occur. BLAST-ing 
Hs_TOR in various planarian databases resulting in a direct hit in all cases. Thus, Smed-
TOR is identified by dd_Smed_v6_3921_0_1 and is 35.70% identical to the human 
counterpart. Smed-TOR contains a conserved FRB domain, HEAT repeats and a FAT 
domain however, it lacks a PIKKc_TOR catalytic domain (Fig. 7A).   

TOR can form complexes mTORC1 and mTORC2 thus, key components of the 
complexes were identified in the planarian. The first complex is formed with Hs_RAPTOR 
that contains a Raptor N-terminal that is a CASPase-like domain. Further, it contains 
multiple HEAT repeats and WD40 repeats (e.g. 4 and 7, respectively). The WD40 repeats 
are found within RAPTOR’s C-terminal and may coordinate interaction with other 
proteins/ligands. Interestingly, there were a few maker annotations found that resemble 
Hs_RAPTOR. Through further analysis, we identified that majority of the hits had low or 
no similarity to the human counterpart. Therefore, Smed_RAPTOR 
(dd_Smed_v6_4759_0_1) was identified to be 55.80% homologous to Hs_RAPTOR and 
contained a highly conserved Raptor N-terminal domain that is CASPase-like (Fig. 7B). 
The second complex is formed with Hs_RICTOR which contains a Rictor N-terminal, a 
middle domain, a RasGEF domain, Rictor domain 5 and Rictor phosphorylation-site. 
Interestingly, BLAST results using Hs_RICTOR in SmedDG2.0 yielded four maker 
annotations. However, in PlanMine3.0, Hs_RICTOR resulted in a direct hit 
(dd_Smed_v6_9324_0_6). The other subject IDs clustered within themselves and did not 
contain conserved domains of RICTOR. Thus, the planarian Smed_RICTOR is 33.14% 
homologous to the human counterpart and contains a middle domain, a RasGEF domain, 
Rictor domain 5 (Fig. 7C).   
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Figure 7. Identification of Smed-TOR, Smed-RAPTOR and Smed-RICTOR. (A) Smed-TOR. (B) 
Smed-RAPTOR. (C) Smed-RICTOR. (A, B, C) The human protein domain is represented in the 
top left. The table represent the BLAST outputs for PlanMine3.0, SmedDG IDs and Toronto 
transcript code. Percent identity is noted in the phylogenetic trees, neighbor-joining tree with 
real branch length of Smed-V6 ID aligned to other species. Lastly, the smed homolog of the 
perspective gene. 
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3.4. Smed-PTEN function in planarian  
 
3.4.1. Smed-PTEN genes are expressed in neoblasts and differentiated cell 
populations 
 

Through FACS sorting, cells of the X1 and X2 (i.e. irradiation-sensitive 
populations) and the irradiation-insensitive Xins population were isolated [56]. Using 
qPCR, Oviedo et al. 2008 identified that Smed-PTEN-1 and Smed-PTEN-2 were found 
within all three cell populations with elevated expression in the Xins population. Recently, 
with advances in the planarian field (e.g. annotated genome and single cell sequencing) 
we are now able to further characterize the expression pattern of Smed-PTEN-1 and 
Smed-PTEN-2.  

Labbe et al. 2012 [250] found through FACS sorted cell populations that the 
expression index of Smed-PTEN1 and Smed-PTEN2 was highly expressed in the 
differentiated cell compartment with a slight expression in neoblast and their cell progeny 
compartments (e.g. Xins, X1 and X2, respectively) (Fig. 8A). These findings support 
Oviedo et al. 2008 findings with FACS sorted cells. In 2015 Wurtzel et al. conducted a 
single-cell RNAseq and identified many expression values within major cell type clusters 
(e.g. neoblast, early and late progeny and differentiated tissues) [53]. Examining the violin 
plots of expression values within different clusters, it is evident that Smed-PTEN1 and 
Smed-PTEN2 are expressed within the neoblast populations sigma, gamma and zeta 
however, their expression levels are minimal in the early epithelial tissue progeny (e.g. 
early epithelial) (Fig. 8B). Interestingly, their expression levels increase within the late 
epithelial and epithelial 1, gut and ciliated neurons with negligible expression in other 
differentiated tissue sections. The database published by Fincher et al. 2018, further 
confirm the spatial distribution of Smed-PTEN1 and Smed-PTEN2 expression levels (Fig. 
8C) [265]. Specifically, Smed-PTEN1 is identified to be highly expressed in the major 
cluster 40 of the protonephridia and sub-cluster group 11 of epidermal cells (Fig. 8D, E). 
Smed-PTEN2 yielded higher expression levels in main clusters: Cathepsin+ cells (e.g. 
groups 10, 15, 17, 28, 31, 39 and 41) and group 29 of the protonephridia, as well as minor 
subclusters: Cathepsin+ cells group 13 and brain group 14 (C2) (Fig. 8D, E).  

Single cell transcriptomics conducted by Plass et al, 2018 allowed for lineage tree 
tracking of cells and greater resolution in gene expression analysis [266]. Smed-PTEN1 
and Smed-PTEN2 were expressed at low levels in the center of the tree which cluster 
neoblasts (Fig. 9A). In addition, both genes were expressed in the parenchymal cells and 
highly enriched in the aqp+ cells. Smed-PTEN1 had higher coverage throughout many 
other differentiated tissue compartments (e.g. neural, muscle, secretory and epidermal) 
when compared to Smed-PTEN2, which was additionally expressed in the protonephridia 
compartment. Normalized gene expression levels allowed for a higher resolution of linage 
specificity against pseudotime (Fig. 9B). Smed-PTEN1 and Smed-PTEN2 were enriched 
in the epidermis cell population and the phagocytes of the gastrovascular lineage. There 
expression was found to be elevated in the muscle pharynx, muscle body and pharynx 
cell types. In terms of the parenchymal lineage both Smed-PTENs were expressed in the 
pgrn+, glia, pigment and aqp+ cell lineages. Interestingly, Smed-PTEN1 and Smed-
PTEN2 were expressed in the secretory 1 and 3 lineages which filtration is correlated with 
the protonephridia where their expression levels are elevated. Lastly, Smed-PTEN1 and 
Smed-PTEN2 were slightly expressed in the neural progenitor linage and highly 
expressed in the differentiated compartments (e.g. cav1+, GABA, ChAT1/2, appp11+ and 
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Figure 8. Smed-PTEN cluster enrichment. (A) FACS isolated cells published by Lebbe et al. 
2012 depicting Smed-PTEN-1, -2 expression within the various neoblast populations. (B) Violin 
plots showing expression of Smed-PTEN-1, -2 clustering within the neoblast and differentiae 
tissue compartments (e.g. epithelial, gut and neural). (C) Single cell transcriptomic cluster plots 
showing Smed-PTEN-1, -2 within protonephridia and cathepsine+ cells, respectively. (D) Contig 
cluster enrichment summary. (E) Single cell transcriptomic cluster plots showing Smed-PTEN-
1, -2 within sub-clusters such as epidermal 11 and brain 14(C2), respectively.   
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npp18+ cells). Together, both paralogues of PTEN are highly expressed within the 
differentiated tissue lineages and slightly expressed in the neoblast and early neoblast 
progenitors. Noteworthy, Smed-PTEN1 and Smed-PTEN2 expression levels were seen 
to be highly elevated in the neural progenitor linage relative to the other tissue progenitors. 

 

 
Figure 9. Smed-PTEN neoblast lineage enrichment. (A) Single cell transcriptomic in linage tree-
formatting by Plass et al. 2018 depicting Smed-PTEN-1, -2 expression within the various 
lineages within the planarian. (B) Increased resolution of linage trees shows precise location of 
Smed-PTEN-1, -2 expression within various tissue linages.  
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3.4.2. Silencing of Smed-PTEN results in abnormal tissue growth, lethality and 
cellular transformation   
 

Oviedo et al. 2008 identified that single RNAi of the Smed-PTEN paralogues did 
not result in a phenotype. However, double RNAi of Smed-PTEN-1 and Smed-PTEN-2 
(Smed-PTEN, henceforth) resulted in animals that slowed in movement, lack normal 
photophobic response and head regression that is attributed to impaired neoblast function. 
Accompanied to these characteristics, abnormal tissue outgrowth formed and increased 
in size 12 days post first injection, concluding with full animal lysis and death by day 15. 
Interestingly, abnormal outgrowths and their severity were correlated to anterior-specific 
tissues within the head region of the animals. These results suggest that the anterior 
region of the animals play an important part in the Smed-PTEN(RNAi) phenotype.  

Smed-PTEN(RNAi) animals displayed evidence of hyperplasia, in which the 
normal monolayered epidermis and pharynx tissues became multilayered. The basement 
membrane of the epithelium and pharynx tissues revealed an increase of cell number and 
was attributed to a significant increase in mitotic cells. Furthermore, differentiated tissues 
were compromised by RNAi treatment. Specifically, photoreceptors were found to be in 
disarray above the eyes, musculature displayed areas devoid of myosin positive cells and 
cilia that covers the dorsal surface area was reduced. Obtaining dissociated cells from the 
experimental group, Oviedo et al. 2008 found a substantial increase in expression of 
neoblast markers and a marked reduction in the expression of differentiated cell marker 
expression (e.g. neuronal, excretory and digestive). These results suggest that defects 
within neoblast differentiation and their progeny are compromised after silencing of Smed-
PTEN.  

 
3.4.3. Rapamycin prevents abnormalities produced by Smed-PTEN(RNAi) 
 

Smed-PTEN(RNAi) is associated with activated PI3K/AKT/mTOR signaling 
activity. They found that inhibition of mTOR activity though rapamycin treatment 
recapitulated the Smed-PTEN(RNAi) phenotype. Molecular analysis identified that 
rapamycin treatment resulted in decreased mitotic activity and gene expression for 
proliferative neoblast markers. Interestingly, treatment was incapable of restoring gene 
expression levels of differentiated tissue markers (e.g. neuronal and digestive) and 
exacerbated their expression levels when compared to Smed-PTEN(RNAi).  

The oncoprotein AKT was elevated in the Smed-PTEN(RNAi) phenotype showing 
a striking increase in FACS sorted cells. Specifically, Smed-AKT expression was 
increased 1.3-fold change in X1, 4.2-fold in the X2 compartment and in the Xins, 1.6-fold. 
Moreover, rapamycin treatment was able to downregulate Smed-AKT expression to basial 
levels. Performing double RNAi with Smed-AKT and Smed-PTEN resulted in no reduction 
of mitotic events and animals still formed abnormal outgrowth. Interestingly, the head 
regression phenotype and outgrowths were no longer seen in the anterior region of the 
animals. Moreover, exposing double RNAi of Smed-AKT+PTEN to rapamycin treatment 
yielded a marked reduction in mitotic activity. Strikingly, abnormal tissue outgrowths still 
formed within these animals. Together, this data suggests that rapamycin requires 
functional Smed-AKT to prevent the Smed-PTEN(RNAi) phenotype.  
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3.5. Smed-TOR function in planarian  
 
The function of TOR signaling has been recently characterized in the planarian 

model however, its function remains debatable. In 2012, three labs (Oviedo, Sanchez-
Alvarado, and Aboobaker) simultaneously characterized and published on Smed-TOR 
and the conservation of all its components (e.g. TOR, Raptor, Rictor, LST8 and SIN1) [57], 
[109], [267]. Currently, the gaps are as follows: (1) the cell type(s) Smed-TOR is found 
within and functions and (2) its role during tissue homeostasis. Here, we will aim to resolve 
the current debate on the role of Smed-TOR.  

 
3.5.1. Smed-TOR, Smed-Raptor and Smed-Rictor genes are expressed in 
neoblasts and differentiated cell populations 

 
All three papers identified that Smed-TOR, Smed-Raptor and Smed-Rictor 

expression levels are diffused throughout the planarian body except within the pharyngeal 
areas. Tu et al. 2012 identified that Smed-TOR and Smed-Raptor positive cells are 
associated with the brain and gastrovascular system [267]. However, Smed-Rictor 
expression patter is nonspecific and further diffused throughout the mesenchymal tissues. 
To identify what cell types these genes are expressed in, irradiation techniques and FACS-
cell isolation were used. Through irradiation, Tu et al. 2012 identified that Smed-TOR and 
Smed-Raptor were not affected by lethal doses of gamma irradiation (>60 Gy) suggesting 
their expression to be within the post-mitotic tissues. However, Smed-Rictor was 
diminished by this insult, implying its role in the neoblast compartment. Contradictory, 
Smed-TOR expression through FACS-isolated cells were identified to be highly expressed 
within the neoblast population, followed by their post-mitotic and differentiated cells (e.g. 
X1: ~82%, X2: ~69% and Xins: ~76%, respectively) [57], [109]. However, Smed-Raptor 
expression increased stepwise into the differentiated cell population (e.g. X1: ~85%, X2: 
~87% and Xins: ~89).  

To pinpoint the expression and location patterns of Smed-TOR, Smed-Raptor and 
Smed-Rictor, we look within recently published databases. Labbe et al. 2012 [250] found 
through FACS sorted cell populations that the expression index of Smed-TOR was highly 
expressed in the neoblast compartment and slightly expressed within the neoblast 
progeny and differentiated cell compartments (e.g. X1, X2 and Xins, respectively) (Fig. 
10A). Further, Smed-Rictor was expressed at extremely low levels with majority of 
expression in the cell population. Lastly, Smed-Raptor expression was highly expressed 
throughout all the cell populations. This supports Tu et al. 2012 finding that Smed-Rictor 
expression reduced upon lethal irradiation. Next, we looked at violin plots derived from 
single-cell RNAseq results (Fig. 10B, C) [53]. We observed Smed-TOR and Smed-Raptor 
to be highly expressed in the neoblast populations, progeny (e.g. early epithelial) and 
differentiated tissues (e.g. epithelial1/2, gut, protonephridia and parapharyngeal). On the 
other hand, Smed-Rictor’s expression was found within the sigma and zeta neoblast 
population and mostly in the differentiated tissues (e.g. parapharyngeal, muscle, neural, 
ciliated neuron). Lastly, two independent labs in 2018 conducted single-cell RNAseq to 
determine the transcriptome for essentially every cell type of the complete animal [265], 
[266]. Fincher et al. 2018 database provided further resolution for Smed-Rictor and Smed-
Raptor expression pattern but not for Smed-TOR (Fig. 10D). Based off contig enrichment 
in major and minor clusters revealed that Smed-Raptor is expressed in the subcluster 
parenchymal group 11. Surprisingly, Smed-Rictor was highly expressed in major clusters: 
muscle (13 and 14), neural (8,9,20,21,23 and 33) pharynx (27 and 37) as well as minor 
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Figure 10. Smed-TOR, Smed-RICTOR and Smed-RAPTOR cluster enrichment. (A) FACS 
isolated cells published by Lebbe et al. 2012 depicting expression levels within the various 
neoblast populations. (B) Violin plots showing expression of Smed-TOR, Smed-RICTOR and 
Smed-RAPTOR clustering within the neoblast and differentiae tissue compartments. (C) Single 
cell transcriptomic cluster plots showing expression levels Wurtzel et al. 2015. (D) Single cell 
transcriptomic main and sub-cluster plots Fincher et al. 2018. (E) Single cell transcriptomic in 
linage tree-formatting by Plass et al. 2018 depicting Smed-TOR, Smed-RICTOR and Smed-
RAPTOR expression within the various lineages within the planarian. (F) Increased resolution 
of linage trees shows precise location of gene expression within parenchymal, neural and 
gastrovascular linage compartments.  
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subclusters: intestine group 7, muscle (2,7 and 12) neural (3,5,8 and 18) pharynx group 4 
and importantly in the stem cell enriched Smedwi+1 cell group 15.  

Single cell transcriptomics conducted by Plass et al, 2018 allowed for lineage tree 
tracking of gene expression (Fig. 10E). Smed-TOR is expressed within the central 
neoblasts and in the parenchymal, secretory, pharynx, epidermal and gut progenitors. 
Smed-Rictor is slightly expressed in the neoblast populations but enrichment was found 
in the neural, gut and parenchymal tissues. As for Smed-Raptor, its expression mimicked 
that of Smed-TOR’s expression within the differentiated cell types. Normalized gene 
expression levels allowed for a higher resolution of linage specificity against pseudo time 
(Fig. 10F). Together, these results identify that Smed-TOR and Smed-Raptor are highly 
expressed within the neoblast populations and differentiated tissues. This may explain the 
unapparent reduction in gene expression upon exposure to lethal irradiation. Smed-Rictor 
diffused expression can be attributed to its vast expression pattern within the planarian. 
Together, advances in single cell transcriptomics have allowed to identify the neoblast 
population and/or lineage of cells that are enriched with Smed-TOR, Smed-Raptor and 
Smed-Rictor. 

             
3.5.2. Smed-TOR and Smed-Raptor are required for tissue homeostasis in 
planarian  
 

Smed-TOR(RNAi) alters tissue homeostasis dependent on the knockdown method 
(e.g. feeding vs injections with dsRNA) which places the animals in states of nutrient rich 
or starvation periods. Tu et al. 2012 identified that RNAi of both Smed-TOR and Smed-
Raptor resulted in animals developing pharynx-specific lesions 27 days post first feeding 
of dsRNA, leading to lethality 30 days RNAi. Despite confirmed gene knockdown, no 
microscopic lesions were identified for Smed-TOR and Smed-Raptor animals by Peiris et 
al. 2012 and Estevez et al. 2012 who used dsRNA microinjections 30-40 starvation period. 
Moreover, all three reports, despite RNAi method, indicate that planarian maintain tissue 
homeostasis through the TORC1 complex and not TORC2 (e.g. Smed-Raptor and Smed-
Rictor, respectively). This is consistent with the literate as TORC1 is required for cell 
growth and TORC2 is required for cytoskeletal organization.    

Smed-TOR knockdown by feeding did not alter neoblast division rates or reduce 
gene expression levels for markers of neoblast and postmitotic-progeny. Moreover, animal 
lethality was attributed to increased amount of cell death within Smed-TOR(RNAi) animals 
relative to feed controls. However, by injection, Peiris et al. 2012 identified that Smed-
TOR(RNAi) reduced mitotic division by 50% during a 40-day starvation period. In addition, 
gene expression for neoblast and progeny markers was reduced and resulted in mild 
differentiated tissue defects (e.g. head regression and reduced gene expression). The 
reminder of mitotic cells, void of Smed-TOR, were still capable of dividing and contributed 
to cellular turnover for more than 50 days post first injection. Peiris et al. 2012 did confirm 
Tu et al. 2012’s findings that loss of Smed-TOR results in increased amounts of cell death. 
Overall, suggesting that there is an imbalance between cell death and cellular proliferation 
in the absence of Smed-TOR.  

To identify Smed-TOR’s role of cellular turnover during growth and de-growth 
periods (e.g. nutrients-rich and starvation, respectively), animal size was documented. In 
a nutrient poor environment, both control and Smed-TOR(RNAi) animals reduced in size 
equally. However, in a nutrient rich environment, control animals grew and Smed-
TOR(RNAi) maintained their size over the 40-day period. Interestingly, Smed-TOR(RNAi) 
were able of electing distinguished peaks of proliferation post feeding similar to the control 
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(e.g. 6hr, 12hr, 24hr post feeding) [268]. These results suggest that the remainder of cells 
in Smed-TOR(RNAi) animals are capable of sensing nutrients, maintain organism size 
and facilitating some type of cellular turnover to maintain animals for greater than 50 days. 
Together, these results indicate that Smed-TOR is a key regulator in planarian growth and 
de-growth as it balances cell death and cellular proliferation. Overall, it can be postulated 
that increases in cell death may attribute to the decrease in animal size during starvation 
periods. Further, nutrient rich environments may allow for an increase in proliferation that 
balances the increased amount of cell death.  

 
3.6. Discussion  
 

This section provided context in regards the highly conserved PI3K/PTEN/AKT 
signal transduction cascade, identified which cellular compartment these genes reside and 
how these genes function within the adult body of the planarian. To do so, bioinformatics 
(e.g. BLAST, phylogenetics and protein domain modeling), single-cell RNA sequencing 
databases (e.g. identification of expression and cell lineage) and RNA interference (e.g. 
PTEN, AKT and TOR) approaches were used to discern the conservation of the pathway. 
The planarian contains highly conserved paralogues of the human PTEN. Smed-PTEN1 
and Smed-PTEN2 both contain a phosphatase and C2 domain. However, their C2 domain 
contain gap regions with slight overlap. Oviedo et al., 2009 identified that knockdown of 
both paralogues are required for the formation of the cancer-like phenotype [56]. We can 
postulate that these two paralogues compensate for each other during single RNAi. In 
human cancers, truncated forms of PTEN are commonly formed by alterations to the C2 
domain[269], [270]. The C2 domain contains many phosphorylation sites needed for 
PTEN stability, activity and recruitment [271]–[273]. Truncated forms of PTEN re-
expressed in cells, fail to suppress the PI3K pathway and are incapable of performing their 
nuclear function in maintaining genomic stability [274]. Additional studies in the planarian 
discerning if nuclear PTEN localization is mediated by its C2 domain. Furthermore, it is 
possible that the individual loss of planarian PTEN paralogues may result in subcellular 
accumulation of DNA damage and not necessarily hyperproliferation; discussed in the 
chapter five.   

The disruption of Smed-PTEN results in a cancer-like phenotype. Specifically, 
animals exhibit metastasis-like characteristics such as sustained proliferation, invasion by 
abnormal cells of organs and tissues, abnormal tissue outgrowths and lethality. These 
phenotypes were credited to over active PI3K/AKT/TOR signaling in the Smed-
PTEN(RNAi) planarian model. Interestingly, the suppression of TOR signaling through 
rapamycin treatment resulted in the reduction of hyperproliferation and reduced AKT 
expression to basal levels. However, rapamycin treatment was incapable of restoring 
differentiated tissue gene expression correlated to the brain and digestive tissues. 
Furthermore, the suppression of Smed-AKT within the Smed-PTEN animals did not 
reduce cellular division but eliminated head regression and anterior specific abnormal 
outgrowths. Together, these results imply that Smed-TOR and Smed-AKT function in 
different compartments within the phenotype.  

Expression levels of Smed-PTEN were found to be in the neoblast compartment 
and highly expressed in the differentiated tissues (e.g. epithelial, protonephridia, gut and 
nervous system). Smed-TOR is highly expressed within the X1 mitotic cells and X2 post 
mitotic cell populations with expression levels found within differentiated tissues (e.g. 
epithelial, gut, protonephridia and parenchyma). Smed-AKT expression resided 
somewhat within the neoblast compartment but was highly expressed within the progenitor 
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Figure 11. Summary of findings. (A) Cartoons images of planarian within the Smed-PTEN-1,-
2(RNAi) phenotype. Rates of cell division and physical anomalies are documented under 
various drug and RNAi regimens. (B) Summary of the role of Smed-TOR in planarian. (C) The 
unknown role of Smed-AKT within the planarian. 
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and differentiated tissues (e.g. epithelial progeny, epidermis, gut and parenchyma) (data 
shown in chapter 4). Noteworthy, Smed-AKT expression levels were found within the 
neuron and ciliated neuron compartments. These results suggest that rapamycin 
treatment targets abnormal neoblst division in Smed-PTEN(RNAi) as Smed-TOR resides 
highly within the neoblast populations. The phenotype produced by Smed-TOR(RNAi) 
identified that the remaineder of neoblsts within the animal can divide with a restricted 
capacity to maintain tissue integrity. Noteworthy, haulting rapamycin treatment in Smed-
PTEN(RNAi) animals resulted in a delayed reestablishment of anterior-specific abnormal 
outgrowths in a third for the population. Perhaps rapamycin treatment dose not 
homogenously suppress all abnormal neoblasts and only restricts their capacity to 
hyperproliferate. The Smed-TOR(RNAi) phenotype is attributed to increased amounts of 
cell death without showing signs of tissue degradation, a common feature of increased 
cell death. Therefore, we can postulate that the cell death in these animals may be 
neoblast-type specific. Moreover, the remainder of mitotic cells dividing without functional 
Smed-TOR may be mediated by alternative pathways either upstream or downstream 
(e.g. AKT and S6K1, respectively) of Smed-TOR and needs further elucidation (Fig. 11A, 
B) 

Dual RNAi of Smed-PTEN+AKT results in sustained hyperproliferation but 
eliminates anterior specific abnormalities and tumor outgrowths. These results may be 
attributed to Smed-AKT expression within the nervous system and ciliated neurons found 
within the anterior region of the planarian. Smed-TOR expression is not found within these 
compartments thus, the ability for Smed-PTEN(RNAi) phenotype to persist post rapamycin 
treatment may be correlated to a small neural population that is incapable of being 
eliminated. This is a plausible as majority of tissues (e.g. muscle and epithelial tissues) 
within Smed-PTEN(RNAi) animals degraded despite the nervous tissues that were 
disordered and enlarged. It is tantalizing to attribute the Smed-PTEN(RNAi) phenotype to 
abnormal neural neoblasts that harbor increases susceptibility to Smed-PTEN loss and 
proto-oncogene activity of aberrant Smed-AKT expression. However, further analysis of 
role of Smed-AKT during cellular turnover and tissue homeostasis are required to support 
these theories (Fig. 11C). Moreover, the ability for animals to form abnormal outgrowths 
with rapamycin treatment and double RNAi of Smed-AKT+PTEN may be explained by 
alternative signal transduction caused by PI3K (e.g. SGK, CDC42 and PKC) or PDK1 (e.g. 
PKA, PKC and p70SK6) overactivation which can activate other downstream targets 
without the aid of AKT or TOR resulting in cell survival, proliferation, cellular reorganization 
and transformation [275], [276].  

Overall, it is evident that the planarian contains highly conserved PI3K/PTEN/AKT 
signal transduction cascade, which is frequently unbalanced in many human cancer types. 
Therefore, the planarian may be a novel model to study the OTS-DDM in respect to tissue 
renewal. However, prior to this, the overexpression Smed-AKT within the Smed-
PTEN(RNAi) phenotype must be deciphered (Fig. 11C).  
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CHAPTER FOUR  
 
 

FINDINGS  
 
The Akt signaling pathway is required for tissue maintenance and 
regeneration in planarians  
 
4.1. Introduction  

 
The protein kinase Akt also known as PKB, regulates multiple cellular functions 

including proliferation, survival, and growth during embryonic development and adult 
tissue homeostasis [203], [277]–[280]. In mammals, Akt expression is widely distributed 
across the body and includes three isoforms, Akt-1-3 (PKBα, ß, and δ, respectively) [277]–
[279]. Akt is evolutionary conserved in both its molecular structure and function among 
vertebrate and invertebrate organisms [203], [280]–[282]. Across metazoans, Akt 
signaling integrates local and systemic information central to cellular and organismal 
physiology. 

Akt regulates adult stem cell proliferation, migration and apoptosis and its 
deregulation has been implicated in the progression of cancer, diabetes, and aging [277]–
[280], [283]–[285]. Conditional deletions and transgenic approaches have revealed key 
aspects of Akt signaling in hematopoietic, epithelial, neural and other tissues [278], [279], 
[286]–[289]. Nonetheless, there is limited understanding of how Akt signaling controls the 
response of stem cells during cellular turnover and tissue injury in the complexity of the 
whole organism. This paucity is likely due to the ubiquitous nature of this signaling pathway 
and the difficulty of analyzing stem cells in their natural environment during physiological 
cell turnover and regeneration in conventional animal models [48], [290], [291]. 

Thus, we sought to investigate Akt function during cellular turnover and injury using 
the planarian flatworm Schmidtea mediterranea. This organism is well known for its stem 
cell-based regenerative capability. Planarians contain an abundant and accessible 
population of somatic adult stem cells called neoblasts[47], [51], [52], [292].  The neoblasts 
are the only dividing cells in planarians and constantly proliferate to repair tissues and 
support systemic cellular turnover [47]. Recently, we described that the genome of S. 
mediterranea contains a single Akt ortholog termed Smed-Akt, which affects cell division 
and impairs planarian locomotion [56]. This study defined the role of Smed-Akt in 
abnormal cell proliferation triggered by the abrogation of the phosphatase PTEN, an 
upstream component of the Akt signaling pathway, which is highly mutated in human 
cancers. 

Here, we report on an extended RNA-interference (RNAi) strategy that 
disrupts Smed-Akt in the whole organism, to analyze its function on the response of 
neoblasts during systemic cell turnover and tissue repair. Our results show, Smed-
Akt abrogation leads to a gradual decline in the number of neoblasts, accompanied by 
massive cell death that affects cellular turnover and maintenance of adult tissues. We also 
found that impaired locomotion in the Smed-Akt phenotype is due to the disruption of cilia 
maintenance in the ventral epithelium. Intriguingly, large-scale tissue injury is capable of 
reducing the high levels of Smed-Akt(RNAi)-induced levels of cell death, while increasing 
neoblast proliferation near the wound site however, animals failed to complete the 
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formation of the regenerative blastema. Thus, our results reveal novel roles for Akt 
signaling during systemic cell turnover and large-scale regeneration of adult tissues. 

 
4.2. Smed-Akt is required for proper neoblast function   

 
Our previous studies identified in the planarian Schmidtea mediterranea genome 

a single Akt ortholog (Smed-Akt) to the mammalian Akt2/PKB-ß, precisely 56.67% identity 
[56]. Smed-Akt contains a highly conserved pleckstrin homology domain and central 
catalytic domain containing an ATP region and a C-terminal AGC_Kinase region but lack 
conserved structures such as activation loop, polypeptide substrate biding sites, 
hydrophobic motif and phosphorylation site when compared to the human counterpart 
(Fig. 1A). Smed-Akt is widely expressed in neoblasts, post-mitotic and differentiated cells 
(e.g. X1, X2 and Xins) (Fig. 1B). Furthermore, single-cell analysis reveals that Smed-Akt 
expression is present across all neoblast subclasses (e.g. sigma, gamma and zeta) as 
well as in a subset of differentiated cells compartments (e.g. epithelial, gut, 
parapharyngeal, neural and ciliated neurons) (Fig. 1C). Previously, its functional 
downregulation with RNA-interference (Smed-Akt(RNAi)) has been identified to reduce of 

neoblast numbers and result in loss of planarian locomotion [56]. To test whether Akt 
signaling plays additional roles in the regulation of cellular turnover and tissue 
regeneration in the adult body, we designed an RNAi protocol consisting of six dsRNA 
microinjections that effectively downregulated (8.4 folds) Smed-Akt expression over the 
span of 30 days (Fig. 2A). 

Neoblast division was visualized through whole-mount immunostaining against the 
α–phosphorylated histone-3 (H3P) antibody, which labels cells in G2/M phase of the cell 
cycle (observed as yellow dots in (Fig. 2B). Animals subjected to Smed-Akt(RNAi) initially 
displayed an important increase in neoblast division (~0.75 fold) 10 days post RNAi 

 
Figure 1. Smed-Akt expression cluster enrichment. (A) Conservation of Smed-Akt protein 
domains relative to human counterpart. (B) FACS isolated cells published by Lebbe et al. 2012 
depicting expression levels within the various neoblast populations. (C) Single cell seurat and 
violin plots showing expression of Smed-Akt clustering within the neoblast and differentiae 
tissue compartments.  
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Figure 2. Downregulation of Smed-AKT(RNAi) reduces neoblast proliferation. (A) dsRNA 
microinjection schedule is depicted on top. The RNAi efficiency of the dsRNA microinjections 
was tested with quantitative PCR (qPCR) on days 10, 20 and 30 after the first dsRNA injection, 
showing significant down-regulation (B) Whole-mount immunostaining of control and Smed-
AKT(RNAi) worms, using anti-H3P antibody. Yellow dots represent mitotic cells. Scale bar 
200μm. (C) H3P-signal quantification, represents fold change of cell division (mitoses per mm2) 
relative to the control. (D) Quantification of fold change in BrdU positive cells relative to the 
control. (E) Relative levels of gene expression, fold change, of cell cycle markers 10, 20 and 30 
days after first Smed-AKT(RNAi) injection. P values *** < 0.005 and **** < 0.0001, were 
calculated by two-way ANOVA. 
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initiation, which was followed by a gradual decline in mitoses, reaching ~ five-fold 
decrease by day 30, when compared to control (Fig. 2B, C). Importantly, all samples were 
processed either before or a few days after injection to avoid the possibility of injury-
induced increase in mitotic activity. To further characterize the effects of Akt 
downregulation on the cell cycle dynamics, we evaluated the incorporation of the 
bromodeoxyuridine analog (BrdU) every ten days for one month (Fig. 2D). BrdU is 
incorporated during the S phase of the cell cycle and remains in the cell through multiple 
rounds of cell division, albeit at lower concentrations in each successive cell generation. 
Control and Smed-Akt(RNAi) animals were exposed to a single BrdU pulse at different 
time points after the first dsRNA injection (i.e. 10, 20, and 30 days) and after 12 h samples 
were processed as previously described [293]. Consistent with the mitotic counts, BrdU 
positive cells increased in the first 10 days after Smed-Akt(RNAi) and gradually decrease 
to almost undetectable levels after one month of RNAi treatment (Fig. 2D). We also found 
a consistent trend in the expression of genes associated with cell cycle regulation 
(i.e. cyclin A, cyclin B, CDK1, CDK2, and CDK4), which showed general increase during 
the first 10 days and dramatically decreases in the successive days, further confirming our 
observations in mitotic activity and BrdU labeling upon Smed-Akt(RNAi) (Fig. 2E). The 
early increase in gene expression and proliferative cells upon Smed-Akt downregulation 
implies that the phenotype most likely starts before day 10. Our results suggest that Smed-
Akt is essential to maintain the appropriate number of proliferating neoblast during tissue 
renewal in adult planarians. 

To assess whether the effects of Smed-Akt(RNAi) are restricted to cell cycle 
events, we analyzed the expression of markers associated with neoblasts and the early 
and late division progeny (e.g. smedwi-1, Prog-1, and Agat-1, respectively). This analysis 
revealed a dramatic decrease in the expression of markers associated with neoblasts and 
their progeny (Fig. 3A). Interestingly, the pattern of expression for smedwi-1 and Agat-1 
were similar to that previous observed in cell cycle genes, while the marker for the early 
neoblast progeny (prog-1) followed a somewhat different pattern, characterized by a 
strong downregulation from the beginning of Smed-Akt(RNAi) time course. Whole mount 
fluorescent in situ hybridization (FISH) with markers of neoblasts and the post-mitotic 
progeny one month after Smed-Akt(RNAi) further confirmed the quantitative PCR (qPCR) 
results and showed a generalized reduction in gene expression throughout the body, 
after Smed-Akt(RNAi) (Fig. 3B). 

Proliferative neoblasts are contained within the irradiation sensitive X1 population 
and can be isolated via flow cytometry cell sorting (FACS) [125]. Recently, cells within the 
X1 population were classified into two functionally distinct subclasses, the sigma- and 
zeta-neoblasts [104]. Sigma-neoblasts are sought to be clonogenic neoblasts that give 
rise to progenitor cells of the nephridia, muscle, CNS, eyes and intestine and the sigma 
class produces the zeta-neoblasts and early/late progenitors (e.g. Smed-Prog-1 and 
Smed-AGAT1) of the epidermis (Fig. 3C) [104]. FACS was used to isolate equal number 
of X1 cells from both control and Smed-Akt(RNAi) animals after one month of RNAi. We 
used a larger number of experimental animals to obtain comparable number of FACS-
isolated cells between both groups. The total RNA extracted was processed to evaluate 
levels of expression of markers of the sigma and zeta populations (Fig. 3D). Markers of 
the sigma neoblast subpopulations tend to increase upon Smed-Akt(RNAi), while there 
little to no change in the zeta subclass, suggesting the effect of Smed-Akt(RNAi) is not 
homogeneously distributed among the neoblasts. Further evidence produced by FACS 
sorted single-cell RNAseq revealed that Smed-Akt expression is found within the neoblast 
specific Smedwi-1+ cell sub-clusters [265]. Noteworthy, Smed-Akt resided highly within 
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Figure 3. Akt regulates expression of neoblast and progeny markers. (A) Gene expression 
levels for markers of neoblasts (smedwi-1) and neoblast early (Prog-1) and late (AGAT-1) 
progeny were evaluated with qPCR. (B) Representative images of fluorescent in situ 
hybridization of smedwi-1, Smed-Prog-1 and Smed-AGAT-1 reveals an important reduction 
upon Smed-Akt(RNAi). (C) Neoblast heterogeneity and the types of progenitors they use to 
support tissue renewal. (D) Fold change in gene expression levels involving markers of neoblast 
subpopulations sigma (blue) and zeta (red). The mRNA levels were measured in X1 sorted cells 
at day 30 after first injection was used to determine gene expression of Smed-
AKT(RNAi) animals. All values are relative to equal number (~20,000) of X1 cells sorted from 
control-water injected animals at 30 days. (E) Single cell transcriptomic analysis looking at 
Smed-Akt expression within smedwi-1+ cell subcluster. P values ** < 0.001, *** < 0.0005 and 
**** < 0.0001, were calculated by two-way ANOVA. Scale bar 200μm. 
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the sigma-neoblasts within neoblast populations that give rise to cathepsin-1/2/3+cells, 
muscle, epidermal, parapharyngeal, protonephridia and neural1/2 sub-clusters. However, 
Smed-Akt expression was minimal within zeta, gamma and other neoblast populations 
(Fig. 3E). Thus, additional experiments are required to further define the differences 
between gene expression in the neoblast subclasses and to understand these 
implications. Altogether, our results indicate that Smed-Akt is essential for the appropriate 
expression of neoblast and progeny markers and suggests that a gradual depletion in the 
number of neoblasts takes place after Smed-Akt(RNAi).  

 
4.3. Smed-Akt is a critical regulator of cell death in planarians 

 
A fine balance between stem cell proliferation and programmed cell death enables 

physiological cellular turnover that supports maintenance and growth of adult tissues [42]. 
Over a 40 days starvation period, animals subjected to Smed-Akt(RNAi) exhibited a ~3 
fold reduction in surface area compared to the control group (0.23 ± 0.08 vs 
0.72 ± 0.07 mm2, respectively) (Fig. 4A). These results together with the reduction in 
neoblast proliferation suggests that the Smed-Akt(RNAi)phenotype may be accompanied 
by increased levels of cell death, contributing to an accelerated reduction in animal size 
over time, and death by ~45 days after the first injection. 

Akt function has been implicated in cellular pro-survival mechanisms [289], [294]–
[296]. Thus, we examined possible roles of Smed-Akt as regulator of cell death in 
planarians by analyzing levels of cell death after RNAi treatment. First, spatial distribution 
of cell death in the whole body was evaluated using the terminal deoxynucleotidyl 
transferase dUTP nick end-labeling (TUNEL) assay [101]. These experiments revealed 
that Smed-Akt(RNAi) double the number of TUNEL positive cells, 15 days after the first 
dsRNA injection and it gradually increase to about threefold by day 30 of the RNAi 
treatment (Fig. 4B). Despite a slight increase in TUNEL+ cells by day 10 of Smed-
Akt(RNAi) (data not shown), the predominant increase in cell death was observed around 
day 15 after the first dsRNA injection. TUNEL+ cells appeared indistinctively scattered 
along the planarian body at all times, suggesting this is a generalized event, most likely 
involving both neoblasts and differentiated cells (Fig. 4C). Next, we performed flow 
cytometry analysis using Annexin V and 7AAD staining [46], [122]. This experiment 
confirmed the high levels of cell death induced by Smed-Akt(RNAi)may involve apoptosis 
and necrosis (Fig. 4D). The increased levels of cell death in Smed-Akt(RNAi) together with 
the overall animal size reduction indicates that Akt is an important regulator of cellular 
turnover. The mechanisms are not entirely clear however, it is possible that the impairment 
in tissue renewal may result from either (1) an initial reduction in neoblast numbers that 
fail to support homeostasis or (2) generalized cell death events that impact both neoblasts 
and differentiated cells alike. 

 
4.4. Smed-Akt regulates the maintenance of differentiated tissues  

 
A distinctive macroscopic feature of the Smed-Akt(RNAi) phenotype is the 

impairment of locomotion accompanied by the elongation of the whole body, which are 
initiated as early as day 15 and progress for over 35 days after the first dsRNA injection. 
Planarian gliding is mediated by synchronized cilia movement on the ventral epithelial 
surface of the animal [297]. Since locomotion is impaired in Smed-Akt(RNAi) animals, we 
therefore evaluated the status of cilia through the expression levels of genes specifically 
corresponding to intraflagellar transport machinery and flagellar beating (IFT88, IC2, LC1, 



 

56 
 

 
Figure 4. Impairment of Akt leads to increased cell death. (A) Reduction in animal size over time 
was recorded as the difference in surface area expressed in percentage. (B) Quantification of 
TUNEL+ nuclei reveal a gradual increase in cell death. P-value * <0.05 and **** <0.0001, by 
one way-ANOVA. (C) Whole-mount immunostaining labeling TUNEL+ nuclei (cell death) with 
control on the left and Smed-AKT(RNAi) on the right. Scale bar 200μm. (D) Flow cytometry 
analysis of AnnexinV and 7AAD expression, reveals the frequency distribution between living 
and dead cells. AnnexinV-7AAD quadrant indicates live cells (green circle). AnnexinV + 7AAD 
and AnnexinV+ 7AAD+ indicates cells that are in early and late stages of cell death, respectively 
(red circle). The numbers per quadrant indicate the percentage of cells with that staining profile. 
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Figure 5. Akt is required for the maintenance of cilia in the ventral epithelia. (A) Gene expression 
levels of cilia specific markers after Smed-AKT(RNAi) relative to the control. Gene expressions 
are all relative to the internal control, the ubiquitously expressed clone H.55.12e. Significance 
**** <0.0001 is determined through two way-ANOVA. (B) Images show control (top) and Smed-
Akt (RNAi) (bottom) at day 30. Images represent depth-coded maximum projections of confocal 
z-sections in the posterior specific ventral cilia and proximal structures stained with Ac-Tubulin 
antibody. Superficial structures were labeled in magenta and structures near the dorsal 
epithelial layer appear in orange (color code scale on the left). Scale bar 100μm. 
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LRRC50and DNAHβ-1) [297], [298]. First, we observed through qPCR, a dramatic 
reduction in the expression of cilia markers required for the structural and mechanical 
integrity of cilia [297], [299] (Fig. 5A). The reduction in gene expression of cilia markers is 
detected as early as 10 days after Smed-Akt(RNAi) and their expression continues to 
reduce over time. Second, whole-mount staining with anti-α-Ac-tubulin antibody allowed 
us to visualize the integrity of ciliated structures in the ventral epithelia, including parts of 
the excretory system (e.g. proximal tubules and flame cells in protonephridia) [56], [297]–
[301]. We noted that one month after Smed-Akt(RNAi), the anti-α-Ac-tubulin antibody 
signal is nearly absent in the areas corresponding to ventral cilia, while control animals 
showed dense coverage by cilia (magenta signal in Fig. 5B). The confocal stacks, 30 days 
after Smed-Akt(RNAi), showed a marked reduction of ventral cilia, making the proximal 
tubules and flame cells of the excretory system readily evident (Fig. 5B). Together, the 
results obtained through gene and protein expression demonstrates that Smed-Akt is 
required for the structural integrity of cilia and its maintenance. Additionally, our findings 
suggest that the impaired locomotion in the Akt phenotype is most likely a consequence 
of inadequate cilia density in the ventral epithelia. 

We next sought to evaluate whether the Smed-Akt(RNAi) effects are specific to 
the ventral epithelia or if they extend to other tissues. The excretory system in planarians 
consists of protonephridial tubules including both ciliated and non-ciliated structures that 
could be labeled with anti-α-Ac-tubulin antibody and the Smed-CAVII-1 gene, respectively 
[299], [301], [302]. Additional markers to each portion of the protonephridial tubules were 
recently mapped [299], thus providing better opportunities to analyze effects on the 
excretory system. Specifically, we evaluated the expression of solute carrier transporters 
(slc) family of genes expressed along the proximal and distal tubules, and the collecting 
ducts of the protonephridia and identified a significant reduction throughout all 
compartments (Fig. 6A) [299]. Interestingly, Smed-CAVII-1 gene expression as it resides 
within the distal tubule was significantly reduced compared to the control but remained 
elevated when compared to the solute carrier transporters within this section of the 
protonephridia (e.g slc4A-6, slc6A-12 and slc13A-7). FISH experiments confirmed the 
reduction of excretory marker Smed-CAVII-1 gene expression, exposing disfigures and 
diffused distal tubule structures relative to the control (Fig. 6B). Further evidence produced 
by single-cell RNAseq revealed that Smed-Akt expression is found within the 
protonephridia sub-clusters, specifically within the flame cells, transition state 1/2 and 
collecting duct (Fig. 6C) [265]. Proximal and distal tubule sub-clusters were nearly void of 
Smed-Akt expression. Thus, the reduction in gene expression of slc may be a cause or 
an effect of Smed-Akt(RNAi) manifesting prior to day 10 and requires further analysis. 

Structural disruption of cilia and protonephridia has been documented to result in 
excretory filtration issues within planarians [299], [301], [302]. Additional single-cell 
RNAseq allowed for lineage tracking of neoblasts and their progenitors in the complexity 
of the adult animal [266]. Lineage tracking of Smed-Akt expression provided further 
resolution of its expression within the protonephridia and within the secretory lineage and 
was expressed within the secretory1/2/3 compartments (Fig. 6D). With this information, 
we further extended the analysis to include planarian homologs of nephrocystins known 
to regulate excretory functions and upon their downregulation, lead to cyst-like disease 
in S. mediterranea [299]. The results provided evidence of a generalized reduction in gene 
expression of nephrocystin markers (e.g. NPHP5, 6 and 8) within Smed-Akt(RNAi) 
animals (Fig. 6E). The striking reduction in gene expression in the protonephridia 
structures is evident as early as 10 days after Akt disruption. However, macroscopic signs 
of excretory system defects such as edema and clearing of body pigmentation are evident 
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Figure 6. RNAi of Akt leads to a delayed onset of a cystic phenotype. (A) Levels of expression 
of solute carrier (slc) genes expressed along the planarian protonephridia tubules (proximal and 
distal) and collecting ducts. (B) Fluorescent in situ hybridization of Smed-CAVII-1 (excretory 
system) shows a reduction of signal in the posterior part of the animal. (C) Single-cell RNAseq 
revealing that Smed-Akt is expressed in the flame cells and collecting duct cell clusters. (D) 
Single-cell linage tracking determines Smed-Akt expression is in the secretory lineages-1, -2 
and -3. (E) Expression levels of nephrocystin markers (NPHP5, 6 and 8) at different time points 
after RNAi. (F) Cystic phenotype is seen in Smed-AKT(RNAi) animals by day ≥30 (N = 30/30). 
In the live image, seen on the left, show elongation of the head and bloating of the tail. Confocal 
z-stack images on the right, control (top) and RNAi (bottom), highlight protonephridial clusters 
(dotted lines) using Ac-Tubulin staining at day 30. Protonephridial clusters contain tubules 
(yellow arrows) and flame cells (green arrows). The number of flame cells per proximal unit are 
strongly reduced in Smed-AKT(RNAi) animals 4.77 ± 0.72 vs 13.63 ± 0.55 in control.  
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in Smed-Akt(RNAi) animals (30/30) during advanced stages of the phenotype, i.e. ≥ 
30 days after the first dsRNA injection. Formation of the edema phenotype is consistent 
with the markedly downregulation of nephrocystin genes, and structural alterations in the 
proximal structures of the protonephridia (i.e. flame cells) (Fig. 6F). Particularly, Smed-
Akt(RNAi) lead to a generalized decrease in proximal tubules per protonephridial unit 
(13.63 ± 0.55 vs 4.77 ± 0.37) (protonephridial unit is outlined in Fig. 6F), when compared 
to control. This structural disruption is consistent with the manifestation of edema in 
planarians [299], [301], [302], further validating the reduced integrity of the excretory 
system during the advanced stages of the Smed-Akt(RNAi) phenotype. 

To determine whether Smed-Akt(RNAi) also affects other organs within 
planarians, we set out to explore gene and protein expression of markers in terminally 
differentiated tissues [47], [111], [293], [303]–[306]. Specifically, mRNA levels of genes 
associated with the nervous and digestive system, connective and muscle tissues. The 
results from these experiments demonstrated that most of the genes screened (i.e. 8/10) 
tend to gradually deplete after Smed-Akt(RNAi), but at least two of the markers including 
the choline acetyltransferase ChAT (neurons) and tropomyosin (muscle) followed a 
different pattern characterized by an increase in expression one month after Smed-Akt 
downregulation (Fig. 7A). FISH experiments also confirmed the reduction of the nervous 
system marked by Smed-PC2, resulting in decayed expression throughout the animal 
(bottom, Fig. 7A). However, the increase in Smed-ChAT, another neural marker and 
Smed-tropomyosin remain uncertain. Thus, we looked into the single-cell RNAseq lineage 
published by Plass and colleagues to track Smed-AKT expression within the neurons and 
muscle branches [266]. The published database uncovered the expression of Smed-AKT 
within cav-1+, GABA, ChAT-1/-2, spp-11+ and npp-18+ cells of the neural compartment 
and its expression within the muscle pharynx and muscle body cell populations (Fig. 7B). 
Staining with the monoclonal antibody Smed-6G10 (6G10) that labels different muscle 
fibers in the planarian body [307], revealed the disruption of the Smed-Akt signaling affects 
planarian musculature. Specifically, we observed the disorganization of circular and 
diagonal muscle fibers and the absence of signal in some areas, suggesting alterations in 
the normal tissue architecture (arrows in head and pharynx, Fig. 7C). The structural 
changes in musculature may also explain the incapability to ingest food after 20 days of 
Smed-Akt(RNAi) (data not shown) but also the animal’s ability to slightly maneuver 
through peristaltic muscle contractions [300]. Together, these data support the notion that 
disruption of tissue integrity is not restricted to one tissue in particular but rather a more 
generalized event after downregulation of Smed-Akt function. Further, within the same 
tissue compartment (i.e. neural), loss if Smed-Akt activity may result in mixed outcomes 
such as overexpression or suppression. Lineage tracing of single-cells adds to the 
complexity and deepens our understanding of the cell-types within the planarian that are 
dependent on Smed-Akt activity (Fig. 7D). Future experiments are needed to determine 
whether particular cell types are more susceptible to structural alterations after Smed-Akt 
systemic inhibition. Nonetheless, these results together demonstrate Smed-Akt is 
essential for the maintenance of tissues in planarians. 
 
4.5. Smed-Akt(RNAi) leads to regeneration defects 

 
Tissue amputation triggers well-coordinated waves of apoptosis and cellular 

proliferation aimed at recreating missing tissues and organs within the regenerative 
blastema. The Smed-Akt phenotype is characterized by a reduction in neoblast numbers 
and increased cell death, affecting the maintenance of differentiated tissues. Thus, we 
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Figure 7. Smed-AKT(RNAi) leads to a generalized reduction in the expression of genes in 
differentiated tissues and alterations in muscle fibers. (A) Gene expression analysis of 
differentiated tissue markers: intestinal (porcn-1 & MAT), photoreceptors (ovo & tyrosinase), 
central nervous system (ChAT & pc2), and connective and muscle tissues (collagen & 
tropomyosin, respectively). Bottom, fluorescent in situ hybridization of Smed-PC2 (central 
nervous system) expression depicts a reduction (yellow arrows) upon RNAi. (B) Single-cell 
RNAseq identify Smed-Akt expression in nervous and muscular linages. (C) Whole-mount 
immunostaining of intact control and Smed-AKT(RNAi) planarians at >day 25 post RNAi 
initiation with SMED-6G10 (muscle tissue) antibody. SMED-6G10 antibody specifically labels 
the circular and diagonal muscle fibers throughout the animal. Images show disarray in muscle 
fibers in the head (top images) and pharyngeal (bottom images) (arrowheads). (D) Lineage tree 
single-cell RNAseq tracking of Smed-Akt expression. Scale bar 200 μm. 
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assessed how an unbalance in cell death and proliferation affects large-scale injury-
induced regeneration in S. mediterranea. We performed planarian head decapitations 
after 30 days post-RNAi initiation and followed macroscopic and microscopic responses 
in regenerative body trunks (Fig. 8). One week after amputation control animals formed 
head blastemas with photoreceptor pigmentation, whereas Smed-Akt(RNAi) animals only 
formed a marginal blastema with limited eye pigmentation (Fig. 8A). Further experiments 
with antibodies that recognize brain structures and visual neurons (i.e. anti-SYNORF1, 
anti-VC1), revealed Smed-Akt(RNAi) animals failed to regenerate brain and visual 
neuronal connections (Fig. 8B, C). Likewise, animals with tail amputation also fail to 
regenerate during the advanced phenotype, suggesting that the reduced number of 
neoblasts may affect both anterior and posterior regeneration in Smed-Akt(RNAi) animals 
(data not shown). These results also imply that injury-mediated cell differentiation is active 
despite the initial high levels of cell death and low levels of cellular proliferation. 

Previous studies in S. mediterranea have shown that localized waves of cell death 
concentrate to the injury site and a systemic spike of neoblast division take place within 
the first six hours post-amputation [101], [111]. We followed both cell death and the mitotic 
response post amputation for seven days and observed cell death is suppressed over 
time, whereas cell division is increased in Smed-Akt(RNAi)animals when compared to the 
initial time point (Fig. 8D-G). Moreover, cell death not only reduced in Smed-
Akt(RNAi) animals but it also failed to localize to the injury site as is expected in the first 
six hours post-amputation (Fig. 8D, E). The system wide cell death expected was also 
absent even after more than 2 days of amputation. Instead, TUNEL positive cells were 
slightly accumulated to the uninjured, opposite end of the regenerating trunk (n = 10/10). 
Intriguingly, amputation in the Smed-Akt(RNAi)group elicited a system-wide increase in 
cell division that peaked at six hours post-amputation and was sustained during the first 
week post-amputation (Fig. 8F, G). Additionally, the experimental group was incapable of 
producing a timely and localized mitotic response at the injury site, as seen in the control 
animals 2 days post amputation. However, Smed-Akt(RNAi) animals exhibited a delayed 
localization of cell division (i.e. 4 days post amputation), which persisted through 7 days 
post amputation. We propose Smed-Akt functions as regulator of cell death and 
proliferation, during large-scale tissue regeneration in planarians. 
 
4.6. Discussion 

 
Maintenance of adult tissues proceeds through a fine balance between cell death 

and cell division. Our results implicate Smed-Akt as a critical regulator of cellular turnover, 
adult tissue maintenance, and regeneration. Disrupting Smed-Akt signaling affects the 
number of proliferative neoblasts during cellular turnover and alters integrity and function 
of differentiated tissues. Strikingly, tissue injury is capable of altering patterns of cell death 
and cell proliferation after Akt downregulation. 

The Smed-Akt phenotype is characterized by an initial increase in cell division that 
is followed by a gradual depletion in the number of proliferative neoblasts. The nature of 
the signals triggering cell proliferation in the first 10 days of the phenotype are not clear, 
but it might involve a compensatory response to overcome deficiencies in cellular turnover 
due to abnormalities in ciliogenesis [308]–[311]. Interestingly, even at late stages of the 
Akt phenotype some neoblasts continue dividing probably to self-renew and/or to continue 
supporting tissue turnover to some extent as animals subjected to Smed-
Akt(RNAi) survive for over one month. Two non-exclusive scenarios may explain the 
presence of dividing neoblasts after Smed-Akt(RNAi): (1) residual Akt expression after 
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Figure 8. Akt is required for tissue regeneration. (A) Live images of control and Smed-Akt 
(RNAi) head blastema formation seven days post amputation. Dashed red line represents the 
amputation plane. (B) Immunostaining labeling the visual neurons (anti-VC-1 antibody) and (C) 
central nervous system (anti-SYNORF1 antibody) seven days post amputation. (D) TUNEL+ 
nuclei post amputation, represented in fold change compared to the control. (E) Immunostaining 
of TUNEL+ nuclei of trunk fragments 0 and 6h post amputation. Scale bar 200μm. (F) Levels of 
H3P+ cells over time post amputation in control and Smed-Akt (RNAi). (G) Representative 
images showing mitotic activity (red dots) after head amputation at 0 and 6h in trunk fragments. 
Scale bar 200 μm. Graphs represent mean ± s.e.m. of two or more biological replicates 
and P values *<0.01, **<0.001, ***<0.0005 and ****<0.0001 were obtained with Wilcoxon test 
or two-way ANOVA. 
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RNAi, due to incomplete abrogation. Our qPCR analyses demonstrated that Smed-Akt 
expression is strongly downregulated after RNAi, however, additional experiments 
involving specific antibody against SMED-AKT protein may be needed to rule out whether 
AKT protein is still present and active, and (2) intrinsic differences among neoblast 
populations may confer survival properties to a select group of stem cells when Akt is 
downregulated. This possibility is supported by the differential expression displayed by 
neoblast subclasses after Smed-Akt(RNAi) (Fig. 3B). Recent progress to unravel the 
diversity of neoblast sub-populations suggest planarian stem cells are more complex than 
previously anticipated [104], [302]. Therefore, we envision future experiments would 
evaluate individual neoblast subpopulations to identify whether some neoblast subtypes 
are more susceptible to Akt downregulation [279], [284], [285], [312], [313]. 

The increased amount of cell death in Smed-Akt(RNAi) suggests this is a rather 
generalized event involving both neoblasts and differentiated cells. Our findings implicate 
decisions of cellular survival greatly depend on Akt signaling, but future experiments are 
required to discern whether apoptosis and/or necrosis initially target neoblasts. This 
possibility may, in fact, reduce the number of neoblasts making them unable to efficiently 
support demands of cellular turnover, leading to generic tissue defects. We did not 
address the mechanism of cell death in the Smed-Akt phenotype but since the 
mitochondrial pathway of apoptosis is remarkably conserved in planarians; it may serve, 
as in vertebrates, as the favored mechanism for Akt-mediated cell death [101], [122], 
[221], [278], [288], [314]. 

Studies in mammals show that not all tissues respond homogeneously in response 
to Akt deficiency, while some do not show measurable changes (e.g. bone marrow and 
pancreas), others undergo apoptosis (e.g. testes and thymus) [314]. A fine balance 
between stem cell proliferation and programmed cell death enables physiological cellular 
turnover to support adult tissue maintenance. Tissue renewal is seen to be altered 
in Smed-Akt(RNAi) animals, most likely due to the increased levels of cell death, which 
reduce the number of proliferating neoblasts. Our findings indicate that Smed-
Akt(RNAi) lead to a heterogeneous gene expression response and mixed effects on the 
architecture of differentiated tissues. This differential sensitivity to Smed-Akt deficiency is 
observed early with alteration of cilia-mediated locomotion and the late onset of a cystic 
phenotype defined by a malfunctioning excretory system. The effects of abrogated Smed-
Akt in differentiated tissues may depend on tissue-specific turnover rates but more 
experiments are needed to better understand the phenotype at systemic level. 

The mechanisms by which cilia is strongly reduced after Smed-Akt(RNAi) is 
unclear but our findings indicating severe downregulation in IFT88 may suggest, as in 
other systems [308]–[310], [315], [316], that phosphorylated Akt fail to localize to the cilium 
at the cilliary base leading to disruption of the apical cellular projections. An intriguing 
finding of the Smed-Akt(RNAi) phenotype is the disruption of ciliated structures within the 
epithelium and excretory system (e.g. flame cells and proximal tubules), which is being 
recently introduced as an alternative model for cystic kidney disease [299]. Our results 
showed a significant reduction in gene expression correlating to ciliated structures, 
protonephridia and nephrocystins within the first 10 days of RNAi initiation that persisted 
to decrease by day 30. Interestingly, impaired locomotion in Smed-Akt(RNAi) animals 
became slightly evident by day 15 after RNAi treatment, which was exacerbated over time, 
and the delayed onset of the edema phenotype that correlated with a dysfunctional 
excretory system. Planarian studies have shown functional downregulation of genes 
correlating to ciliated structures and nephrocystins led to a rapid edema phenotype by 9–
15 days post RNAi treatment [299], [301], [302]. These results imply that Akt activity may 
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facilitate the assembly of ciliated structures by regulating gene and protein expression 
required for maintenance of these structures (e.g. IFT88, NPHPs and SCL family of 
genes). It is also possible that during the initial part of the Akt phenotype, functional 
protonephridial units balance electrolyte and carry on waste excretion to compensate the 
reduction in the number of flame cells and proximal tubules. However, as the phenotype 
progresses it become unsustainable deriving in extensive damage, leading to the collapse 
of the excretory system. Further experiments will be required to discriminate how Akt 
signaling regulates the delayed onset of cyst-like formations. Nonetheless, these results 
are also significant because Akt signaling and cilia are emerging as possible therapeutic 
target in leukemia and polycystic disease [317]–[320]. Altogether, these findings highlight 
the convenience of the planarian model for analyzing Akt signaling dysfunction in the 
whole adult organism. 

Akt has been studied extensively in the context of cancer and as a regulator of 
cellular functions, but its participation in large-scale regeneration remains poorly 
understood. Our findings reveal that Akt plays critical roles during planarian regeneration. 
Specifically, disruption of Akt impairs the process of blastema formation but does not 
prevent the initial peaks of cell proliferation upon amputation. In response to amputation, 
some cells migrate and differentiate to form an incipient blastema, which is discontinued 
probably due to the lack of timely localization of cell death near the wounded area. The 
mechanisms by which cell death regulates the process of regeneration still remains poorly 
understood [321]. Nonetheless, the Akt phenotype presents unique opportunities to 
address whether a particular signaling pathway and/or cell type that plays major role in 
guiding injury-induced apoptosis. We propose that Akt signaling serves as mediator of 
localized cell death events during planarian regeneration. 

The intriguing finding that injury-induced repair signals in Smed-Akt(RNAi) is 
capable of reducing cell death is exciting and it reveals a novel role for Akt in large-scale 
tissue regeneration. Uninjured animals subjected to Smed-Akt(RNAi) show high levels of 
cell death and restricted neoblast division, but within a few hours after amputation, levels 
of apoptosis dramatically reduce while cellular proliferation increase in the absence of 
functional Akt. While future experiments will be required to investigate the mechanisms 
contributing to injury-mediated cellular death, these results imply tissue damage and repair 
may alter cellular decisions imposed by a dysfunctional Akt pathway. 

 
4.7. Discussion: Overexpressed Smed-Akt hypothetical role in Smed-PTEN(RNAi) 
phenotype 

 
The PI3K/Akt/TOR signaling pathway has been identified to be upregulated in the 

planarian cancer model produced by the knockdown of Smed-PTEN [56]. Oviedo et al., 
2008 identified that knockdown of Smed-Akt within the cancer-like model rescued physical 
phenotypes such as anterior specific tumors and head regression. As a consequence of 
Smed-Akt(RNAi), the Smed-PTEN(RNAi) animals gained further phenotypes such as 
elongation, posterior bloating and accelerated locomotion issues (Fig. 9A). Moreover, the 
double RNAi animals were incapable of reducing cellular hyperproliferation and posterior-
specific tissue outgrowths. This study also identified that treatment of Smed-PTEN(RNAi) 
animals with rapamycin (i.e. inhibitor of TOR signaling) restored cellular proliferation to 
basial levels despite the functionality of Smed-Akt (e.g. overexpressed or knockdown). 
Noteworthy, a small population of Smed-PTEN(RNAi) animals undergoing rapamycin 
treatment were able to recapitulate the cancer-like phenotype and lethality a few weeks 
after treatment termination. Lastly, Smed-PTEN(RNAi) animals with the addition of Smed-
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Akt(RNAi) and rapamycin treatment were able to reduce cellular proliferation to basial 
levels. However, abnormal outgrowths within the animals persevered and resulted in 
lethality. Together, these results support the notion that Smed-TOR is a key mediator of 
cellular hyperproliferation within the cancer-like phenotype. However, the role of Smed-
Akt in the phenotype may be correlated with its ability to drive a subset of neoblasts and/or 
progenitors within the animal to progress or restore the phenotype (e.g. anterior 
outgrowths or post rapamycin treatment, respectively).  

Treatment of planarian with Smed-Akt(RNAi) resulted in the deterioration of 
structural tissues (e.g. nervous and muscular) unlike the Smed-TOR(RNAi) phenotype 
which restricted the capacity for neoblasts to divide. Through single-cell RNAseq, Smed-
Akt expressed was determined to be within the neoblast sub-clusters (e.g. sigma 
population, epidermal, muscle, protonephridia and neural-1 and -2). As previously 
described, Smed-TOR expression was found to be highly expressed throughout the 
majority of neoblast sub-clusters with exception to neural-2 and epidermal neoblasts. With 
the treatment of rapamycin, Smed-PTEN(RNAi) animals reduce cellular division and 
subsequently exacerbated the expression of differentiated markers (e.g. nervous, 
excretory and digestive). We postulate that the reoccurrence of the cancer-like phenotype 
may be attributed to the inability for rapamycin to fully suppress aberrant Smed-Akt 
expression. Specifically, Smed-Akt expression within certain neoblast population (e.g. 
neural-2 and epidermal) that can provide the means for these cells to gradually expanded 
post treatment.  

Analysis of single-cell RNAseq support to the notion that Smed-Akt may regulate 
subsets of neoblast and their progenitors independently of Smed-TOR. Results showed 
Smed-Akt(RNAi) reduced expression of the nervous system marker Smed-PC2. 
Moreover, simultaneous RNAi of Smed-Akt+PTEN inhibited the formation of abnormal 
tissue outgrowths in the anterior of the animals. These results suggest that neoblasts or 
progenitors within the nervous system, mediated by Smed-Akt, may play an essential role 
in the cancer model. Analyzing single-cell sequencing data published by Plass and 
colleagues in 2018 [266], it is evident the normalized expression of Smed-Akt increases 
in conjunction with both homologs of Smed-PTEN in the neural and epidermal linages. 
However, Smed-TOR expression levels did not change within these linages (Fig. 9B). The 
comparable expression levels of the genes could be attributed to PTEN’s conserved 
function in counteracting Akt activity. Therefore, the loss of Smed-PTEN could allow the 
neural compartment to expand in a Smed-Akt-dependent fashion. It is enticing to suggest 
that neural progenitors may have an increased susceptibility to loss of Smed-PTEN and 
drive the phenotype, but further experiments are required. 

Not all tissues respond homogeneously to Smed-Akt deficiency. Oviedo and 
colleagues identified that Smed-Akt+PTEN(RNAi) animals treated with rapamycin 
eliminated cellular hyperproliferation but abnormal tissue outgrowth still formed and may 
be attributed to Smed-Akt(RNAi). In this chapter, we identified that Smed-Akt is highly 
expressed within the epidermis. However, despite extremely high levels of cell death 
within the animal, epithelial tissues do not produce apoptosis-mediated tissue lesions. The 
only physical abnormalities observed were elongation and bloating of animals because of 
a defective secretory system. Thus, we can postulate that in Smed-PTEN(RNAi) animals 
epidermal cell populations my expand with loss of Smed-Akt and result in the abnormal 
outgrowths despite rapamycin treatment. An alternative theory can be because of 
compensatory activity of PI3KR1, PI3KCG and/or PDPK1 which can activate downstream 
targets independent of Akt activity. Interestingly, PI3KCG and PDPK1 are expressed in 
the protonephridia, neural and ciliated neuron cell types and can drive the phenotype (Fig. 
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9D). Further experiments will be required to elucidate the role of aberrant neoblast 
progenitors and Smed-Akt within the Smed-PTEN(RNAi) phenotype.  

 

 

 

 

 

 

 

 

 
Figure 9. Theoretical role of Smed-Akt in the Smed-PTEN(RNAi) phenotype. (A) Concluding 
remarks on the Smed-Akt(RNAi) phenotype 30 days RNAi. (B) Summary of results obtained 
with double knockdown of Smed-PTEN and Smed-Akt RNAi. (C)Expression patterns of Smed-
PTEN-1, -2, Smed-Akt and Smed-TOR within the neural and epidermal lineage tree 
compartments.  (D) Expression patterns of genes per neoblast sub-cluster involved in the 
PI3K/PTEN/AKT/TOR signaling pathway.  
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CHAPTER FIVE  
 
 

BACKGROUND 
 
Functional role of nuclear PTEN during cellular transformation  
 
5.1. Introduction 
 

Despite decades of research the mechanism of adult tissue transformation into 
malignancies remain poorly understood. Intriguingly, early detection of malignant 
transformation in epithelial tissues attribute to a 90% patient survival rate versus 10% in 
late stage detection [322]–[330]. Early diagnosis of malignant cells/tissues are made by 
morphological identification and often results in a high false-negative detection rate [331]. 
Clinicians must be able to distinguish precancerous and early malignant lesions from more 
common benign inflammatory conditions. Therefore, creating methods allowing accurate 
diagnosis of precancerous events in real-time would increase the efficiency of early patient 
intervention. However, we have yet to identify common and ubiquitous features within all 
precancerous cells/tissues due to the complex heterogeneity found within all cancer types. 
The analysis of cancer cells in tissue culture is highly informative however it may not 
accurately represent stages of cellular transformation within the complexity of an adult 
organism.  

PTEN’s dual functionality within the cytoplasm and nucleus provides a unique 
opportunity to understand the onset and progression of cancer. Interestingly, histological 
analysis of early and advances stage cancer tissue samples has identified inappropriate 
subcellular compartmentalization of PTEN (e.g. nuclear and cytoplasmic) dictates cancer 
progression. PTEN mutations have been identified in 80% of Cowden and 60% of 
Bannayan-Riley-Ruvalaba Syndrome patients and is attributed to aberrant nuclear 
exclusion of PTEN resulting in noncancerous hamartomas tumors and increased risk of 
developing cancer [269], [271], [332]. It is established that PTEN’s N-terminal containing 
its phosphatase domain is responsible for antagonizing the PI3K/AKT pathways and 
therefore inhibiting cell survival and proliferation [188], [191]–[193]. However, a large 
number of PTEN mutations occur in the C-terminus of its catalytic domain. The C-terminal 
of PTEN has a less defined mechanism but studies have shown it is important in PTEN 
nuclear localization and in preserving chromosomal integrity [271], [333], [334]. Thus, the 
C-terminal PTEN plays a significant role in suppressing neoplasm and requires further 
elucidation. 

In the previous sections, we have discussed the conservation of DNA damage 
response and repair proteins in the planarian and its requirement for tissue homeostasis 
and regeneration. In addition, we have already discussed the planarian cancer model 
created by Smed-PTEN(RNAi) results in hallmarks of cancer and is driven by the 
upregulation of oncogenic signaling cascades such as the PI3K/AKT/TOR pathway. 
However, we have yet to test the hypothesis that with the loss of tumor suppressors, in an 
oncogenic environment, DNA damage or replication stress is a pervasive feature of cancer 
initiation. In this section we capitalize on the less understood function of the PTEN tumor 
suppressor within the nucleus which, is active in a phosphatase-independent fashion. To 
further learn about the nuclear role of PTEN, we will address its potential function in 
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preserving genomic stability, DNA replication and cell cycle checkpoint stability. This 
literature review will provide the background of the field so that we can aim to address the 
OTS-DDM using the planarian model organism to understand cancer and its initiation.  
 
5.2. Genetic alterations of PTEN tumor suppressor gene 
 

There are many mechanisms were tumor suppressor genes can be inactivated. 
For example, PTEN function can be compromised by alterations to its promoter region 
(e.g. epigenetic silencing, transcriptional repression/activation), microRNA regulation, 
post-translational modifications and protein-protein interactions resulting in aberrant 
localization of PTEN [178], [270], [335]–[351]. Importantly, genetic alterations of PTEN 
resulting in allelic or complete deletion of PTEN is frequently observed in cancers (Fig. 
1A, B). Continual onslaught from endogenous or exogenous stimuli produces DNA 
damage and the subsequent accumulation of genetic alterations within hot spot regions in 
genomes [30], [32], [33], [352], [353]. Alterations within genome hot spots arise from point 
mutations (e.g. single nucleotide substitutions) and/or copy number alterations (CNAs), 
which are two common features found in tumor suppressor inactivated-mediated cancer 
progression.  

A study by Macheret and Halazonetis in 2015 [30] identified that out of 3,281 tumor 
genome data sets representing 12 different cancer types, PTEN tumor suppressor gene 
is targeted by point mutations in 9.7% of all cancers [30]. Further, using the Sanger 
Institute Catalogue of Somatic Mutation in Cancer (COSMIC) [354] we confirmed that 
PTEN mutations are mainly comprised of point mutations (e.g. nonsense, missense and 
synonymous substitutions) yielding 61.08% mutations found within 4,778 different cancer 
samples (Fig. 1C, D, E). Deletions (e.g. frameshift and inframe) are a distant second 
accounting for 21.51% mutations followed by insertions and other mutations types (e.g. 
10.11% and 8.69%, respectively). The distribution of mutation types (e.g. substitutions, 
deletions and insertion) per sample with respect to the amino acid site within the PTEN 
sequence, reveals that exons 5-8 harbor high rate of mutational loads (Fig. 1F, G) 
Specifically, two-thirds of PTEN mutations are found within these exons in Cowden 
disease [269], [270]. These results suggest that high mutational loads within the 
phosphatase core motif (exon 5) and the catalytic terminal (exon 6-8) are pervasive 
features of many cancer types.  

PTEN being a quite large gene on chromosome 10 (105,338bps), is also highly 
susceptible to CNAs. CNAs are somatic changes to chromosome structures and result in 
gain or loss (e.g. loss of heterozygosity) of specific DNA fragments; commonly found in 
many cancer types [355]. In terms of PTEN, it has been noted that most recurrent cancer 
CNAs reside in common fragile sites (CFS) or hot spots found in large genes [353], [356]. 
PTEN consists of many hot spot mutation sites (e.g. Arg130, Arg173 and Arg233) where 
point mutations and CNAs target frequently [178]. For instance, Arg233 is located in 
PTEN's nuclear localization sequences and may alter its nuclear tumor suppressor activity 
(discussed in detail in the next section). With the mutational load on exons 6-8 and hot 
spot targets of its nuclear transport, PTEN C-terminal region is more than likely a crucial 
component of neoplasia. Together, its role in nucleocytoplasmic shuttling requires further 
investigation.  
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5.3. Nuclear PTEN, a guardian of the genome  
 

PTEN zygosity has been shown to dictate prostate cancer progression and 
prognosis outcomes [357], [358]. For instance, in prostate cancer progression 
heterozygous PTEN deletions (50%) are associated with hyperplasia and dysplasia 
lesions [359], [360] and homozygous deletions (100%) are frequent found in primary 
tumors and metastatic prostate cancer [361], [362]. It is postulated that prostate 
transformation is attributed to the progressive reduction of nuclear PTEN which precedes 

 
Figure 1. Human PTEN mutation types. (A) PTEN is found on human chromosome 10q23. 
Mutations can cause PTEN truncations or complete allelic deletion. (B) PTEN expression 
pattern within cancer tissues is mostly downregulated. (C) Mutation types that target PTEN 
derived from COSMIC. (D, E) The distribution of mutations and substitution types within the total 
sample set of 4778 tissues. (F) Samples containing substitutions, deletions, insertion type 
mutations in correspondence to the amino acid position of mutation. (G) The percent of mutation 
types per PTEN exon.    
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prostate adenocarcinoma followed by complete loss of cytoplasmic PTEN in most invasive 
cancers [363], [364]. Histological analysis has shown progressive loss of nuclear PTEN 
accompanies cancer progression in various tumors including gastrointestinal stromal, 
melanoma, esophageal, thyroid and breast [365]–[370]. Overall, genetic alterations and 
spatiotemporal distribution of PTEN within a cell give rise to distinct cancer phenotypes. 
PTEN tumor suppressor provides us with a robust gene to analyze cancer progression in 
both its earliest and latest stages.  

Recent reports have shown PTEN functions beyond its lipid phosphatase activity, 
residing in small pools localized to and functions within the nucleus [178], [371], [372]. 
Interestingly, nuclear PTEN is thought to act as a guardian of genome stability as its 
disruption induces chromosomal abnormalities and spontaneous DNA double stranded 
breaks[171], [271], [373], [374]. PTEN is seen to maintain cell cycle progression 
centromere stability, chromatin condensation and the mitotic checkpoint. In this section, 
we will discuss how PTEN enters the nucleus and its functions within the nucleus.      
 
5.3.1. PTEN translocation and presence in the nucleus 

 
Nuclear localization and proper nuclear-cytoplasm shuttling are crucial for PTEN's 

tumor suppressive function. PTEN lacks traditional nuclear localization sequences (NLS) 
required for the tagging of its import into the nucleus by nuclear transport.  However, it can 
enter the nucleus through passive diffusion via nuclear pore complex (NPC) and major 
vault protein (MVP)-mediated import. Furthermore, PTEN mono-ubiquitination (Ub) or 
sumoylation have been identified to regulate its nuclear and cytoplasmic localization. 
Recent reports on PTEN nuclear translocation mechanisms show conflicting results and 
have not yet been clearly identified.  

 
5.3.1.1. PTEN translocation into the nucleus: MVP-mediated import 
 
 PTEN contains four non-traditional nuclear localization signal (NLS) sequences 
that contain lysine-rich sequences. They are NLSM1 (aa 10-14 RNKRR), NLSM2 (aa 160-
164 RTRDKK), NLSM3 (aa 233-237 RREDK) and lastly, NLSM4 (aa 265-269 KKDK) 
found within the C2 domain active site. Importantly, a combination of NLS2+NLS4 or 
NLS3+NLS4 are required for nuclear localization [375]. Importantly, the C2 domain of 
PTEN, containing both NLSM2 and NLSM3, mediates a highly stable interaction between 
PTEN and MVP. Therefore, the nuclear import of PTEN requires two NLS sequences to 
facilitate this process.     
 The interaction between PTEN+MVP is mediated by binding of Ca2+ within the C2 
domain of PTEN and the two EF hands of MVP [376]. Furthermore, concentrations of 
Ca2+ and Mg2+ regulate the PTEN+MVP interaction by antagonizing each other (i.e. 
binding of Mg2+ to MVP inhibits its conformational change) [377]. Minaguchi et al. 2006 
attributed increased PTEN nuclear localization to its downstream effects of p44/p42 MAPK 
downregulation. In conjunction with their previous work [378], it is postulated that the 
increase Ca2+ signaling, known to regulate G1-S transition of the cell cycle may be a 
result of increased PTEN nuclear entry. Nuclear PTEN has been shown to induce G0/G1 
cell cycle arrest and the downregulation of CyclinD1 [377].  
 
5.3.1.2. PTEN translocation into the nucleus: passive diffusion or active transport 
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 PTEN's import into the nucleus can occur independently of NLS sequences 
through passive diffusion or active transport. Liu et al. 2005 identified that PTEN enters 
into the nucleus through passive diffusion by nuclear pores [379]. To validate this finding, 
they identified that RAN-mediated nuclear transport occurred despite mutations in NLS 
sequences. Secondly, that large GFP-PTEN fusion proteins did not enter the nucleus (e.g. 
~60,000 Da or less can diffuse through nuclear pores) and require active transport. Lastly, 
mutations in K13 and R14 residues decreased nuclear localization of PTEN and are not 
considered to be classical NLS. The last finding identified other possibilities of PTEN 
nuclear inclusion or exclusion that resided in the N-terminal of PTEN. 

To further uncover the role of PTEN nuclear transport, in 2006, Gil and colleges 
identified multiple nuclear exclusion motifs (NEM) in PTEN's structure residues. 
Specifically, at 159-164 (PTP region/N-terminal), 233-237 (C2 region), 263-269 (CBR3 
region) and 327-335 (Cα2 region) that are required to keep PTEN in the cytoplasm [380]. 
They identified that peak nuclear accumulation of PTEN was achieved in the following 
mutation order: Cα2 region ranked highest, followed by PTP and CBR3, and C2 region 
had moderate levels of nuclear PTEN. Interestingly, the NEMs overlap with the NLS 
sequences [375]. Despite these findings, they identified that RAN-dependent GTPase 
activity at residues 8-32 in the N-terminal results in PTEN nuclear localization. Recent 
report in 2017 Chen and colleagues identified that the importin-11 and RAN-GTPase 
complex mediates PTEN nuclear localization through active transport [381]–[384]. 
Interestingly, they identified both residues at Lys13 and Lys289 are required for nuclear 
import and PTEN poly-ubiquitination (poly-Ub) mediated degradation (will be discussed in 
the next section) [384].  

 
5.3.1.3. Post-translational modification of PTEN mediated nucleocytoplasmic 
localization: ubiquitination of PTEN  
 
 PTEN inactivation is attributed to alterations in proteasome degradation within the 
cytoplasm [237], [269]. The ability of the neural precursor expressed, developmentally 
down-regulated protein 4-1 (NEDD4-1) to poly-Ub and mono-Ub PTEN has been reported 
to regulate its stability and subcellular compartmentalization in vitro and in vivo [385], 
[386]. Ub of target proteins on lysine rich regions is achieved by the action of an E1 
enzyme that transfers activated ubiquitin to an E2 ligase and the addition of E3 ligase. It 
has been found that K13E and K289E are target lysines for PTEN ubiquitination (found in 
the N-terminal and C2-terminal, respectively) [386]. Cytoplasmic mono-Ub of PTEN 
positively influences nuclear shuttling and de-Ub maintains its nuclear localization, 
protecting PTEN from cytoplasmic degradation. Furthermore, poly-Ub of PTEN results in 
cytoplasmic retention, resulting in proteasome degradation [237], [387]. Thus, NEDD4-1 
modification on PTEN attributes to both an oncogenic and tumor suppressive potential 
(e.g. PTEN degradation and shuttling, respectively). 
 NEDD4-1-mediated PTEN downregulation is associated with poor prognosis and 
drug/chemo-resistance in an array of tumor specimens [385], [387]–[391][387], [389]. 
NEDD4-1 expression levels are minimal in normal tissues but overexpressed within the 
cytoplasm of many cancer types [385], [387]. NEDD4-1 knockdown decreases 
proliferation, migration, invasion and improved chemo-sensitivity in cells through the 
stabilization of PTEN and reduction of PI3K/AKT signaling [392]–[394]. Upregulation of 
NEDD4-1 activity promotes cellular transformation in a PTEN-heterozygous background 
more effectively than its complete loss; triggering p53-dependent senescence [237], [395]. 
Moreover, Cowden Syndrom (CS) patients harbor germline mutation in PTEN and are 
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more susceptible to cancer onset. Specifically, mutation of PTEN’s codon 307 (E307K) in 
the C2 loop results in NEDD4-1-mediated PTEN cytoplasmic accumulation and PTEN-
mediated hyper-suppression of Akt activity [396]. Furthermore, truncated PTEN C-
terminal fragments bind with greater affinity to NEDD4-1 than full-length PTEN, resulting 
in their poly-Ub and degradation [397]. Interestingly, the anticancer drug indole-3-carbinol 
(I3C) cannot antagonize NEDD4-1 under PTEN RNA interference or in PTEN null 
genotypes [388], [398], [399]. Overall, we see that the interaction between NEDD4-1 and 
PTEN is contingent on PTEN's mutation location (e.g. C- terminal) and genotype during 
cancer progression.  

NEDD4-1 binds to PTEN thought its N-terminal region containing both the C2-
domain and HECT domain [397]. NEDD4-1 contains a HECT domain mediating Ub 
ligation activity,4 WW substrate binding sites and C2-domain which regulates E3 targeting 
to intracellular membranes [400]. The WW1 domain of NEDD4-1 is required for p34 
binding and their interaction degrades PTEN though its poly-Ub [401]. Knockdown of p34 
in cancer models results in PTEN mono-Ub and suppression of cellular hyperproliferation 
[401]–[403]. p34 affects subcellular localization of PTEN and contributes to the PTEN-
dependent oncogenic activity of NEDD4-1. Furthermore, overexpression of FoxM1B 
transcription factor results in the upregulation of NEDD4-1 poly-Ub of PTEN [399]. 
FoxM1B overexpression is correlated with increased expression of Cyclin-D1/-E 
accompanied by decreased levels of p53 and pRb in normal human astrocytes promoting 
their transformation. In certain instances, nuclear exclusion of PTEN is beneficial. For 
instance in keratinocyte proliferation, ΔNp63α eliminates PTEN Ub entirely by binding to 
NEDD4-1's promoter and represses its E3 ligase activity [404]. Overall, the balance 
between PTEN and NEDD4-1 allows for inhibition of cancer progression and regulates 
cell cycle progression (discussed in depth in next section).  
 De-ubiquitination is predominantly cytoplasmic and facilitates PTEN nuclear 
localization. Counteracting the E3 ligase Ub properties, USP7 and USP13 de-Ub PTEN. 
PTEN mono-Ub is reversed by USP7 leading to its nuclear export and USP13 is identified 
to increase PTEN stability by reversing PTEN poly-Ub preventing its degradation [405], 
[406]. Further, scaffolding proteins that aid in cellular trafficking of PTEN such as β-
arrestins and Ndfip1-Rab5-GTPase [407]–[409]. Specifically, Ndfip1-Rab5 complex is 
involved in cytoplasmic Ub-modifications of PTEN, acting as a molecular scaffold on early 
endosomes to mediate the Ub of PTEN by NEED4-1 [409]. Further regulation of PTEN Ub 
by regulator inputs converge on USP7 to regulate PTEN nucleocytoplasmic shuttling such 
as PML, nucleophosmin interactions (NPM1) and BCR-ABL mediate phosphorylation 
[410], [411]. PML opposes USP7 though a mechanism involving the adaptor protein death 
domain-associated protein (DAXX) thus nuclear PTEN function and accumulation is 
possible [405], [411], [412]. Further, BCR-ABL acts in opposition to PML resulting in PTEN 
cytoplasmic retention however, in the case of chronic myeloid leukemia stem cells, BCR-
ABL inactivation by tyrosine kinase inhibitor (e.g imatinib) had no effect [411]. The 
PML/USP7/PTEN pathway is critical in cancer therapies as USP7 can act as an oncogene. 
Specifically, its inhibition through inhibitor P5091, activates PTEN allowing for an apoptotic 
and cell growth arrest response which occurs by-passing TP53 genetic loss [413].  
 
5.3.1.4. Post-translational modification of PTEN mediated nucleocytoplasmic 
localization: phosphorylation of PTEN  
 

Nucleocytoplasmic localization of PTEN by post-translational modifications are 
known to increase or decrease PTEN stability through its phosphorylation. PTEN 
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phosphorylation mediates three distinctive conformation forms: open-open (active), open-
closed (PTEN-phosphatase) and closed-closed (inactive) thus its conformation facilitates 
its localization [336], [414], [415]. The closed-closed inactive conformation of PTEN results 
in its cytoplasmic retention and stabilization in contrary to its open-open conformation that 
is active at the plasma membrane and capable of entering nucleus [414], [416], [417]. The 
N-terminal of PTEN facilitates its phosphatase properties by counteracting Akt activity and 
the C-terminal of PTEN is important for its nuclear localization [188], [271], [334]. The 
phosphorylation status of PTEN's C-terminal facilitates this conformational change which 
is mediated by many proteins (e.g. RAK, CK2, ROCK and GSK3β) [178]. Phosphorylation 
of PTEN at levels of high stoichiometry of the main residues in the C-terminal ~354-403, 
specifically on the cluster of four Ser/Thr residues (380, 382, 383, 385) results in PTEN 
increase protein stability but less active [272], [273], [418]–[420]. Whereas, its 
dephosphorylation activates PTEN allowing for its C-tail to become susceptible to Ub-
mediated proteasome degradation or promote nuclear shuttling.  

PTEN regulation relies on a well-orchestrated balance between its open- and 
closed- conformation to prevent its degradation. RAK tyrosine kinase interacts with PTEN 
in the cytoplasm to mediate its phosphorylation on Tyr336 [394], [421]. RAK-mediated 
PTEN phosphorylation aids in its tumor suppressing potential against Akt signaling and 
inhibits cancer formation/progression. Knockdown of RAK results in PTEN poly-Ub 
through enhanced interaction with NEDD4-1, leading to PTEN proteasome degradation 
[422], [423]. In addition, avian reovirus (ARV) protein p17 can stabilize PTEN though 
phosphorylation by elevating RAK+PTEN association preventing cytoplasmic degradation 
by NEDD4-1 [424]. More recently, studies have identified that E3 ligase and PTEN 
interaction is based on Ub and phosphorylation status of PTEN [425]. Chen et al. 2016 
found WWP2 to be more active than NEDD4-1 in ubiquitinating non-phosphorylated PTEN 
as WWP2-PTEN interaction was weakened by tetra-phosphorylated PTEN. Whereas 
NEDD4-1 is more capable of achieving PTEN Ub despite phosphorylation status in its C2 
domain. Aberrant overexpression of NEDD4-1 can drastically reduce PTEN protein levels 
and is correlated with neoplasia [237]. Cai et al. in 2018 identified that CK1α binds to C-
terminal tail of PTEN promoting (1) stabilization, (2) competitively antagonizing NEDD4-1 
induced PTEN poly-Ub and (3) inhibiting the phosphorylation of PTEN therefore, stopping 
AKT activity in NSCLC cells [393]. Thus, the intricate balance between PTEN 
ubiquitination and phosphorylation is quite complicated needing further elucidation to 
enhance cancer treatments and therapies (Fig. 2).  
 
5.3.2. Nuclear PTEN function within the nucleus 
 

Prior to the clear identification of PTEN's nuclear localization sites (NLSs), required 
for its nuclear transport, immunohistochemical studies implying nuclear localization of 
PTEN were thought to be artifacts [367]–[369], [426]. However, these studies, conducted 
in an array of cancer tissues and cell lines, identified that PTEN’s shift from the nucleus to 
the cytoplasm was correlated to increased cancer susceptibility/progression [367]–[369], 
[426]. Nuclear localization of PTEN has been identified to regulate cell cycle progression 
and checkpoint stability. Furthermore, its nuclear activity is capable to eliciting G1 arrest, 
promoting a response to DNA damage, cell size control and cell fate determination; 
independently of AKT signaling [427]. Thus, in the following sections we will further 
elaborate on PTEN's roles in the nucleus. 
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5.3.2.1. Nuclear PTEN is associated with G0/G1 phase transition 
 
 PTEN peeks inside of nucleus during G0/G1 phase of the cell cycle [370]. Key 
studies in an array of cancer cell lines, in the late 90s and early 2000s, revealed that PTEN 
expression is capable of inducing G0/G1-S cell cycle arrest, growth inhibition and 
apoptosis. Since then, nucleocytoplasmic partitioning of PTEN has been identified to 
regulate different function of cell cycle progression. In the nucleus, PTEN is capable of 
mediating cell growth suppression by downregulating p70S6K activation thought AMPK 
and electing cell cycle arrest by reducing both the expression of CyclinD1 and MAPK 
phosphorylation [378], [428]. Mechanistically, nuclear PTEN reduces growth factor-
stimulated MAPK activation and inhibits the phosphorylation of its signaling molecules 
(e.g.  ERK1/2, Raf, MEK1/2, EST2). Thus, in turn leading to the down regulation of 
CyclinD1 transcription levels and cell cycle arrest [378]. Cytoplasmic PTEN, on the other 
hand, regulates PI3K/Akt signaling, apoptosis, p18Ink4c, p21(Waf1/Cip1) and upregulate 
p27Kip1 [378], [429]–[435]. Importantly, cytoplasmic PTEN-mediates cell growth and cell 
cycle arrest in G1 phase by the increased accumulation of cyclin-dependent kinas (CDK) 
inhibitor p27Kip1 [359], [433], [436]–[440]. Together, nucleocytoplasmic shuttling of PTEN 
simultaneously induces expression of p27Kip1 and reduces the activity of Cyclin-A/-D1/-
D3/-E, CDK2 and CDK4; inhibiting tumor development [377], [433], [435], [437]–[443]. 

PTEN-induced cell cycle arrest is facilitated by inhibiting oncogene or proto-
oncogene signaling transduction cascades (e.g. PI3K, Akt, PDK1, RAC1, SKP2 and 
CDC42) [441], [444]. For instance, SKP2 expression in concatenation PI3K/Akt pathway 
is required to reverse cell cycle arrest mediated by p27Kip1 and therefore restoring levels 

 
Figure 2. Nucleocytoplasmic shuttling of PTEN through balanced post-translational modification 
of phosphorylation and ubiquitination allows for PTEN nuclear function. 
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of Cyclins and CDKs [440]. Nucleocytoplasmic PTEN overexpression inhibits PI3K 
meditated Rb gene degradation and Rb protein (hyper)phosphorylation via 
CyclinD1/CDK4. This allows for PTEN prevented the increase and nuclear localization of 
CyclinD1 during G1-S progression [437], [441], [442], [445]. Noteworthy, PTEN is not 
capable of inducing G1 cell cycle arrest in Rb deficient cell lines resulting in accelerated 
malignant development [441], [445]. Furthermore, the interaction of PTEN-p27Kip1-Rb 
induces G1 cell cycle arrest independent of p53 inactivation [438].  
 Interestingly, PI3K/Akt and RAS/ERK pathways are frequently activated in cancers 
to promote primary tumor cells to bypass PTEN-induced growth arrest and senescence 
[446], [447]. PTEN was seen to support malignant potential of different cell populations 
dependent on the progression of tumorigenesis [448]. Yao and colleagues identified that 
PTEN mutant during early papillomatogenesis initially elevated RAS(Ha)/ERK/Akt activity. 
However, in PTEN null keratinocytes (i.e. late phase of papillomatogenesis) early phase 
phenotypes were eliminated and CyclinE2 expression was elevated and correlated with 
increased malignant potential. More recently, PTEN functions in the tumor suppressor 
network SPRY2/PP2A/GSK3β which counteracts PI3K and RAS pathways and is an 
important determinant of prostate cancer progression [449]. SRPY2 inactivation resulted 
in elevated levels of reactive oxygen species (ROS), the activation of PP2A and GSK3β 
which then phosphorylates and transports PTEN into the nucleus. Lastly, SRPY2 
inactivation resulted in TP53-mediated G1 cell cycle and growth arrest of the prostate 
primary tumor cells. However, simultaneous loss of PTEN and SRPY2 resulted in PI3K/Akt 
and RAS/ERK pathway activation, enhanced proliferation and invasive tumors. Together, 
these findings support the notion that PTEN facilitates cell fate decisions at two different 
levels (1) in the cytoplasm and (2) in the nucleus. Overall, nucleocytoplasmic partitioning 
of PTEN mediates different phases of cancer initiation and tumor progression.  
 
5.3.2.2. Symbiotic relationship between nuclear PTEN and p53 regulates G0/G1 and 
S cell cycle phases 
 

In early phases of carcinogenesis, decreased PTEN protein levels are found to be 
associated with increased p53 levels [277], [450], [451]. For example, in endometrial 
carcinogenesis loss of PTEN protein staining was related to grade 1 and grade 2 
adenocarcinoma. Furthermore, p53 protein levels were elevated in grade 3 
adenocarcinoma and other late phenotype of endometrial carcinogenesis [450]. Similar 
results are found in hepatocellular carcinoma (HCC) patient samples. Interestingly, 
increase p53 expression was correlated with the upregulation of cell cycle protein 
proliferating cell nuclear antigen (PCNA) and resulted in increased HCC dedifferentiation, 
advanced cancer stages, shorter survival and higher recurrence rates [452]–[454]. These 
findings are supported as p53 regulates PCNA which is required for cell cycle regulation 
through its activity with DNA polymerase-delta [455]. Further, in PTEN-knockout skin 
showed a delayed p53 protein accumulation and down-regulation of its downstream 
targets (e.g. p21, 14-3-3 and Reprimo) [456]. PTEN cues the accumulation of p53 after 
DNA damage and without PTEN, p53-mediated cell cycle checkpoint stability is lost, 
initiating early phases of tumor progression [456], [457]. 

p53 tumor suppressor gene is frequently targeted by point mutations in 42% of all 
cancers [30], [458]. Shockingly, PTEN can also promote tumor formation by enhancing 
the stability of gain-of-function p53 mutants leading to increased cell proliferation and 
inhibition of cell death [459]. Human cancers contain low frequency of simulations loss of 
both alleles of PTEN and p53 and their combined loss accelerates tumorigenesis [460]–
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[464]. There is a strong symbiotic connection between the two tumor suppressors PTEN 
and p53 and they function in concert to mediate stress responses, DNA damage repair, 
apoptosis and cancer inhibition through a positive feedback loop. 

PTEN promoter contains approximately seven p53 binding element sites all of 
which are in intron 1 within PTEN's point mutation hot spots (discussed above) [465], 
[466]. p53 is an activator of PTEN gene transcription, regulating cellular survival. However, 
p53-mediated apoptosis and cell cycle regulation requires functional PTEN despite p53 
status [456], [465], [467]. PTEN is capable of inducing p53-independent DNA damage-
mediated apoptosis with p73, a component of p53-dependant network to induce apoptosis 
[468]. The PTEN-p73 protein complex is correlated with increased PARP cleavage and 
apoptotic mediators (e.g. PUMA and Bax) in genotoxic environments [468], [469]. Despite 
its nuclear role of transcriptionally activating PTEN expression, increased levels of p53 
can in turn lead to degradation of PTEN by activating caspase-3 [465], [470].  

PTEN controls p53 protein stability in both the cytoplasm and nucleus in a 
phosphatase dependent and independent manner, respectively [457], [471]. 
Phosphatase-dependent PTEN activity antagonizes PI3K/Akt signaling thus reducing 
nuclear entry of Mdm2 required for p53 ubiquitination/degradation. In a phosphatase-
independent fashion, PTEN directly interacts with p53 promoting its activity and 
transcription [218], [467], [472]–[474]. Nuclear PTEN initiates an auto-regulatory feedback 
loop leading to: (1) PTEN-dependent nuclear localization of p53, (2) PTEN-p53 physically 
association and (3) PTEN-p53 complex recruitment to PTEN promoter and p53 trans-
activation of PTEN promoter activity [475]. Mechanistically, nuclear PTEN forms a 
complex with p300 promoting nuclear PTEN-mediate cell cycle arrest and acetylation-
mediated tetramerization of p53. Acetylation of p53 further promotes PTEN-p53 
association thereby sustaining high levels of p53 acetylation in a positive feedback loop 
[473]. The interaction between PTEN-p53 further enhances p53 DNA binding to p21 
promoters, decreased levels of CyclinD1 and induced cell cycle arrest [457], [475]. 

In the presence of DNA damage or cellular stress the PTEN-p53 complex is 
formed. For instance, in the presence of oxidative stress, PTEN is phosphorylated on 
S380 and accumulates in the nucleus. Subsequently, resulting in cell cycle arrest in a 
PTEN-p53 fashion and reduce reactive oxygen species (ROS) through a p53-dependent 
mechanism [476]. Interestingly, PTEN-containing mutations in either of its 3 ATP-binding 
motifs are unable to inhibit ROS-induced DNA damage through decreased nuclear p53 
protein and transcription levels [469]. These observations may be due to increased 
nuclear shuttling of Mdm2 thus inhibiting acetylation of p53. Under hypoxic conditions the 
nuclear PTEN-p53 complex is established and increases the production of Maspin tumor 
suppressing activity in a PTEN-dependent manner [471]. In response to UV radiation, loss 
of p53 decreases PTEN protein expression and enhances PI3K/Akt signaling, 
subsequently leading to activation of AP1 and NF-κβ [477]. Overall, the interplay between 
PTEN and p53 aids in the preservation of genomic stability.   
 
5.3.2.3. Nuclear PTEN is involved in maintenance of chromatin structure to DNA 
replication during interphase of the cell cycle 
 

PTEN mutations in C-terminal are associated with common fragile site instabilities 
that most likely arise from oncogenic-induced DNA replication stress [30], [271], [478]. 
Mass spectrometry studies have indicated that PTEN is associated with many DNA 
replication fork factors [479]. DNA replication is a well-coordinated and timely process 
requiring replisome assembly, helicase-mediated DNA unwinding and polymerase-
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mediated DNA synthesis. In this section, we will discuss how PTEN’s C-terminal mediates 
the integrity of chromatin and regulates DNA replication.  

 
5.3.2.3.1. PTEN maintains chromatin structural integrity and the fidelity of DNA 
replication 

 
The regulation of histones in the maintenance of chromatin condensation is 

essential in the process of DNA replication initiation, progression and recovery. The 
interplay of PTEN’s C-terminal and histone HP1α promotes chromatin condensation and 
PTEN tumor suppression activity [480]–[482]. Loss of PTEN impairs heterochromatic 
distribution of HP1α leading to relaxation of chromatin (e.g. de-condensation), increased 
H4K16 hyperacetylation and amplified chromatin association of MOF acetyl-transferase. 
This together results in an open structure of active chromatin and transcription activation. 
More recently, Gong et al. 2015, found that PTEN maintains heterochromatin by forming 
a complex with HP1α and histone H1, stabilizing HP1α form degradation [482].  

Studies in 2018 using patient-derived glioma xenografts identified that PTEN 
suppresses oncogene expression and tumor growth through chromatin-associated 
complexes of DAXX and histone H3.3 [483]. This study showed a complex interplay 
between PTEN-DAXX-H3.3: (1) DAXX physically interacts with PTEN and (2) PTEN 
regulate H3.3 loading on chromatin. Together, PTEN limits DAXX’s interaction with 
H3.3; thereby, controlling oncogene expression. Furthermore, chromatin de-
condensation in PTEN-null cells resulted in a dramatic reduction of key replication factors 
on chromatin (e.g. Rad51, PCNA and CHK1) [374]. The decline in replication factors inhibit 
baseline levels of DNA replication by slowed DNA replication forks, increased fork stalling 
and delayed fork recovery. Overall, PTEN is essential to mainlining chromatin dynamics, 
regulating epigenetic modifications of chromatin and maintaining the fidelity of DNA 
replication.   

 
5.3.2.3.2. PTEN maintains intra-S checkpoint integrity and activity 
 

In the presence of endogenous or exogenous DNA replication stress, PTEN-null 
cells are incapable of arresting cells in S phase [374]. The exogenous accumulation of 
DNA replication stress can be induced by the application of the DNA polymerase inhibitor 
aphidicolin (APH) and ribonucleotide reductase inhibitor hydroxyurea (HU) [484]. He et al. 
2015, identified that PTEN-null cells were unresponsive to drug (i.e. APH and HU) 
treatment versus wild-type cells, which were arrested in S-phase. PTEN-null cells were 
able to escape replication stress barrier in a checkpoint-independent manner, leading to 
an accumulation of cells in G2/M phases. Importantly, these cells prematurely entered M 
phase with replication-derived mitotic errors (e.g. anaphase bridges and lagging 
chromosomes).    

During DNA replication, stalling of the replicating fork results in a DNA damage 
response, igniting the intra-S checkpoint which facilitates cell cycle arrest and DNA repair. 
Intra-S phase checkpoint occurs because of DNA lesions which block DNA polymerases. 
Thereafter, the DNA helicase (e.g. MCM2-7 helicase) unwinds the damaged strand, 
creating single stranded DNA, which is coated by replication protein A (RPA). These steps 
prime the start ATR-ATRIP complex-mediated DNA repair [485]–[487]. PTEN has been 
attributed to the temporal and spatial coordination of replication licensing to maintain the 
intra-S checkpoint by facilitating key proteins of this process (e.g. RPA1, MCM2, Rad51, 
PCNA and CHK1) [374], [488], [489]. The application of DNA replication inhibitor drugs in 
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PTEN null cells results in uncontrolled fork progression [374], [488]. During DNA 
replication origin licensing and firing, PTEN physically interacts and dephosphorylates 
minichromosome maintenance protein 2 (MCM2), a key component of the pre-replication 
MCM2-7 complex [488]. PTEN-mediated MCM2 dephosphorylation halts replication forks 
therefore, preventing unrestrained DNA synthesis and maintaining genomic stability [488].  

PTEN promotes RPA1 protein stability through regulating its de-ubiquitination by 
OTUB1 [489]. Specifically, Wang et al. 2015 through DNA fiber assay, found PTEN acts 
upstream of RPA1 and is necessary to recruit RPA1 at replication fork [489]. In the 
absence of PTEN, RPA1 association with chromatin and replication forks is diminished. 
Thus, preventing the initiation of intra-S checkpoint activity and recruitment of PCNA 
replisome and CHK1 checkpoint protein. More importantly, the PTEN-Rad51 axis is 
compromised in PTEN-deficient cells, which fail to restart stalled forks, leading to a 
detrimental accumulation of stalled and collapsed forks [374]. Interestingly, PTEN-Rad51 
axis functions in two different pathways in the presence of DNA lesions [490]: (1) PTEN-
mediated genomic stability facilitated through homologous recombination (HR) in which 
Rad51 filamentous-like foci formation and repair of double strand breaks (DSBs) [333], 
[491], [492]. (2) PTEN-dependent replication fork restart by recruiting Rad51 to ssDNA at 
the site of stalled forks without creating filamentous-like foci formations [374]. 
Furthermore, He et al. 2015 though western blot in cytoplasmic, nuclear and chromatin 
fractions identified that RAD51 in PTEN-null cells was expressed in both the cytoplasmic 
and nuclear fractions [484]. However, absence of RAD51 was found in the chromatin 
fraction, resulting in accumulation of stalled forks. Together, PTEN facilitates the 
recruitment of RPA1 to break-induced ssDNA and allowing for Rad51 loading, mediating 
replication fork restart [489], [493].   

 
5.3.2.4. PTEN is a key regulator of G2-M transition checkpoint and mitotic fidelity in 
the presence of DNA damage 
 

In the presence of DNA damage and replication stress, PTEN is capable of 
inducing G2-specific cell cycle arrest through the inhibition of the AKT, FAK and MAPK 
pathways [494]–[496]. AKT signaling normally peaks during G2/M phase of the cell cycle 
[496]. However, cells harboring DNA damage or replication stress in constitutively active 
AKT backgrounds result in reduced activation of CHK1 and DNA-damaged induced arrest 
in G2 [496]. CHK1 is an important kinase that regulates DNA damage-induced cell cycle 
arrest in S and G2/M checkpoints and mediates DDR and repair proteins (e.g. CDC25, 
p53 and Tousled-like kinase) [497]–[504]. Mechanistically, loss of PTEN and activation of 
AKT leads to unresolved DNA damage repair by: (1) AKT-mediated phosphorylation of 
CHK1 at amino acid 280, (2) reduced CHK1 ubiquitination, (3) inhibition of ATM/ATR-
mediated CHK1 phosphorylation and (4) the inability for CHK1 to localize into the nucleus 
[497], [505], [506]. Together, aberrant AKT signaling in cells harboring DNA damage 
results in continual cellular proliferation, evasion of G2/M induced apoptosis, increased 
CyclinB activation and promotes unfaithful mitotic division [494], [496]. 

Inability to halt PTEN-null cells at the G2 checkpoint results in abnormal 
progression into mitosis of cells containing DNA damage, metaphase chromosome breaks 
and aneuploidy [374], [497], [505], [506]. The phosphorylation status of nuclear PTEN can 
dictate G2 phase checkpoint stability. Dephosphorylation of nuclear PTEN results in 
prometaphase arrest through its interaction with CyclinB1/CDK1 complex, leading to 
cellular apoptosis [507], [508]. Moreover, PTEN-CHK1 interaction can result in a positive 
and negative feedback loop to regulate genomic stability/instability. PTEN positively 
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influences CHK1 activity however, CHK1 can also negatively regulate PTEN in a 
phosphorylation-dependent manner [509]. The phosphorylation of PTEN by CHK1 allows 
for cells containing replication stress to bypass G2/M checkpoint and subsequently re-
enter the cell cycle [509]. Furthermore, Notch1 and TOPK (lymphokine-activated killer T-
cell-originated protein kinase) signaling are capable of phosphorylating PTEN leading to 
its cytoplasmic retention, reversed mitotic arrest and tumorigenesis [508], [510], [511]. 
Interestingly, TOPK overexpression in many cancers is equated to oncogene activity as it 
regulates AKT activation. Consequently, AKT phosphorylates CHFR (checkpoint protein 
with FHA and RING domains) leading to the inhibition of checkpoint stability by promoting 
its downstream substrates required for mitotic transition (e.g. CyclinB, Aurora A, Plk1, 
Kif22 and PARP1) [510], [512]–[519]. Together, PTEN phosphorylation status contributes 
to checkpoint bypass promoting mitotic cell division cells containing DNA replication stress 
and DNA damage.  

Additionally, PTEN maintains genomic stability through its function in the G2 phase 
decatenation checkpoint required to resolve chromatin entanglement prior to mitosis [520]. 
Decatenation is regulated by DNA topoisomerase IIα (TOP2A) and DNA topoisomerase 
II-binding protein 1 (TOPBP1), which facilitate the separation of  intertwined and catenated 
sister chromatids [521], [522]. Chromatin entanglement naturally occurs during DNA 
replication and decatenation inhibits the formation of anaphase bridges during mitosis 
[521], [522]. PTEN-null cells form ultrafine anaphase bridges during mitosis and 
exacerbates polo-like kinase-interacting checkpoint helicase (PICH) bridges [374], [520]. 
In all, PTEN is required for both G2 checkpoint activity and decatenation checkpoint to 
prevent premature entry of cells into mitosis.      

Attenuation of PTEN activity impairs Rad51-mediated homologous recombination 
and activates AKT signaling (e.g. genomic instability and cell survival signal, respectively) 
[271], [333], [374], [492], [523]. Chromosomal translocations in PTEN null cells are 
attributed to defects in repair mechanisms for DSBs via Rad51 transcription suppression 
[333]. Thus, PTEN maintains genomic stability by slowing cells at the G2/M checkpoint, 
promoting DNA DSB repair via Rad51-mediated HR post irradiation [524]. However, 
PTEN-depleted cells exhibit CHK1 cytoplasmic sequestration by AKT resulting in cells 
which failed to resect DSBs through HR [525]. PTEN’s C-terminal has been implicated to 
work with many DDR and repair proteins (e.g. γH2AX, ATM, BRCA1, Rad52, Rad51 and 
XPC) [171], [373], [526]–[533]. Consequently, PTEN loss confer radioresistance and DNA 
damage hypersensitivity in cells as alternative and error prone forms of DNA repair take 
place [171], [373], [526]–[534]. Specifically, PARP inhibitors are becoming an important 
anti-cancer therapeutic drug as cancer cells thrive via PARPylation in a HR deficient 
background due to PTEN loss. Moreover, 80% of endometrial cancer lack PTEN and 
these cancers can be reverted by simulations inhibition of PI3K and PARP [491], [535]–
[537]. 

 
5.3.2.5. PTEN’s C-terminal is essential for faithful chromosome segregation and 
spindle alignment  

 
The spindle assembly checkpoint is tightly regulated and overexpression of its 

proteins results in chromosomal abnormalities, aneuploidy and the development of cancer 
[538]–[540]. Mitotic catastrophe is a mechanism for avoiding mitotic-derived 
missegregation of chromosomes resulting in apoptosis, necrosis or senescence [539]. 
PTEN accumulates in the nucleus during mitosis and act as a negative regulator of both 
the mitotic checkpoint complex (MCC) and the interaction of CDC20 and MAD2 with 
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BubR1 and Bub3 [541]–[543]. Further, the spindle assembly checkpoint inhibits the 
recognition of CyclinB by catalyzing the incorporation of the anaphase promoting 
complex/cyclosome (APC/C) to CDC20 [543]. Critically, nuclear PTEN directly enhances 
the activity of APC/C and its interaction with CDH1, resulting in its tumor suppressive 
functions [542], [544]. Impairment of the APC-CDH1 tumor-suppressive complex results 
in overexpression of their substrates (e.g. CyclinA, AuroraA, CDC20 and SKP2), 
chromosomal abnormalities and poor prognosis [545], [546]. Choi et al. 2014 identified 
that PTEN’s C-terminal tail region mediates the physically interact with CDH1 at the 
chromatin level [542]. Lastly, CDH1 promotes poly-Ub of PTEN and its removal form 
chromatin during the mitotic exit [542]. 

The timely formation of the spindle assembly checkpoint is crucial to ensure proper 
attachment of chromosome to spindle fibers of kinetochore-microtubule. PTEN has been 
attributed to the timely formation of the spindle assembly checkpoint by integrating with 
MAD1 and promotes its dimerization and localization into the nuclear pore [547]. 
PTEN+MAD1 interaction is mediated by PTEN’s C-terminal tail and seen to peak during 
interphase [547]. Liu et al. 2017 found that PTEN+MAD1 interaction during interphase 
prevents chromosome missegregation, formation of aneuploidy and lagging 
chromosomes. Moreover, PTEN-null prostate cancer cells in a mouse xenograft model 
show that Polo-like kinase 1 (PLK1) confers tumor formation [548]. This is interesting as 
PTEN localizes at mitotic centrosomes in parallel with PLK1 and gamma-tubulin during 
centrosome maturation [549]. PTEN knockdown results in increased PLK1 and gamma-
tubulin in an AKT-dependent manner and reduced pericentrin levels in an AKT-
independent manner. Furthermore, dual knockdown of PTEN and AKT can rescue the 
integrity and composition of mitotic centrosomes [549]. More recently, Van Ree et al. 2016 
identified that PTEN is recruited to pre-mitotic centrosomes in a PLK1-dependant fashion 
[550]. This action primes a docking sites for Dlg1 and Eg5/Kif11 required for centrosome 
movement and spindle formation [550]. Further, evident supports the essential role for 
nuclear PTEN in maintaining chromosomal integrity by its physically associating with 
CENP-C in the inner kinetochore plate [333].  

       
5.4. Planarian as a novel model to understand nucleocytoplasmic shuttling of PTEN 
during cancer progression  
 

Early detection of malignant transformation is crucial to enhanced patient outcome. 
Despite decades of research the mechanisms of which adult tissues transform into 
malignancies remain poorly understood. Intriguingly, early detection of malignant 
transformation in epithelial tissues attribute to a 90% patient survival rate versus 10% in 
late stage detection [322], [323], [325]–[330], [551]. Early diagnosis of malignant cells and 
tissues are made by morphological identification and often results in a high false-negative 
detection rate [331]. Clinicians must be able to distinguish precancerous and early 
malignant lesions from more common benign inflammatory conditions. Therefore, creating 
methods allowing accurate diagnosis of precancerous events in real-time would increase 
the efficiency of early patient intervention. However, we have yet to identify common and 
ubiquitous features within all precancerous cells and tissues. This may be attributed to the 
complex heterogeneity found within the array of cancer types. Thus, identifying universal 
features in early cellular transformation during tissue maintenance may lead to the 
generation of novel and effective cancer therapies.   
 DNA damage occurs early during tumorigenesis and promotes tumor progression 
and heterogeneity [30], [32]–[35], [352]. Misregulation of genes involved in DDR, cell cycle 
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checkpoints or proper chromosome transmission is associated with cancer development 
[552]–[556]. Precancerous and cancerous cells exhibit altered cell architecture, abnormal 
centrosomes and multipolar spindles, resulting in genomic instability (i.e. higher rate of 
genomic changes per cell division) [553]. Despite its central role in cancer development 
and heterogeneity, it remains poorly understood whether DNA damage reflects cause or 
effect of altered cell dynamics. Evidence suggests that in precancerous lesions DNA 
damage occurs before signs of telomere attrition, hypoxia or reactive oxygen species 
(ROS), stimulating a strong DDR [34], [35], [557]–[561]. DDR activity acts as an anticancer 
barrier, which slows or inhibits the progression of precancerous lesions toward metastasis 
[91], [92]. The OTS-DDM integrates cancer phenotypes and molecular changes to explain 
the initiation of cancer and evolution of heterogeneous cancer cell populations. However, 
the progression of early DNA damage into genomic instability found in late stage cancers 
remains elusive. Therefore, understanding the development and survival of 
(pre)cancerous cells containing DNA damage will allow us to identify vulnerabilities 
exhibited within heterogeneous cell populations during their transformation from normal to 
malignant.   

Studies primarily focus on PTEN's phosphatase function within the plasma 
membrane however, recent studies indicate the presence of nuclear PTEN, the function 
of which remains to be further understood during cancer initiation. Histological analysis 
identify that loss of nuclear PTEN accompanies cancer initiation and its progression [365]–
[370], [562]. However, these studies do not correlate the loss of nuclear PTEN to altered 
cell architecture, abnormal centrosomes and genomic instability. As reviewed above, 
nuclear PTEN is involved in many aspects of cell cycle regulation and genomic stability. 
Therefore, we lack the mechanistic role of nuclear PTEN loss within a precancerous 
environment. Understanding how the accumulation of abnormalities within cells and their 
transformation into malignancies will be crucial for advancements in biomedicine. To 
better understand the mechanism(s) that allow cellular transformation we use the 
planarian, Schmidtea mediterranea, a model organism to determine how precancerous 
lesions provide a selective advantage for cells to transform into metastasis. The planarian 
provides novel yet simplified grounds for studies of cancer initiation in the adult body. 
These experiments consider cells in their natural environment and the influence of 
physiological signals on their behavior. We expect to identify crucial markers of cancer 
initiation and distinctive molecular features in SCs that drive cancer during tissue renewal.   

Nuclear PTEN is critical for genomic integrity through regulation of Rad51, an 
integral protein for DNA damage repair and replication fork stability [374], [491], [524]. 
Interestingly, cells with the loss of nuclear PTEN contain DNA damage, DNA replication 
stress and chromosomal abnormalities despite elevated nuclear accumulation of Rad51 
expression [484]. Overexpression of DNA damage repair proteins are found in highly 
metastatic cancers and correlates with poor patient prognosis [39]–[41], [563]. For 
instance, Rad51 expression is not observed in most normal differentiated tissues but is 
elevated in immortalized cancer SCs, mediating evasion of apoptosis, radio-resistance 
and altered cell cycle checkpoints dynamics [38], [564]–[567]. Therefore, anticancer 
therapeutics have led to targeting proteins involved in DNA damage response and repair 
however, current DDR agents lack specificity and a defined mechanism of action to 
combat cellular transformation [69]. Nevertheless, it remains unknown whether the 
function of PTEN and Rad51 in DNA damage is a general characteristic resulting from 
increased susceptibility of cells to undergo malignant transformation or is a specific feature 
of specific cells.  
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 We hypothesize that upon the loss of planarian nuclear PTEN, distinct neoblast 
progenitors are increasingly prone to fostering DNA damage and undergo cellular 
transformation. PTEN tumor suppressor function is conserved in planarian [56], [58]. The 
Smed-PTEN(RNAi) phenotype resembles many features observed in human cancers 
including: cellular hyperproliferation, aberrant cell migration, tissue invasion, and 
outgrowths that all together are lethal. To better understand the evolution of the Smed-
PTEN phenotype in planarians, we performed RNA sequencing during a stringent RNAi 
time course (e.g. 2-, 3-, 4-, 6- and 12- days RNAi) to determine the genetic landscape 
required for cellular transformation. Noteworthy, molecular results (shown in next chapter) 
identified two distinct phases of the Smed-PTEN(RNAi) phenotype: (1) subcellular events 
that occur in the first three days and (2) cellular events that occur day four and onward. 
Therefore, through RNAseq, we aim to identify the following: (1) a chronological list of day 
specific genetic modifications throughout the time course and (2) candidate genes 
postulated to drive the early phenotype. Lastly, these results will allow us to determine if 
specific and/or all neoblast subpopulations hold increased risk of accumulating DNA 
damage, driving the hyperproliferative phenotype. Furthermore, GO term enrichment will 
allow us to identify enriched biological processes, molecular functions and cellular 
components involved with the loss of Smed-PTEN. If the nuclear PTEN is conserved in 
the planarian we speculate to see GO term enrichment in DNA repair, spindle pole, 
transcription, replication and cell cycle within the first three days of the phenotype (Fig. 3)  
 

 

 
 
 
 
 
 
 
 

 
Figure 3. Smed-PTEN(RNAi) RNAseq design. Schematic diagram detailing how the RNAseq 
analysis was performed.  
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CHAPTER SIX  
 
 

FINDINGS  
 
DNA damage underlies cellular transformation in planarian 
 
6.1. Introduction 
 

The constant renewal of aging and damaged cells provides recurrent opportunities 
for cancer development and other age-related diseases. Approximately 90% of cancer 
related deaths in the U.S. result from alterations in tissues often undergoing cellular 
renewal (e.g. epithelial lining of organs) [6], [165], [166], [574]. Despite its central role in 
cancer, the establishment of cellular transformation during adult tissue renewal remains 
poorly understood. Studies have shown stem cells (SC) harboring DNA damage display 
a selective advantage to acquire cancerous properties [552], [575], [576]. In particular, 
cancer arising from SCs often evade apoptosis and bypass surveillance mechanisms as 
they undergo malignant transformation (e.g. acquisition of cancer properties). Evidence 
support that deregulation in genes controlling growth (i.e. oncogenes and tumor 
suppressors) lead to hallmarks of cancer including DNA replication stress (e.g. collapse 
or stalling of DNA replication forks), sustained proliferation, replicative immortality, escape 
from apoptosis/senescence, and genomic instability (i.e. higher rate of genomic changers 
per cell division). Thus, the oncogene/tumor suppressor-induced DNA replication stress 
model provides unique opportunities to understand cancer initiation and its progression. 
DNA replication stress is a pervasive feature present at earliest stages of almost all 
cancers, however, its establishment and evolution into genomic instability is elusive [32]–
[34]. Our project addresses early manifestations of cellular transformation to identify 
mechanisms underlying DNA damage and signals contributing to the expansion of cells 
carrying genomic instability. 

The tumor suppressor PTEN is one of the most frequently inactivated genes in 
human cancers. PTEN is a well characterized lipid phosphatase, which dephosphorylates 
PIP3 at the plasma membrane and negatively counteracts PI3K-mediated signals for cell 
proliferation, differentiation and survival in both vertebrates and invertebrates [56], [170], 
[171], [174]. Recent studies indicate the presence of nuclear PTEN which acts 
independently of its phosphatase activity. Noteworthy, histological analysis of early and 
advanced stage cancer tissue samples have identified inappropriate subcellular 
compartmentalization of PTEN (e.g. nuclear and cytoplasmic) which have been attributed 
to point mutations within the C-terminal (e.g. codon 307 and 289) [365]–[370], [386], [396]. 
Germline PTEN mutations are present in 80% of Cowden and 60% of Bannayan-Riley-
Ruvalaba Syndrome patients and is attributed to aberrant nuclear exclusion of PTEN. 
However, these PTEN mutants retain functional phosphatase activity, resulting in 
noncancerous hamartomas tumors and increased risk of developing cancer [269], [386]. 
Small pools of nuclear PTEN have phosphatase independent roles for maintaining 
heterochromatin structures, cell cycle regulation, mitotic spindle pole movement 
replication and centromere stability. Moreover, PTEN regulates Rad51, an integral player 
in the repair of DNA double started breaks (DSB). Together, this interaction creates the 
PTEN-Rad51 axis, guarding against genomic instability [374].  



 

85 
 

 Monitoring cellular transformation during epithelial tissue renewal is challenging 
and current experimental models are restricted to organ-specific tissues (e.g. pancreatic 
and colon) [358], [577]. The following study presents an innovative approach to monitor 
the transition from normal to malignant cells during tissue maintenance in the entire adult 
body. This study utilizes the planarian, Schmidtea mediterranea. This model organism 
constantly renews tissues, a process driven by SCs (neoblasts). Neoblasts undergo 
cellular transformation when tumor suppressors are inactivated [56], [60], [61]. Previously 
shown, disturbance of Smed-PTEN function with RNA interference (RNAi) leads to 
neoblast-induced tumorigenesis and aberrant tissue colonization that kill planarians in less 
than two weeks [56]. Using the planarian PTEN cancer model, we created a novel 
archetype to study the subcellular and cellular events that result in tumorigenesis in the 
adult body. Here, we found that within 48hrs post first PTEN injection, neoblasts harbored 
chromosomal abnormalities and high rates of DNA damage. Neoblast-specific 
transformation were found as a result of G2/M checkpoint adaptation, evasion of cell death 
and the dysregulation of the DDR pathway, specifically Rad51. Our findings support the 
idea that DNA damage and replication stress underline precancerous lesions that result 
in molecular and genetic alterations crucial for cancer evolution in the adult body. 
 
6.2. Smed-PTEN is required for proper regulation of cell proliferation during cellular 
turnover 
 

PTEN homologs were identified in the planarian by Oviedo et al. 2009 (e.g. Smed-
PTEN1 and Smed-PTEN2) [56]. With recent advances in creating a nearly fully annotated 
genome, Smed-PTEN1 and Smed-PTEN2 remain the most conserved candidates with 
both a phosphatase and C2 domains (previously discussed in chapter 3). The Smed-
PTEN(RNAi) phenotype was produced by simultaneous RNAi of both homologs as single 
RNAi did not produce a phenotype [56]. The planarian cancer-like phenotype resembles 
many features observed in human cancers including: cellular hyperproliferation, aberrant 
cell migration, tissue invasion and abnormal outgrowths that all together result in lethality 
within <15 days RNAi (Fig. 1A). To determine if the Smed-PTEN(RNAi) phenotype is an 
accurate model to study cancer progression, we performed RNA sequencing (RNAseq) at 
the 12-day timepoint. GO term enrichment for biological processes (KS < 0.3 cut-off) 
revealed a substantial number of genes involved in cellular energetics (e.g. metabolic, 
catabolic and biosynthetic processes), evading cell death, DNA damage and/or replication 
stress and lastly mitotic stress (e.g. microtubule organization) (Fig. 1B, C). When looking 
at the hallmarks of cancers found to produce mammalian malignant tumors, the in-silico 
and published in-vivo results prove that the planarian cancer model is both a valid and 
novel architype to study the onset of cellular transformation and cancer progression (Fig. 
1D). Lastly, the in-silico results provide us with a basis to explore the oncogene and tumor 
suppressor induce replication stress model (Fig. 1E). 

To better understand the progression of the PTEN phenotype in planarians, we 
performed a time course to evaluate cell division of neoblasts, the only proliferative cell 
within the animal. Thus, we used the established Smed-PTEN(RNAi) microinjection 
schedule, consisting of five injection over the span of twelve days (Fig. 2A) [56]. Whole-
mount immunostaining (WIHC) against phosphorylated histone-3 Ser10 (H3P) and its 
quantification revealed a significant increase of cellular division six days post first injection 
(dpfi) and progressively increased stepwise to the day 12 phenotype (Fig. 2B, C). These 
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Figure 1. Smed-PTEN(RNAi) a novel cancer model. (A) Live planarian images 12 days after 
RNAi. Arrows indicate abnormal tissue outgrowths. (B) Pie chart representing the percent of 
biological processes-related GO terms enriched at day 12 Smed-PTEN(RNAi). (C) The amount 
of significantly annotated genes found within the phenotype organized by category. (D) 
Summary of the hallmarks of cancer determined by in silico and in vivo studies in human and 
planarian cancer models. (E) The tumor suppressor-oncogene induced DNA 
damage/replication stress model depicting sustained proliferation and DNA replication stress 
as precancerous lesions that evolve into cancer and its many hallmarks.   
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Figure 2. The Smed-PTEN(RNAi) results in cell cycle alteration prior to formation of physical 
abnormalities. (A) PTEN injection schedule consisting of 5 dsRNA microinjections spanning a 
12 period. (B) Tracking of mitotic activity using whole-mount immunostaining with α-H3P (yellow 
dots). (C) Quantification of changes in mitotic (H3P) neoblasts over the time course. (D) 
immunostaining for proliferative neoblasts using α-BrdU at day 4 RNAi. (E) BrdU positive foci 
quantification over the 12-day period. (F, G) Cell cycle analysis using flow cytometry at days -
2, -4, and -6 into the phenotype and its quantification throughout the initial 6 days of the 
phenotype. G0/G1 in blue, green represents S-phase and G2/M-phase is depicted in red. (H) 
Differentially expressed genes involved in cell cycle regulation, red being highly expressed. (I) 
RNAseq validation of RNAi gene silencing strategy. (J) Experimental design. Using cellular 
proliferation as an indicator of the onset of the phenotype, two phases are created: (1) early 
phase consisting of the first three days where alterations to G0/G1 are events and (2) cellular 
events with alterations to S/G2/M-phases of the cell cycle. Fold change values represent 
mean+s.e.m. of individual PTEN(RNAi) time points with respect to each time point's mock RNAi. 
Experiments consisted of at least three biological replicates, n>30 animals per time point. 
*P<0.01, **P<0.005, ***P<0.0005, ****P<0.0001; NS, no significance; two-way ANOVA. Scale 
bars 250um. 
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results imply the Smed-PTEN(RNAi) phenotype is initiated earlier than anticipated. 
Therefore, we sought to identify if proliferation began before the six days mitotic burst. The 
thymidine analogue bromodeoxyuridine (BrdU) was used to determine S-phase specific 
increases in proliferation. Shockingly, we identified that 4dpfi, experimental animals 
experienced an increase of BrdU incorporation relative to the control that gradualy 
increased as the PTEN(RNAi) phenotype progressed (Fig.2D, E). Together, these results 
suggest that the PTEN(RNAi) phenotype begins prior to the onset of macroscopic 
abnormalities and results with alterations within the S/G2/M phases of the cell cycle 
producing cellular effects (e.g. increases in proliferation and division). 

To assess if sub-cellular alterations are present prior to the increase in proliferative 
neoblasts, we sought to use flow cytometry (FACS) and RNAseq to further elucidate the 
role of Smed-PTEN in controlling cell cycle dynamics. Staining dissociated cells with 
Draq5 and Calcein AM (i.e. DNA and live cell marker, respectively) we identified that within 
24 and 48 hours post RNAi, Smed-PTEN(RNAi) cells exhibited a significant accumulation 
of cells within the G0/G1 phase (69.9±1.7 vs. 75.3±1.7) (Fig.2F, G). Interestingly, cell cycle 
dynamics 3dpfi were reestablished relative to the control. FACS analysis further 
corroborate increases in cellular proliferation and cellular division found with WIHC by an 
increase of cells within the S-phase at both 4- and 5-dpfi (13.4±1.5 vs. 20.1±1.4) and 
further a significant increase of cells within G2/M-phase by 6dpf (12.3±2.4 vs. 16.4±2.7). 
Results obtained from RNAseq throughout the Smed-PTEN(RNAi) time course revealed 
a profound amount of alterations to differentially expressed cell cycle regulatory genes 
within the first three days post RNAi that persisted well into the phenotype (Fig. 2H). 
Notebly, genes involved in tumor and cell cycle suppression were altered (e.g. Rb and 
p53), transcription regulatory cyclin-dependent kinases were overexpressed (e.g. CDK 9, 
11B, 12, 13, 19) and CDK5 expression required for mitotic and post-mitotic regulation of 
neuronal growth was elevated [578]–[580]. To discern if these events are anomalies 
induced by injection-mediated wound response or Smed-PTEN gene knockdown, we 
examined the RNAseq data. We identified that both homologs of Smed-PTEN-1, -2 mRNA 
expression were significantly reduced within 2dpfi and remained suppressed throughout 
the progression of the phenotype (Fig. 2I). These results suggest the overall effects of 
Smed-PTEN abrogation alters cell cycle dynamics within 24hrs leading to cellular hyper-
proliferation and the cancer-like phenotype. Together, two distinct phases of the Smed-
PTEN(RNAi) phenotype can be established: (1) subcellular events in the first three days 
and (2) cellular events day four and onward (Fig. 2J). 
 
6.3. Smed-PTEN loss results in the accumulation of DSBs and chromosomal 
abnormalities 

Nuclear PTEN acts on DNA replication forks to recruit Rad51 for the repair of DSBs 
which forms the PTEN-Rad51 axis to guard against genomic instability [484]. To assess 
if the initial 48 hours of the phenotype consisted of subcellular events related to DNA 
damage, we subjected animals to WIHC against markers required for the detection and 
repair of DSBs (e.g. α-γH2AX and α-RAD51, respectively).WIHC revealed a significant 
increase in γH2AX foci dispersed throughout Smed-PTEN(RNAi) animals within just 48 
hpfi (Fig. 3A, B). Dissociated cells collected from whole planarian 2dpfi showed a 
significant increase in nuclear γ-H2AX foci relative to the control (70% vs. 45%, 
respectively) (Fig. 3C). Together, upon Smed-PTEN loss, DSBs alongside cell cycle 
alterations are pervasive features of the early phenotype. Moreover, planarian primarily 
repair DSBs by Rad51-mediated HR [16], [17], [29]. Thus, by staining both control and 
Smed-PTEN(RNAi) animals with α-RAD51, shows a stricking increase of RAD51 signal 
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Figure 3. RNAi of Smed-PTEN induces the accumulation of DSBs. (A, B) Whole mount 
immunostianing against α-γH2AX, a mediator of the DNA damage response and its 
quantification 2 days RNAi. (C) Dissocaited cells collected from 2 days RNAi animals. Staining 
α-γH2AX antibody and its quantification reveals a significant increase in γH2AX+ signal. (D, E) 
Day 2 RNAi animals stained with α-RAD51, indicator of active DSB repair and its foci 
quantification. (F) Quantification of α-RAD51 on dissociated cells 2 days into the phentoypes 
reveales a significant increase in cells expressing RAD51. Increase in RAD51 signal is 
accomanied by an increase in nuclear compartamentilzation of the signal, implying active DNA 
repair. (G) Quantification of the translocation of RAD51 into the nucleus 24hrs post first injection 
showing a slight shift in nuclear versus cytoplasmic RAD51. (H) The amount of nuclear RAD51 
foci per cell at days 1 and 2 into the phenotype. Both days show a significant increase in the 
amount of RAD51+ foci nuclei however, there is a significant increase at 2 days PTEN(RNAi). 
(I, J) Western blotting against α-RAD51 at days 1 and 2 into the phenotyp and its quantification. 
Actin was used to ensure equal loading per well. Fold change values represent mean+s.e.m. of 
individual PTEN(RNAi) time points with respect to each time point's mock RNAi. Experiments 
consisted of at least three biological replicates, n>30 animals per time point. *P<0.01, 
**P<0.005, ***P<0.0005, ****P<0.0001; NS, no significance; two-way ANOVA. Scale bars 
250um. 

 



 

90 
 

 
Figure 4. DNA damage and chromosomal abnormalities persist throughout the progression of 
the phenotype. (A) Differentially expressed genes related to DNA damage response signaling 
and repair pathways throughout the time course. (B) Biological processes-specific GO terms 
related to DNA damage, stress and repair. Notice, 3 days PTEN(RNAi) contains no hits. (C, D) 
Western blotting against α-RAD51 and its quantification throughout various timepoints during 
the phenotype. (E) COMET assay under alkaline conditions monitoring DNA integrity and the 
quantification of tail length (µm) per individual cell. (F) Quantification of chromosomal 
abnormalities within the first 6 days of the phenotype. The planarian chromosomes and their 
abnormalities found at day 12 are depicted below. Fold change values represent mean+s.e.m. 
of individual PTEN(RNAi) time points with respect to each time point's mock RNAi. Experiments 
consisted of at least three biological replicates, n>30 animals per time point. *P<0.01, 
**P<0.005, ***P<0.0005, ****P<0.0001; NS, no significance; two-way ANOVA. Scale bars 
250um. 
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dispersed throughout the animal 2dpfi (Fig. 3D, E). Additionally, dissociated cells were 
collected, fixed and subjected to immunostaining. This confirmed a significant increase in 
RAD51 expression upon Smed-PTEN(RNAi) (e.g. 80% vs. 63%, respectively) that was 
accompanied by an increase in nuclear RAD51, implying active DSB repair (Fig. 3F). 
Furthermore, we identified that within 24hrs of the phenotype, collected cells exhibited an 
increase in nuclear localization of RAD51 (Fig. 3G). Interestingly, when compared to the 
control, cells extracted from the experimental group at 1- and 2-dpfi, expressed higher 
rates of RAD51 foci per nucleus (e.g. 2.7 foci vs. 4.3 and 7.1 foci, respectively) (Fig. 3H). 
These findings imply that the severity of DSBs increase as the phenotype progresses. 
Furthermore, analysis by western blot, revealed a step-wise increase in RAD51 
expression (Fig. 3I, J). Smed-PTEN(RNAi) animals within the first 48 hpfi accumulate high 
rates of DSBs and trigger DDR and repair. 

To evaluate the repair process of DSBs and its outcomes throughout the Smed-
PTEN(RNAi) phenotype, we collected animals at various timepoints to perform (1) western 
blot (2) COMET assay and (3) karyotyping. Primarily, sequencing results identified a 
striking upregulation of genes involved in sensing both DSBs and SSBs (e.g. Rad50, RPA, 
MRE11) signal transduction (e.g. ATM and ATR), mediator and effector outcomes (e.g. 
TopBP1, TP53BP, Claspin). Lastly an increase in DNA damage repair pathways (e.g. HR, 
NHEJ, Alt-EJ and SSA) throughout the 12-day time course (Fig. 4A). Interestingly, the 
DDR seemed to dampen by day three post first injection and reverted to elevated 
expression levels by 4-days and onward. Further, GO term enrichment (strict cut-off, KS 
<0.2) for biological processes involved in DDR and repair, confirmed the dampening effect 
observed 3dpfi (Fig. 4B). Western blot determined that RAD51 protein expression was 
elevated throughout the time course with increased expression at 2-, 4- and 12-dpfi. 
However, both 3- and 6-dpfi exhibited a slight decay in expression but remained elevated 
relative to the control (Fig. 4C, D).  

To discern if DSBs are actively undergoing repair, suggested by data obtained 
from RNAseq and western blot, we performed the COMET assay under alkaline conditions 
to monitor DNA integrity. Our results confirmed a significant increase in COMET tail length 
2 dpfi, implying elevated rates of DNA damage (Fig. 4E). However, DNA integrity was not 
reestablished by day 3 or 4 despite the increase in DDR and repair protein activity. 
Accumulation of DSBs were found to be significantly exacerbated by 6 dpfi and on forth 
during the Smed-PTEN(RNAi) time course. Furthermore, increases in COMET tail length 
were accompanied by significant increases in chromosomal abnormalities detected by 
whole animal metaphase chromosome squashing (Fig. 4F). Over 1000 chromosomes 
counted per timepoint, allowing us to identify an array of abnormalities (e.g. dicentric 
chromosomes, telomere fusion, acentric fragments and chromosome deletions) which 
targeted the four pairs of dicentric planarian chromosomes. Noteworthy, these 
abnormalities were observed within 24 hpfi and persisted throughout the twelve-day time 
course (Fig. 5A, B). These findings are consistent with other studies elucidating the role 
of nuclear PTEN [333], [581], [582]. Together, these results imply that Smed-PTEN(RNAi) 
harbor DSBs early within the time course and deploy signal transduction cascades to 
produce a repair outcome. Despite the nuclear accumulation of DNA repair machinery 
(e.g. RAD51), DSBs are incapable of repairing without Smed-PTEN.  
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6.4. Nuclear PTEN plays a role in the early phase of the phenotype  

 
PTEN functions within the nucleus to facilitate cell cycle dynamics and genomic 

stability. However, its nuclear role is underappreciated relative to its cytoplasmic function 
in cancer development. PTEN does not contain canonical nuclear translocation sites and 
is reliant on a vast array of proteins to facilitate its nuclear tethering, which is conserved 
within the planarian (Fig. 6A). The ubiquitination status of PTEN, mediated by NEDD4-1 
and USP7, is a crucial component of its nucleocytoplasmic shuttling through the 
membrane vault protein MVP (Fig. 6B). The planarian contains highly conserved protein 
domains and interaction sites for Smed-NEDD4-1, Smed-USP7 and Smed-MVP relative 
to the human counterpart (e.g. 65%, 47% and 59% identity, respectively) (Fig. 6C). To 
determine if major components of the nucleocytoplasmic shuttling of Smed-PTEN are 
active within the early and late phases of the Smed-PTEN(RNAi) phenotype, we examined 
our RNAseq results (Fig. 6D). To our surprise, components of the PTEN import by 
ubiquitination (i.e. NEDD4-1, USP7, USP13), sumoylation (i.e. PIASxa) and 
phosphorylation (i.e. ATM and RAK) were upregulated throughout the time course. 
However, elements to physically separate PTEN from degradation machinery (i.e. IPO11 
and UBE2E1), import it into the nucleus (i.e. MVP and RAN) and nuclear retention signals 
(i.e. PML and DAXX) had mixed expression in the early versus the late phase. Together, 
these results imply that planarian Smed-PTEN may function within the nucleus and its 
function may be a critical component to slowing the progression of the phenotype within 
the early phase.  

To address the functionality of nuclear Smed-PTEN, we created a stringent RNAi 
strategy to eliminate components of the nucleocytoplasmic shuttling machinery such as 
NEDD4-1, USP7 and MVP. Animals were primarily injected with transporter dsRNA 30 
days prior to the start of the Smed-PTEN(RNAi) injection schedule. This approach was 
taken to assure that expression of these genes and their protein levels were entirely 
eradicated in the animal. Five dsRNA micro-injections spanning 30 days of Smed-NEDD4-
1, Smed-USP7, Smed-MVP, Smed-MVP+USP7 and Smed-MVP+USP7+NEDD4-1 did 
not produce any physical abnormalities either in intact or regenerating animals (for 
simplicity, Smed-MVP+USP7 will be 2xRNAi and Smed-MVP+USP7+NEDD4-1 will be 
3xRNAi, henceforth). Interestingly, 6 days into the Smed-PTEN(RNAi) time course, 10% 
of Smed-MVP+PTEN(RNAi) animals exhibited head loss, 30% of Smed-PTEN+2x(RNAi) 

 
Figure 5. Chromosomal abnormalities are detected 24hours into the phenotype. (A) Pie chart 
showing the percent of specific types of chromosomal abnormalities day 1 RNAi. (B) Percent of 
metaphase chromosomes. Black represents normal karyotype and red represent damage 
karyotype. Experiments consisted of at least three biological replicates, n>30 animals per time 
point. ****P<0.0001; NS, no significance; two-way ANOVA. 
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Figure 6. Nucleocytoplasmic PTEN shuttling is active early within the phenotype. (A) Genes 
involved in nucleocytoplasmic shuttling of PTEN are conserved within the planarian. (B) 
Ubiquitination and phosphorylation involved in the shuttling of PTEN in/out of nucleus. (C) 
Protein domain conservation of NEDD4-1, USP7 and MVP; key components to the shuttling 
system. (D) Differentially expressed genes involved with nucleocytoplasmic shuttling of PTEN 
throughout the PTEN(RNAi) time course. (E) Quantification of animal phenotypes with single, 
double, triple and quadruple RNAi of PTEN and its transporters. (F) Quantification of mitotic 
events of RNAi of transporters at days -2, -6 and -12 into the PTEN(RNAi) phenotype. Fold 
change values represent mean+s.e.m. of individual PTEN(RNAi) time points with respect to 
each time point's mock RNAi. Experiments consisted of at least three biological replicates, n>30 
animals per time point. *P<0.01, **P<0.005, ***P<0.0005, ****P<0.0001; NS, no significance; 
two-way ANOVA. Scale bars 250um. 
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animals lost tail tissue and 40% of Smed-PTEN+3x(RNAi) resulted in abnormal 
outgrowths or loss of tail tissue (data not shown). Moreover, 12 days into the RNAi 
phenotype, 40% of the animals in Smed-PTEN(RNAi) alone exhibited abnormal tissue 
outgrowths whereas the addition of the transporter RNAi resulted in 60% of the animals 
experiencing abnormal phenotypes (e.g. tissue outgrowths, loss of tissues, animal 
fragmentation or premature lethality) (Fig. 6E). Noteworthy, Smed-USP7+PTEN(RNAi), 
Smed-NEDD4-1+PTEN(RNAi) and Smed-PTEN+3x(RNAi) resulted in early lethality, 
compared to Smed-MVP+PTEN(RNAi) and Smed- PTEN+2x(RNAi) which experienced 
fragmentation. The onset of lethality mimicked the Smed-PTEN(RNAi) alone, suggesting 
loss of Smed-MVP can partially rescue the lethality phenotype imposed by loss of Smed-
USP7 but is overpowered by the loss of Smed-NEDD4-1.  

To determine if nuclear Smed-PTEN plays a role in suppressing hyperproliferation 
early in the phenotype, we examined rates of cellular division. We monitored the rates of 
cellular division within animals at 2-, 6- and 12-days post Smed-PTEN(RNAi). Shockingly, 
2 dpfi both the Smed-PTEN+2x(RNAi) and Smed-PTEN+3x(RNAi) animals exhibited 
significant increases in cell division relative to the control and Smed-PTEN(RNAi) alone 
(Fig. 6F). Different dynamics were observed at 6 dpfi as the double RNAi groups (e.g. 
Smed-PTEN plus +MVP, +USP7 or +MVP) exhibited no significant increase in 
proliferation relative to the control. Furthermore, a marked reduction in cellular division in 
Smed-MVP+PTEN(RNAi) animals was observed relative to the Smed-PTEN(RNAi) on 
day 6 alone. However, 12 dpfi all RNAi groups experienced hyperproliferation relative to 
the control. Additionally, Smed-USP7+PTEN(RNAi), Smed-NEDD4-1+PTEN(RNAi) and 
Smed-PTEN+2x(RNAi) experienced a significant increase in proliferation relative to 
Smed-PTEN(RNAi) alone animals. Interestingly, Smed-PTEN+3x(RNAi) at the 12-day 
timepoint resulted in increased proliferation however with no significant difference 
compared to the Smed-PTEN(RNAi) animals alone. These results may be due to its 
accelerated phenotype of animal death and fragmentation. Together, these results 
support the notion that nuclear Smed-PTEN is a crucial component within the phenotype. 
Further, that compensatory mechanisms within the nucleocytoplasmic shuttling machinery 
act to slow the progression of the cancer-like phenotype.   
 
6.5. Neoblasts harboring DSBs bypass cellular apoptosis early in the phenotype 
 

Cells containing DNA damage either undergo DNA repair or cell death [583], [584]. 
The early phase of the Smed-PTEN(RNAi) phenotype is attributed to neoblasts harboring 
high rates of DSBs that persist throughout the phenotype. Thus, we assessed the effects 
of Smed-PTEN(RNAi) on programed cell death throughout the time course using: (1) 
TUNEL assay, (2) WIHC and (3) FACS analysis. TUNEL assay in situ apoptosis tagging 
has been optimized in the planarian to detect DSB-induced apoptosis [16], [29], [113], 
[585]. Subjecting both control and treated animals 2dpfi to the TUNEL assay revealed no 
detectable increase in TUNEL+ foci throughout the animals (Fig. 7A). This phenomenon 
persisted throughout the first 4 dpfi however, a marked increase in cellular apoptosis was 
detected 6 dpfiand gradually increased by 12 dpfi (Fig. 7B, C). Alternatively, we subjected 
animals to WIHC against Caspase3 antibody. Similar results were observed 2- to 4- dpfi 
with no noticiable increase in Caspase3 intensity between the control and RNAi groups 
(Fig. 7D). Consistently, a significant increase of cellular apoptosis marked by Caspse3 
was detected 6 dpfi and onward (Fig. 7E, F). These results imply that cellular apoptosis 
does not occur in the early phases of the phenotype. However, cell death accompanies 
the increases in cellular division at 6 post Smed-PTEN(RNAi).  
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Figure 7. Cells containing DSBs bypass apoptotic signaling. (A, B, C) Whole mount 
immunostaining for the TUNEL assay at various timepoints throughout the phenotype and the 
quantification of TUNEL+ foci per animal. (D, E, F) Whole mount immunostaining against 
Caspase3 antibody at various timepoints throughout the phenotype and the quantification 
Caspase3 signal via intensity readings. (G, H, I) Immunohistochemistry of Caspase3 on 
dissociated cells extracted from the day 2 and 3 PTEN(RNAi) timepoints. Cleaved-Caspase3 
seen in red and pro-Caspase3 seen in orange, cells that did not express Caspase3 are depicted 
in green. (J, K) Western blotting and its quantification probing for both forms of Caspase3 along 
the PTEN(RNAi) time course. Fold change values represent mean+s.e.m. of individual 
PTEN(RNAi) time points with respect to each time point's mock RNAi. Experiments consisted 
of at least three biological replicates, n>30 animals per time point. *P<0.01, **P<0.005, 
***P<0.0005, ****P<0.0001; NS, no significance; two-way ANOVA. Scale bars 250um. 
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To determine if Smed-PTEN(RNAi) cells are activating a cell death response we 
capitalized on the Caspase3 antibody that can be recognized in two forms, pro- and 
cleaved-Caspase (i.e. proenzyme and active form, respectively). These forms are 
distinguishable through immunoassaying on cells and by western blot. Pro-Caspase3 
surrounds the nucleus unlike cleaved-Caspase which engulfs the entire cell (Fig. 7G). We 
observed a significant increase in cells with Caspase3+ signal (i.e. 44% vs 73%) 2 dpfi. 
Importantly, the increase in expression was attributed to an increase of cells expressing 
pro-Caspase3 without exhibiting an increase in cleaved form of Caspase3 (Fig. 7H). At 
days 2 and 3 into the phenotype, we observed an increase in cells expressing pro-
Caspase3+ (Fig. 7I). Through western blot, a stepwise increase in pro-Caspase3 was 
observed starting 2 dpfi, followed by a substantial increase 4 days RNAi (Fig. 7J). 
Furthermore, the cleaved form of Caspase3 was only observed to peak 6 dpfi and 
decrease slightly 12 dpfi The decay in signal is likely due to tissue loss and deterioration 
of animal integrity imposed by the RNAi treatment (Fig. 7K). For a more sensitive approach 
to detect cellular apoptosis, FACS analysis using AnnexinV and 7AAD (i.e. markers for 
apoptosis and viability, respectively) were deployed throughout the first 6 post Smed-
PTEN(RNAi). Relative to the control, the RNAi group shows a progressive increase in 
AnnexinV+ cells towards the pre-apoptotic quadrant within the first 5 dpfi (Fig. 8A, B). 
FACS analysis 6 days Smed-PTEN(RNAi) identified a significant shift of cells towards the 
apoptotic quadrant, supporting our prevous findings with TUENL and Caspase3 staining 
(Fig. 8B).  

To understand the genetic composition of different cell death cascades, we 
examined RNAseq data. Genes involved in DNA damage induced pro-apoptotic cascade 
(e.g. PIDD, APAF1, CRADD) decrease within the first 3 dpfi and gradually increase 
starting 4 dpfi (Fig. 8C). Interestingly, genes involved in anti-apoptotic signaling (e.g. HIAP 
and BCL) were consistently upregulated throughout the progression of the phenotype 
followed by an increase in BAG4, CDC37 and Livin starting at day four (Fig. 8D). Genes 
involved in cell death receptor activation were suppressed days 2- to 4-dpfi and later 
increased > 6 dpfi (Fig. 8E). Surprisingly, genes involved in the Caspase cascade were 
suppressed except for Caspase3 which returned to basal levels by 4dpfi. Notably, GO 
terms (strict cut-off of <0.2) involved in negative regulation of apoptotic process were 
enriched at both 3- and 12-dpfi. Interestingly, at 4 dpfi GO terms (cut-off of <0.23) for 
apoptosis and autophagy were present (Fig. 8F). To validate the in-silico results, we 
performed quantitive PCR probing for the anti-apoptotic gene BCL2 and found a significant 
increase in expression 12 days post Smed-PTEN(RNAi) (Fig. 8G). These results imply 
that Smed-PTEN(RNAi) cells can initiate pro-apoptotic signals but are unable to mount an 
apoptotic response within the early stages of the phenotype.  

Currently, there are no methods of upregulating genes within the planarian. To 
determine if Smed-PTEN is required for the apoptotic response, we capitalize on the ability 
for planarian to regenerate lost tissues. A recently published transcriptome annotates the 
generic wound response preceding head regeneration [53]. We identified that both 
homologs of Smed-PTEN are required for regeneration and expression levels increase at 
specific timepoints corresponding to the well-established waves of cell death during 
regeneration (e.g. 4 and 24 hours post amputation (hpa)) [53], [56] (Fig. 8H). To ensure 
that the day two phenotype was in full effect, all animals were amputated at various time 
points (e.g. 4, 6, 8, 12 and 24hpa) and fixed exactly at the 48-hour mark of the intact 
phenotype. Both the control and Smed-PTEN(RNAi) animals were subjected head 
amputation and underwent TUNEL assay staining. Interestingly, Smed-PTEN(RNAi) 
animals failed to produce the cell death peaks at both 4hpa and 24hpa, relative to the 
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Figure 8. Smed-PTEN is required for initiating cell death. (A) FACS plots using Annexin V cell 
death stain shows a progressive increase in the pro-apoptotic quadrant (Q3) and a reduction of 
live cells (Q4) with an increase in cell death (Q1) at days 6 PTEN(RNAi). (B) Quantification of 
cell death rates determined by FACS analysis. (C, D, E) Differentially expressed genes involved 
in the DNA damage induced pro-apoptotic cascade, anti-apoptotic cascade and cell death 
receptor activation/Caspase cascade, respectively. (F) Biological processes GO terms specific 
for cell death mediated terms. (G) QPCR validation of RNAseq data monitoring mRNA levels of 
BCL2 anti-apoptotic gene throughout the PTEN(RNAi) time course. (H) PTEN gene expression 
after 120hours post head amputation; notice the increase in expression at 4 and 24 hours. (I, J) 
Quantification and visualization of TUNEL+ foci of PTEN(RNAi) day 2 animals undergoing 
regeneration. Red arrows show a shift in apoptotic events after head regeneration within the 
24hr time frame. (K) Quantification of mitotic events of PTEN(RNAi) day 2 animals undergoing 
regeneration within a 24hr time period. Experiments consisted of at least three biological 
replicates, n>30 animals per time point. *P<0.01, **P<0.005, ***P<0.0005, ****P<0.0001; NS, 
no significance; two-way ANOVA. Scale bars 250um. 
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control (Fig. 8I, J). However, when Smed-PTEN gene expression is not required during 
regeneration, Smed-PTEN(RNAi) animals were able to elect a peak in cell death. The 
amount of death corresponded to cell death rates found in the control animals 4hpa. 
Curiously, mitotic division during regeneration was also altered in the treated group when 
compared to the control. Mitotic division is not substantially elevated 4hpa in control 
animals however, Smed-PTEN(RNAi) animals exhibited increase in proliferation. The 
increase in mitosis 4hpa resembled the systemic peak of cellular proliferation known to 
occur in control animals 6hpa. Further, Smed-PTEN(RNAi) exhibited a delayed response 
to suppress cell division at 8hpa but reverted to basial levels (Fig. 8K). Overall, these 
results show that Smed-PTEN expression is required for cell death and cell cycle 
regulation during regeneration. Moreover, alternative signaling mechanisms within the 
planarian can produce an apoptotic response upon loss of Smed-PTEN expression.   

 
6.6. Smed-PTEN depletion impairs mitotic spindle geometry  
  

PTEN regulates the timely expression of genes involved in the spindle checkpoint, 
architecture and chromosome congression during mitosis [538]–[541], [550], [586]. 
Overexpression of these components may result in chromosomal instability, aneuploidy 
and tumor development [538]–[541], [550], [586]. We have previously identified that 
Smed-PTEN(RNAi) animals exhibit alterations in cell cycle dynamics, DNA damage and 
mitotic cells chromosomal abnormalities. To understand the role of Smed-PTEN during 
chromosome segregation, we examined the organization of the mitotic spindle and 
chromosomes in cells derived Smed-PTEN(RNAi) animals at 1- and 2-dpfi. Through 
double immunostaining with anti-α-tubulin and anti-H3P antibodies (e.g. spindles and 
chromosomes, repspectively) we observed an array of abnormalities throughout the 
different phases of mitosis. Specifically, in microtubule organization of spindles and

 

 
Figure 9. Smed-PTEN(RNAi) disrupts mitotic spindle pole architecture. (A) An array of 
dissociated cells stained with Histone 3, α-Tubulin and DAPI to depict the phases pf mitosis and 
the subsequent abnormalities obtained through RNAi of PTEN at days 1 and 2. (B) Percent of 
mitotic figures that a normal versus abnormal. (C) Quantification of cells per phase of mitosis 
and the abnormal mitotic figure counts per phase at days 1 and 2 RNAi. (D) Quantification of 
anaphase mitotic figures that are normal blue, experiencing tubulin issues (orange) or bridging/ 
lagging issues (yellow). (E) The frequency of telophase mitotic figure that are normal or 
abnormal.      
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spindle poles throughout all phase of mitosis (e.g. prophase/prometaphase, metaphase, 
anaphase and telophase) (Fig. 9A, B). Notably, 24 hpfi cells contained most of the 
abnormalities as errors within the mitotic figures seem to alleviate 48 hpfi (Fig. 9A, B). 
Importantly, cells in anaphase exhibited characteristics of lagging and bridging 
chromosomes known to rise from unrepaired DSBs formed in S-phase. Cells from day 
one Smed-PTEN(RNAi) animals exhibited a slight increase in the number of cells in 
metaphase and telophase relative to the control. However, cells 2 dpfi showed an increase 
of mitotic cells accumulating in prophase and prometaphase (Fig. 9C). Moreover, the 5% 
of abnormalities found within control group were restricted to prophase, prometaphase 
and metaphase. However, cells of the treated group exhibiting abnormalities within 
anaphase and telophase at both 1- and 2-dpfi (e.g. 21% vs. 35%). Abnormalities in 
anaphase (e.g. tubulin architecture and bridging/lagging chromosomes) increased as the 
phenotype progressed (Fig. 9D). Cells within telophase contained abnormalities with 
tubulin organization and equal segregation of DNA per cell at both 1- and 2-days RNAi 
(Fig. 9E). These results support an essential role of Smed-PTEN in preserving the integrity 
of cells undergoing mitosis and its role to inhibit the progression of abnormal cells past the 
metaphase spindle checkpoint.  

An increase in lagging chromosomes in anaphase are symptomatic of defects in 
kinetochore-microtubule attachment dynamics resulting in defective chromosome 
congression and segregation [587]. To discern the cause of segregation issues, we 
examined RNAseq data and identified that genes involved in prophase, prometaphase 
and telophase are upregulated. However, the average gene expression for both 
metaphase and anaphase are downregulated (Fig. 10A). Notably, proteasome (PSM)- 
specific subunits and subcomponents were dramatically decreased by Smed-
PTEN(RNAi) (Fig. 10B). Together, in silico results imply that Smed-PTEN(RNAi) cells

 

 
Figure 10. in silico analysis reveals issues with metaphase and anaphase specific gene 
expression upon Smed-PTEN loss. (A) average in gene expression (log fold change) of a large 
array of genes differently expressed throughout the different phases of mitosis. (B) Heat maps 
of genes categorized by mitotic phase at days 2 to 12 of the PTEN(RNAi) phenotype.   
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within metaphase may undergo defective chromosome congression and segregation 
resulting in anaphase defects.  

To assess chromosome condensation issues within the Smed-PTEN(RNAi) 
phenotype, we examined the geometry of metaphase cells. Within the first two days of the 
phenotype, metaphase cells showed disorganized spindle microtubules and chromosome 
alignment defects (Fig. 11A). Noteworthy, phosphorylated Histone H3 accumulated and 
surrounded centrosomes within the treated group. Smed-PTEN(RNAi) cells did not 
increase in surface area (e.g. bright field cell area) relative to the control (Fig. 11B). 
Interestingly, significant increases in DNA area per cell were observed within the first 48 
hours of the phenotype accompanied by an increase in DNA congression index (e.g. 
length versus width of DNA) (Fig. 11C, D). These results imply that Smed-PTEN(RNAi) 
cells harbor reduced chromatin packaging and loss of cohesion capabilities. Further, 
analysis of spindle pole length per cell area portrayed a significant reduction in the 
treatment group (Fig. 11E). Disorganized spindles arrays were attributed to a significant 
increase in spindle angle of both astral and polar microtubules (i.e. 30º versus +46º) 
resulting in an overall increase in spindle arc angle in respect to centrosome (i.e. 60º 
versus +93º) (Fig. 11F, G). Alterations to chromosome condensation and spindle 
dynamics play roles in the acquisition of DNA damage during mitosis [588]. These results 
imply a mechanism for the rise to chromosomal abnormalities found within the Smed-
PTEN(RNAi) phenotype.   

Defects in mitotic spindle geometry due to loss of PTEN have been attributed to 
overexpression of PTEN-regulated Dlg1-Eg5 complexes and the unscheduled formation 
of mitotic checkpoint complex [541], [550], [586]. Exploring the RNAseq results, we 
identified crucial components involved in the phosphorylation of Dlg1-Eg5 complexes were 
upregulated (e.g. NEK9, NEK2 and MST2) (Fig. 12A). Interestingly, within the inner 
kinetochore gene expression of the centromere specific variants (e.g. CENP-A, -H and -
S) found in the nucleosome were significantly downregulated. Genes involve in outer 
kinetochore function are in general overexpressed within the treated group (e.g. PLK1 and

 

 
Figure 11. Smed-PTEN loss impairs metaphase geometry of planarian neoblasts. (A) 
Representative control and RNAi neoblasts undergoing cell division. H3P is marking mitotic 
neoblasts, DAPI the DNA and tubulin in green. (B) Quantification of cell surface area determined 
by bright field images. (C) Fold change in DNA surface area in relation to cell surface area. (D) 
Congression index measuring the length and width of metaphase neoblasts. (E) Quantification 
of spindle pole length relative to surface area of cell. (F, G) Spindle angle and arc angle with 
respect to the centromere.     
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NDC80). Gene expression found within the corona (i.e. interface between chromosome 
and spindle) contained mixed expression values. Specifically, underexpression of genes 
involved in spindle checkpoint complex (e.g. BUB1 and BUB3) with the exception for 
CDC20 which was overexpressed throughout the time course. Lastly, we identified 
alterations to components of the anaphase promoting complex (e.g. ANAPC-1, -4, -10 and 
-11). Together, these results suggest that loss of Smed-PTEN promotes unregulated 
expression of genes required for spindle geometry. 

Suppressed Smed-PTEN expression can aid in abnormal motor protein activity for 
spindle pole movement during mitosis. The most enriched cellular components, molecular 
function and biological processes were genes involved in microtubule dynamics, 
chromosome condensation and DNA packaging (Fig. 12B). Analysis of enriched genes 

 
Figure 12. Smed-PTEN(RNAi) alter spindle pole and kinetochore dynamics. (A) GO term list for 
enrichment of terms involved in microtubule movement, chromosome and DNA packaging. (B) 
Representative image of the kinetochore and corona of the chromosome. (C) Heat map 
representing gene expression levels of genes involved with the specific regions of the 
kinetochore and corona. (D) Differentially expressed genes involved in actin organization and 
biogenesis, microtubule motor activity and lastly, spindle pole dynamics. (E) Expression levels 
of genes involved in kinetochore activity and cilia movement. (F) Gene expression for genes 
involved in microtubule-based processes. (G) Heatmap of genes involved in DNA packaging.  
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identified the upregulation of actin filament organization/biogenesis (e.g. DIAPH-1 and -
2), microtubule motor activity (e.g. MYO and MYH) and spindle pole dynamics (e.g. γ-
tubulin complex) (Fig. 12C). Interestingly, genes involved in kinetochore activity and cilia 
movement were severely elevated throughout the phenotype (e.g. kinesin and dynein 
specific) (Fig. 12D). However, genes involved with microtubule-based process such as 
many members of the tubulin superfamily (e.g. alpha, beta, gamma and delta) were highly 
downregulated (Fig. 12E). Further, key components within the DNA packaging SWI/SNF, 
TIP60 and INO80 complexes were altered with mixed expression profiles (Fig. 12F). 
Together, the in-silico results point to a dysregulation for genes involved in DNA packaging 
and kinetochore-microtubule attachment dynamics, may result in the observed metaphase 
segregation issues.  

 
6.7. Smed-PTEN(RNAi) neoblasts enter metaphase harboring DNA damage 
generated during synthesis phase 

PTEN is required for Rad51 recruitment onto chromatin structures, mediating 
faithful DNA replication forks progression, restart and recovery [484]. To determine if 
Smed-PTEN(RNAi) neoblasts harboring DSBs can enter mitosis, we subjected both the 
control and treated group with exogenous exposure to DNA damaging agents. 
Specifically, (1) DNA polymerase inhibitor aphidicolin (APH) causing replication stress and 
(2) sublethal γ-irradiation to induce large-scale and repairable DSBs. The calibration of 
APH drug exposure accounted for animal survival, optimal concentration and time of 
treatment to produce an effect. We identified that soaking control animas in 0.2mM APH 
can suppress cell division by 50% within 6 hours post treatment (hpt) relative to DMSO 
soaked controls (Fig. 13A, B). Exposing Smed-PTEN(RNAi) animals to APH within the 
first 48 hours RNAi resulted in increased amounts of neoblasts entering G2/M relative to 
APH soaked controls. Moreover, the increase of mitotic cells within the APH soaked 
Smed-PTEN(RNAi) groups were indistinguishable to DMSO controls. However, 
experimental animals 3 days RNAi responded to APH treatment and significantly reduced 
the number of neoblasts entering G2/M relative to the DMSO controls. Noteworthy, 4 days 
RNAi animals subjected to 6 hour soak in APH were incapable of suppressing neoblast 
entry into G2/M (Fig. 13B). These results suggest that Smed-PTEN(RNAi) neoblasts 
containing DNA replication stress can bypass regulatory mechanisms within the first 2 
dpfi. Furthermore, at 3 days RNAi, animals can suppress premature entry of damaged 
cells into G2/M phase.  

To corroborate our findings, we exposed planarian to sub-lethal doses of γ-
irradiation to induce systemic accumulation of DSBs. The exposure of planarian to γ-
irradiation was calibrated to ensure mitotic division was suppressed within the first 6 hours 
post exposure and capable of being re-established within 12 hours. 200rad of γ-irradiation 
resulted in a near complete elimination of mitotic activity by 6 hours post exposure when 
compared to nonexposed animal, approximately 5.33±3.68 versus 175.25±15 mitotic 
cells/mm2. Strikingly, experimental animals 6-hours post 200rad resulted in the inability to 
suppress mitotic activity at both 1- and 2-dpfi (Fig. 13C, D). However, cell division was 
suppressed 3dpfi. In addition, when animals were exposed to a higher dose of γ-irradiation 
at 400rad, increases in cell division were only observed at 2 days Smed-PTEN(RNAi). 
Lastly, in all cases, mitotic activity was reestablished by 12 hours post-exposure and the 
amount of events were indistinguishable between the control and RNAi groups (Fig. 13D). 
These results imply that cells within the first 2 dpfi can bypass regulator mechanisms and 
that these neoblasts have a higher tolerance to exogenous DNA insults. Moreover, the 
inability to distinguish between the control and treated groups 12 hours post γ-irradiation 
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Figure 13. Neoblasts harboring DNA damage can bypass G2/M checkpoint two days into the 
phenotype. (A) Whole mount immunostaining against H3P for both control and experimental 
groups after 6 hours soak in [0.2mM] APH. (B) Quantification of mitotic events 6 hours post APH 
soak. Both control and experimental groups were accompanied with day specific DMSO soaked 
animals and fold change were determined off the days and RNAi specific DMSO controls. (C) 
Tracking of mitotic events through immunostaining against H3P 6 hours after exposure to 
200rad sublethal dose if ionizing irradiation. (D) Quantification of mitotic events at both 6hr and 
12hr after exposure to either 200rad or 400rad irradiation. (E) Heat maps containing gene 
expression levels for marker involved in pre-replication initiation and the elongation and 
maturation phases of replication. (F) Veen diagram molecular function GO terms throughout the 
time course. Table represents the significant gene enrichment per PTEN(RNAi) days. * 
indicated inability to make cut-off.       
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may imply that certain neoblast types harboring DSBs are capable of bypassing regulatory 
mechanisms.       

Many cancers overexpress genes involved in the licensing of DNA replication, 
which result in the accumulation of DNA damage before division. To identify if Smed-
PTEN(RNAi) animals exhibit endogenous forms of DNA replication stress, we isolated 
differentially expressed genes involved in preinitiation, elongation and maturation of 
replication origins. Results identified a continual overexpression of preinitiation related 
genes (e.g. CDC6, cdt1, and MCM complex) throughout the 12-day time course (Fig. 13E). 
Furthermore, many genes involved in the repair and maintenance of Okazaki fragments 
formed during DNA replication, were mostly downregulated throughout the phenotype 
(Fig. 13E). We also identified a significant downregulation of genes involved DDR and 
DNA repair required for efficient DNA replication (e.g. RPA, PCNA, RFC1-5, Rad-9, -1, -
17 and CHEK1). Overall, RNAseq analysis shows a reduction of genes required for DNA 
replication 2 dpfi and a relative reestablishment by day 3 RNAi. Together, these results 
imply that early signs of endogenous DNA replication stress are caused by under- 
replication, over-replication or altered maturation within replicasome. 

Accumulation of endogenous DNA replication stress can be attributed to conflicts 
between transcription and replication. To explore the option of transcription-replication 
mediated DNA replication stress, we examined GO term ontology related to molecular 
function during the RNAi schedule. Using a KS cut-off of <0.3, we identified that each 
timepoint contained nine central GO terms involved in transcription activity, regulation and 
promotion (Fig. 13F). Strikingly, 2 dpfi was highly enriched with six specific GO terms and 
shared two terms with 3-day RNAi. Using a more stringent KS cut-off of <0.2, we observed 
that GO term enrichment for transcription was isolated to the first 3 dpfi. Relative to the 
annotated genes per transcription-specific GO term, the 2dpfi timepoint contained 74% of 
significant genes and 3 dpfi contained 24% (i.e. 293 versus 96 genes, respectively) (Fig. 
13F). These results imply that the first three days of the phenotype contain highly active 
roles in transcription. Furthermore, there may be a possible role in transcription-replication 
mediated replication stress which needs further exploration.    

The phenomenon of Smed-PTEN(RNAi) neoblasts entering mitosis containing 
DNA damage has not been described. To address this, we utilized the well-established 
drug colchicine to terminally freeze cells within mitosis as it targets the disruption of tubulin. 
Colchicine is usually utilized to view metaphase chromosome spreads. We have adapted 
the soaking protocol to monitor the rate of neoblasts entering metaphase by fixing animals 
to stain against α-H3P. To calibrate this experiment, animals were soaked in colchicine 
during an 8-hour period and when compared to unsoaked animals, mitotic rates increased 
stepwise (Fig. 14A). Astonishingly, Smed-PTEN(RNAi) neoblasts 2 dpfi entered 
metaphase at an accelerated rate throughout the colchicine soak time course relative to 
the control (i.e. 1.45- and 1.61-fold change) (Fig. 14B, C). Moreover, prolonged pausing 
in metaphase through colchicine treatment has been attributed to mitotic catastrophe-
mediated apoptosis and the acquisition of DNA damage [589], [590]. Both cell death and 
DNA repair rates were monitored in control worms during an 8-hours incubation period. A 
significant peak in Caspase3 and RAD51 signal were observed after 8-hours of colchicine 
treatment (Fig. 14D). Now calibrated, we examined the effects of cell death and DNA 
repair of 2-day RNAi neoblasts experiencing prolonged metaphase pausing. Results 
identified a significant elevation of RAD51 and animals exhibited a significant decrease in 
cell death by the conclusion of the 8-hour colchicine soaked (Fig. 14E, F, G, H). These 
results imply that despite drug treatment, Smed-PTEN(RNAi) animals still exhibit an 
inability to induce cellular apoptosis and survive with increased amounts of DNA damage. 
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Figure 14. Smed-PTEN(RNAi) neoblasts evade mitotic catastrophe. (A) Calibration experiment 
to determine the increase in mitotic cells halting in metaphase under a 4hr and 8hr soak in 
colchicine. (B) Immunohistochemistry against H3P for both the control and experimental group 
day 2 RNAi after an 8hr soak in colchicine. (C) Quantification of mitotic events after a 4hr and 
8hr colchicine soak. (D) Standardization of the amount of cell death (Caspase3) and DNA repair 
(RAD51), foci per mm2, after soaking control animals in colchicine for 8hrs relative to an 
untreated animal. (E) Whole-mount immunostaining of control and PTEN(RNAi) animals 2 days 
into the phenotype stained with RAD51 8 hours after treatment. (F) Quantification of RAD51 
intensity post 8hr exposure to treatment. (G) Immunostaining of control and PTEN(RNAi) 
animals, 2 days RNAi, against Caspase3 antibody 8hrs after soaking. (H) Caspase3 intensity 
reading for both the control and RNA group after drug soaking. (I) Magnified zoom of H3P+ foci 
merged with RAD51+ foci 2 days into the phenotype. (J) Analysis of individual and co-expressed 
foci in relation to animal surface area. Circle graphs depict the percent of cells in the control and 
RNAi group co-expressing H3P+RAD51. (K) Magnified zoom of H3P+ foci merged with 
Caspase3+ foci 2 days into the phenotype. (L) Quantification of individual and co-expressed 
foci in relation to animal surface area. Circle graphs depict the percent of cells in the control and 
RNAi group co-expressing H3P+Caspase3.       
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However, these results do not provide a resolution to distinguish between treatment 
effects on differentiated cells vs. mitotic neoblasts.  

Next, we performed double WIHC of H3P+RAD51 and H3P+Caspase3 in both the 
control and treated groups 2 dpfi, exposed to an 8-hour colchicine soak. With regards to 
the DNA damage rate within mitotic neoblast, a significant increase in H3P+RAD51 double 
positive neoblasts relative to the area of the animals was observed in the RNAi group (e.g. 
20% vs 36%) (Fig. 14I, J). Moreover, looking at cell death rates of mitotic neoblasts under 
8-hour colchicine treatment we observe an increase in H3P+ foci and decline in 
Caspase3+ foci in Smed-PTEN(RNAi) animals. Interestingly, this did not produce a 
significant increase in double positive H3P+Caspase3 mitotic neoblasts normalized to the 
surface area of the animals (Fig. 14H, K). Therefore, we quantified co-expression in terms 
of mitotic neoblasts with disreguard to animal surface area. In doing so, we identified that 
the control cells harbor 40% double positive mitotic neoblasts relative to Smed-
PTEN(RNAi) animals that contained 20% double positive signal. Together these results 
imply a greater amount of mitotic neoblasts contain DNA damage and are capable of 
bypassing mitotic catastrophe driving the phenotype. 
 

6.8. Discussion 
  

Monitoring cellular transformation quite challenging and current experimental 
models are restricted to organ-specific tissues or cell culture [358], [577]. The following 
study presents an innovative approach by using the planarian, Schmidtea mediterranea 
to monitor the transition of normal to malignant cells during adult tissue turnover. Our 
results provide critical insight on pervasive precancerous lesions that give rise to the 
planarian cancer-like phenotype. Specifically, we demonstrate that Smed-PTEN controls 
cell cycle checkpoint stability, cellular apoptosis and DNA integrity. In addition, Smed-
PTEN function is critical for the DDR and DNA repair response through homologous 
recombination. Finally, we establish that loss of Smed-PTEN results in the accumulation 
of DNA replication stress, which results in abnormal mitotic chromosome segregation.   

Despite the central role of DNA damage in cancer development, it remains poorly 
understood whether DNA damage reflects the cause or effect of altered cell dynamics. 
The OTS-DDM model identifies that the imbalance between oncogene and tumor 
suppressor activity results in precancerous lesions of DNA replication that drive cancer 
progression [30], [32], [33]. Moreover, the dual functionality of PTEN within the nucleus 
and cytoplasm provides an exemplary protein to study OTS-DDM during tissue renewal. 
Histological analysis of many tumor types identifies that a progressive loss of nuclear 
PTEN accompanies cancer initiation and its progression [365]–[370]. However, its nuclear 
role is less understood in the context of cancer and its progression. We establish that 
Smed-PTEN does function within the nucleus of planarian neoblasts. Further, we 
attributed subcellular alterations to cell cycle dynamics and DNA integrity to loss of Smed-
PTEN nuclear function. Studies in Schmidtea mediterranea will provide unique 
opportunities to analyze the OTS-DDM during simultaneous renewal of many tissues in 
the context of the adult body. 

Nuclear PTEN is seen to maintain many facets of cell cycle progression, 
centromere stability, chromatin condensation and the mitotic checkpoint [171], [484], 
[488], [489], [538], [547], [549], [550], [586]. Smed-PTEN(RNAi) led to rapid alterations to 
cell cycle dynamics prior to the onset of hyperproliferation. Alterations to cell cycle 
dynamics resulted in two distinct phases of the phenotype: (1) accumulation of cells in 
G0/G1 in the first three days and (2) increase of S/G2/M cellular events day four and 
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onward. The accumulation of cells within G0/G1 at 2-days RNAi is consistent with nuclear 
PTEN tumor suppressive activity and its function with Rb cell cycle inhibition [429], [442]. 
Furthermore, alterations to cell cycle 2 days Smed-PTEN(RNAi) were accompanied by a 
strong DDR and damage repair signaling response. Despite the detection of DNA 
damage, Smed-PTEN(RNAi) fail to repair DSBs and neoblasts harbored chromosomal 
abnormalities. These results provide us with evidence that Smed-PTEN functions within 
the nucleus to preserve genomic stability and prevent DSBs accumulation, as seen in 
other models.   

 PTEN lacks traditional nuclear localization sequences required for the tagging of 
its import into the nucleus by nuclear transport. PTEN can conduct its nuclear functions 
through nucleocytoplasmic shuttling mediated by post-translational modification of 
phosphorylation and ubiquitination. Human cancers share properties referred to as 
hallmarks, among which sustained proliferation, escape from apoptosis, and genomic 
instability are the most pervasive. The sustained proliferation hallmark can be explained 
by mutations in oncogenes and tumor suppressors that regulate cell growth, whereas the 
escape from apoptosis hallmark can be explained by mutations in the TP53, ATM, or 
MDM2 genes. A model to explain the presence of the three hallmarks listed above, as well 
as the patterns of genomic instability observed in human cancers, proposes that the genes 
driving cell proliferation induce DNA replication stress, which, in turn, generates genomic 
instability and selects for escape from apoptosis. Here, we review the data that support 
this model, as well as the mechanisms by which oncogenes induce replication stress. 
Further, we argue that DNA replication stress should be considered as a hallmark of 
cancer because it likely drives cancer development and is very prevalent [237] [393] [425]. 
The planarian contains highly conserved proteins that regulate PTEN nucleocytoplasmic 
shuttling. Our analysis identified that suppression of this network results in an early onset 
of hyperproliferation 2 days RNAi and lead to premature tissues outgrowths and lethality. 
These results imply that (1) Smed-PTEN functions within the planarian, (2) nuclear Smed-
PTEN plays an active role in the early stages of the phenotype to prevent premature onset 
of cellular hyperproliferation and (3) that the accumulation of chromosomal abnormalities 
and DSBs may result from loss of nuclear PTEN. However, the correlation between 
nuclear PTEN shuttling and accumulation of DSBs will need to be further investigated. 
Taken together, with loss of Smed-PTEN, cell cycle alterations, DNA damage and 
chromosomal abnormalities are pervasive feature of the early phase of the PTEN 
phenotype and may be due to loss of Smed-PTEN within the nucleus. Our findings are 
consistent with other studies that show the exclusion of nuclear PTEN results in increased 
accumulation of genomic instability and predisposition to cancer onset (e.g. Cowden and 
Bannayan-Riley-Ruvalaba Syndrome) [365]–[370], [386], [396]. 

Downregulation of Smed-PTEN leads to an increase of neoblasts exhibiting 
abnormal chromosome segregation. Specifically, we identified an increase in metaphase 
and anaphase defects that was correlated to suppressed gene expression of specific to 
these two phases. We also noted that relative to the control Smed-PTEN downregulation 
resulted in mitotic deformities that persisted past the spindle assembly checkpoint. These 
results are consistent with the role of PTEN in regulating the timely formation of the spindle 
assembly checkpoint; preventing chromosomal abnormalities, aneuploidy and the 
development of cancer [538]–[540], [547]. Smed-PTEN(RNAi) neoblasts harboring DSBs 
were found to evade programed cell death early within the phenotype. Moreover, 
assessing metaphase specific congression and segregation allowed us to identify that 
neoblasts contained abnormal spindle geometry, overexpressed Histone 3 and enlarged 
congressional index. RNAseq results identified that proteasome activity was severely 
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suppressed throughout the phenotype. Proteasome activity is required for faithful 
centromere separation and the removal of excess non chromatin-bound histone H3 during 
mitosis [591], [592]. The removal of histone H3 from the centromere allows for the 
incorporation of the centromere specific variants such as CNEP-A to the nucleosome 
[593]. Hyper-phosphorylation of H3 leads to mitotic defects including alterations in spindle 
attachment, delayed cytokinesis, reduced chromatin packaging, cohesion loss, cohesion 
and condensin I loss [591]. Interestingly, Smed-PTEN(RNAi) animals exhibited reduced 
gene expression of centromere specific variants (e.g. CENP-A, -H and -S) found in the 
nucleosome. Together, the loss of proteasome activity may result aberrant Histone H3 
expression surrounding the centrosomes subsequentluy resulting in an enlarged 
congressional index. Overall, with the loss Smed-PTEN, abnormal neoblasts circumvent 
cell death and bypass the spindle assembly checkpoint; providing the basis for neoblast 
transformation.  

Defects found within anaphase have been attributed to cells incapable of repairing 
DNA damage or DNA replication stress acquired in S-phase [484]. Therefore, by using 
DNA damaging agents (e.g. APH and γ-irradiation) we identified that Smed-PTEN(RNAi) 
neoblasts can enter mitosis despite the acquisition of damage. Furthermore, increased 
rates of neoblsats entering G2/M were identified to be day 2 RNAi specific. This may be 
due to impairment of both the G2/M and M-phase checkpoints and DNA decatenation 
process, known to result from PTEN loss of function [508], [520], [524], [541]. Furthermore, 
prolonged pausing in metaphase increases mitotic catastrophe-mediated apoptosis or the 
activation of DNA damage repair. We identified that relative to the control, Smed-
PTEN(RNAi) animals under metaphase hault exhibited an increase in neoblasts harboring 
RAD51 foci and no alterations to the rate of Caspase3+ foci. It is tantalizing to source the 
increase in RAD51+ foci found in mitotic neoblasts to S-phase, but further experiments 
will be needed to distinguish the source (e.g. M-phase, S-phase or both). Together, these 
results suggest one of two things: (1) prolonged halting of RNAi neoblasts in metaphase 
results in cell death by alterantive methods and (2) that not all neoblasts at day 2 RNAi 
have a heterogenous outcome to metaphase pausing. Lastly, these results suggest that 
approximately 20% of neoblasts at day 2 RNAi have abnormal characteristics. 

Here, we propose that upon the first injection, small pools of Smed-PTEN that 
reside in the nucleus are abrogated resulting in the initial formation of DSBs and 
chromosomal abnormalities. However, with the aid of nucleocytoplasmic shuttling 
proteins, cytoplasmic Smed-PTEN is transported into the nucleus. Restoration of nuclear 
Smed-PTEN may be the cause of the reestablishment of checkpoint stability and mild 
recovery of DNA integrity found at day 3 RNAi. Furthermore, with the addition of the 
second dsRNA injection of Smed-PTEN, both nuclear and cytoplasmic pools of Smed-
PTEN are lost resulting in the onset of cellular hyperproliferation 4 days RNAi. Together, 
our results identify the that planarian cancer model provides new insight to study the OTS-
DDM model. Smed-PTEN(RNAi) neoblasts contain DNA damage and DNA replication 
stress early within the phenotype accompanied by sustain cellular proliferation. However, 
with our model we identified that mitotic stress (i.e. disordered mitotic spindles and 
segregation) and evasion of cell death are pre-cancerous characteristics that promote 
cancer progression. Gene expression of oncogenes are shown to be elevated 2 days into 
the phenotype, but the combination of RNAi and protein level experiments will be required 
to rule out if these events are Smed-PTEN(RNAi) specific or oncogene induced. 
Furthermore, we were unable to prove whether DNA replication stress or DNA damage 
occurred first and whether these outcomes were a result of the loss of PTEN tumor 
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suppressor activity or an increase in oncogenic activity. Experiments with DNA fiber assay 
with COMET assay will aid in which DNA alteration event occurs first.   
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CHAPTER SEVEN 
 
 

METHODS 
 

Planarian Cultivation 
 

The clonal asexual strain CIW4 of Schmidtea mediterranea was used in all 
experiments. Animals were kept and maintained as previously described [56], [108], [594]. 
Planarian were raised in large Ziploc Tupperware container held at a constant temperature 
of 20ºC in an incubator void of light. Planarians were maintained in 1x Montjuic salt water.  
P-H2O was stored in sterilized (30min 15lb/sq in dry cycle) carboys (Nalgene/VWR:16117-
977) and P-H2O was made at a 10X concentration of 1.5L and diluted in 13.5L of MqH2O. 
The 10X P-H2O was made as followed: 2.33g NaCl, 3.68g CaCl2, 3.0g MgSO4, 0.24g 
MgCl2, 0.19g KCl and 2.53g NaHCO3; diluted in 1.5L MqH2O (18mΩ) (NaCl; Sigma, Cat# 
S3014) (CaCl2; Sigma, Cat# C5080) (MgSO4; Sigma, Cat# M7506)  (MgCl2; Sigma, Cat# 
M8266) (KCl; Sigma, Cat# P9541) (NaHCO3; Sigma, Cat# S5761). Importantly, pH was 
adjusted to 7.0 with 2N HCL (HCl; Fisher, Cat# A144-500). Planarian were feed once a 
week in a regimented schedule, with organic bovine liver for 1-2hours. Animals were 
cleaned twice a week, once post feeding and another 2 days later by removing all P-H2O 
from the containers, rinsing all animals to one corner and discarding the rise P-H2O and 
lastly, the containers surface is wiped down to void any liver residue and mucous build up 
using natural/untreated hand towels. 

 

Gene Selection Tools 
 
Identification of Gene Homologs  
 

There have been many updates and advances to the planarian genome and 
transcriptome since 2013 [61], [106], [116], [117], [162], [248]–[253]. Over the years genes 
in my dissertation have been identified and validated countless times with the various 
genome/transcriptome updates. Thus, gene identification has been cross-referenced in 
SmedGD 2.0 (Robb et al. 2015), PlanMine1.0 (Brandl et al. 2016), Toronto Transcriptome 
(Swapna et al. 2018) and PlanMine3.0 (Rozanski et al. 2019) [106], [116], [117], [162]. 
Briefly, the gene of interest was found in UniProtKB [595] for the human counterpart and 
FASTA file was obtained. The human sequence was BLASTed in the various planarian 
genomes/transcriptomes and the top BLAST outputs were selected for their percent 
identity, e-value and bit score. To validate top BLAST hit, the planarian protein sequence 
was placed into NCBI (https://blast.ncbi.nlm.nih.gov) and sequence identity was further 
confirmed by Blastn, Blastx, Blastp and alignment tools. Other sites to confirm protein 
domain conservation, NCBI Conserved Domain 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), Prosite database to identify 
protein domains, families and functional sites within the sequence 
(https://prosite.expasy.org/prosite.html) and Pfam (http://pfam.xfam.org/) yielded a six-
frame translation of the identified sequence.  
 

https://blast.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://pfam.xfam.org/
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Protein Alignments and Protein Modeling   
 

The identified sequence was aligned to various species by using Clustal 
OmegaV2.1 (https://www.ebi.ac.uk/Tools/msa/clustalo/) with sequences obtained using 
HomoloGene (http://www.ncbi.nlm.nih.gov/homologene) and/or UniProtKB. Clustal 
OmegaV2.1 provided neighbor-joining tree, percent identity matrices and sequence 
alignments of the multiple sequence inputs. Further, the output sequence alignment code 
was placed into SeaViewV4.7 (http://doua.prabi.fr/software/seaview) to produce a color-
coded protein sequence alignment. Protein modeling of conserved structures, domains 
and active sites were created by IBS1.0.3 (GPS) (http://ibs.biocuckoo.org/download.php) 
with results derived from NCBI Conserved Domain, Prosite, Pfam and Jalview2.10.5 
(http://www.jalview.org/).    
 
Primer Identification and Selection 
 

The protein sequence for the identified gene of interest is placed into NCBI Primer-
BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Cloning primers were chosen to 
amplify a 400–700bps region of the gene of interest. Primers aimed to be cloned for RNA 
interference by feeding have an addition attB flanking sequence and is discussed in detail 
in a subsequent section. As for quantitate RT-PCR, primers are chosen to amplify a 75-
150bps region of the target sequence. Forward and reverse primer pair selection was 
based off GC content (~50%), melting temperature (~60ºC) and sequence length 
(~20pbs).  
 

RNA Extraction and DNA Amplification Tools 

 
RNA Extractions from Whole Planarian 
 

Isolating high-quality RNA from whole planarian is a well-established technique, 
requiring tissue homogenization in trizol and subsequent purification steps [596]. Whole 
planarians, 15-20 animals per condition, are placed into a 2mL tube and all residual P-
H2O is removed from the tube. To stabilize RNA, 1mL of trizol (Trizol; Life Tech, Cat# 
15596026) is added to the tube, vortexed and allowed several minutes to sit on ice before 
starting the extraction or samples are stored in the -80˚C until extraction is to take place. 
Samples are homogenized one of two ways: (1) upright tissue homogenizer (THb; OMNI, 
Cat# THB2081) for 1min with a stringent cleaning procedure of the probe (e.g. 1min per 
solution: MqH2O, 1%SDS, MqH2O, MqH2O, 3N NaOH, MqH2O); probe homogenization 
can be conducted in 2mL graduated flat cap tube (Microcentrifuge tubes; Fisher, Cat# 02-
681-332) or (2) tissue is homogenized by bead mill homogenizer (Bead Ruptor24; OMNI, 
Cat# 19-040E) with disruptor beads (Beads; CLS, Cat# CLS-1835-BG5) for 30-60 
seconds; bead mill must be conducted in 2mL screw cap tubes (Microcentrifuge tubes; 
Fisher, Cat# 02-707-355).     

After Homogenization, 266.6µL of chloroform (200µL chloroform/750µL Trizol) 
(Chloroform; Fisher, Cat# C606-4) is added to each sample and vortexed for 10-15sec 
and allow samples to sit for 3mins at room temperature. Samples are then spun down at 
11000rpm at 4˚C for 15minutes to allow for separation of digested RNA and trizol. Place 
top layer void of pink trizol in a fresh 1.5mL Eppendorf tube. Add 666µL of isopropanol 
(500µL chloroform/750µL Trizol) (Isopropanol; Fisher, Cat# A516-500) and samples are 
mixed by inversion for 10-20sec and samples rest at room temperature for 10mins. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ncbi.nlm.nih.gov/homologene
http://ibs.biocuckoo.org/download.php
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Thereafter, samples are spun down at 11000rpm for 10mins at 4˚C. RNA is pelleted, and 
supernatant is decanted. Subsequently, pellet is washed with 1mL of chilled 75% 200 
proof ethanol (Ethanol 200; ACROS, Cat#61509-5000) diluted in MqH2O and spun down 
at 7500rpm for 5mins at 4˚C. Ethanol is decanted and all traces of ethanol are removed 
by table top centrifugation. Depending on RNA pellet size, it is dissolved in 10-15µL of 
nuclease free water (Water; Fisher, Cat# BP2484-100); avoid oversaturation with water. 
Extracted RNA is kept on ice and assed for purity and concentration using a NanoDrop 
(NanoDrop Spectrophotometer; Thermo, Cat# ND-1000). Samples are stored in -80˚C, 
longer term.  
 
Complementary DNA Synthesis  
 
 The synthesis of cDNA requires genomic RNA obtained from RNA extractions of 
a control asexual strain CIW4 of Schmidtea mediterranea and using VERSO cDNA 
synthesis kit (VERSO; Thermo, Cat# AB-1453/B). Set up a master mix, in PCR tube, for 
a 20µL reaction: 4µL of 5x cDNA synthesis buffer, 2µL of dNTPs mix, 1µL of Anchored 
Olgio dT, 1µL RT enhancer and 1µL VERSO enzyme mix. The master mix was brought 
up to a 20µL reaction by adding nuclease free water that is dependent on the volume 
needed to obtain 1µg/µL concentration of template RNA determined by Nanodrop. 
Resuspend mixture and set samples in the thermocycler and set the following parameters: 
1 cycle of 30mins incubating at 42°C followed by 1 cycle of 2mins at 95°C and hold at 4°C. 
Samples are stored at -20°C, long term.     
 
Polymerase Chain Reaction and Gel Imaging  
 

PCR reactions are used to amplify target genes for cloning or amplify flanking 
sequences for dsRNA and riboprobe production. PCR reactions are conducted using Taq 
DNA polymerase dNTPack (PCR pack; Sigma, Cat# 04738225001) Set up a master mix, 
in a PCR tube, for a 50µL reaction by adding 1µL of PCR grade nucleotide mix, 5µL of 
PCR reaction buffer with MgCl and 0.5µL of Taq DNA Polymerase into a tube. Next, add 
41.74µL nuclease free water, 0.5-1µL of genomic cDNA or purified target DNA and add 
0.625µL of both forward and reverse primer to amplify the target or flanking region 
sequence; mix all components. Set samples in the thermocycler and choose the following 
parameters: 1 cycle of 5mins incubating at 94°C, 30-32 cycles of 30sec at 94°C for 
denaturing, 30sec at 56.5°C for annealing and 45sec at 72°C for elongation temperatures 
and end with 1 cycle of a 10min incubation at 72°C and hold at 4°C.    

Make a 1% agarose gel (0.4g agarose in 40mL 1xTBE) (10x TBE: 108g Tris Base, 
55g Boric Acid, 10mM EDTA in 1L MqH2O) (Agarose; Sigma, Cat# A9539-500G) (Trizma 
base; Sigma, Cat# T1503-1KG) (EDTA; Fisher, Cat# BP120-500) (Boric Acid; Fisher, Cat# 
A73-1). Heat in microwave to dissolve mixture and once dissolved add 5µL of ethidium 
bromide 1% solution (EtBr; Fisher, Cat# BP1302-10). Pour mixture into gel electrophoresis 
system cast chamber and allow for 1 hours to solidify. Add 1xTBE into the electrophoresis 
system, to fill line, and load the wells with 3µL of 1kB Plus DNA ladder (DNA ladder; Fisher, 
Cat# BP2579100) and 5µL of PCR product diluted in 2µL of 6x DNA loading dye (Loading 
Dye; Thermo, Cat# R0631). Run the gel at 100V 0.05A for 40-60mins. Once complete, 
gel was imaged a gel documentation system (Enduro GDS; Labnet; Cat# GDS-1302) 
under an UV transilluminator filter. 
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Cloning and Transformation Tools 
 

Cloning for T3 and T7 promoter regions  
 
 With the end goal of synthesizing dsRNA or ISH probes, amplified cDNA fragment 
of interest was TA cloned into pCR2.1-TOPO TA Vector (TOPO TA Cloning Kit; Invitrogen, 
Cat # 45-0030). Master mix was created: 2µL of amplified DNA from fresh PCR product, 
1µL salts (NaCl (1.5M), MgCl2 (0.06M)), 2µL sterile water and 1µL of TOPO-activated TA 
vector (10ng/µL). The liquid was gently mixed and incubated at room temperature for 
30mins. Place on ice and proceed to transformation.   
 
Cloning for attb flanked feeding vectors 
 
 attB primer flanks were added to primer sequence for the gene of interest. These 
flanks are required for cloning of feeding vectors used to induce dsRNA by INPG. Primers 
flanks are: forward 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTT-3’ and reverse 5’-
GGGACCACTTTGTACAAGAAAGCTGGGTT-3’. The gene was cloned into the pPR244 
vector using Gateway BP Clonase II kit (Gateway Clonase II Kit; Invitrogen, Cat# 11789-
020). Master mix was created: 1µL of amplified attB-primer DNA from fresh PCR product, 
1µL of pPR244 plasmid, 4µL 5xBP clonase reaction buffer and 10µL of EB buffer. Lastly, 
add 4µL of enzyme to the reaction and mix well by vortexing and incubate the reaction 
25°C overnight. To complete the reaction, add 2µL of Proteinase K (Proteinase K; 
Invitrogen, Cat# 25530049) to terminate the reaction, vortex and incubate samples at 37°C 
for 10mins. Place on ice and proceed to transformation.      
 
Cellular Transformation  
 

The newly generated vector is transformed into NEB5α competent bacteria 
(NEB5α; NEBL, Cat# C2987H). Place 25µL of NEB5α competent bacteria into a 1.5mL 
tube and depending on what cloning method was used add the following vector amount 
to the bacteria: 10µL for Gateway Clonase II Kit or 5µL for TOPO TA Cloning. Reaction 
incubated on ice for 30mins and subsequently, the reaction underwent heat shock at 42°C 
in a water bath for 30sec and immediately returned to ice for 2mins. Add 450µL of SOC 
outgrowth medium (SOC medium; NEBL, Cat# B9020S) per reaction and incubate for 1 
hour at 37°C at 225rpm. The medium was then plated using sterile technique. Thus, 300µL 
of the sample was added to a pre-warmed LB agar plates contacting antibiotics (LB recipe: 
7.5g LB Agar, 5g Bacto-tryptone, 2.5g Bacto yeast extract and 5g NaCl in 500mL MqH2O; 
pH 7) (LB Agar; Fisher, Cat# BP1425-500) (Bacto-Tryptone; BD, Cat# 211705) (Bacto 
Yeast Extract; BD, Cat# 212750). Importantly, kanamycin (Kanamycin Sulfate; Fisher, 
Cat# BP906-5) plates were used for pPR244 vectors and carbenicillin (Ampicillin sodium 
salt; Sigma, Cat# A-9518) plates were used for TOPO vector. Plates were allotted 30mins 
to incubate face-up at room temperature and then incubated face down overnight (16-20 
hours) at 37°C in an incubator. Once several colonies have grown, pick one independent 
colony with a 10µL pipette tip and validate that the colony contains the gene of interest by 
running a PCR in a 24µL using your colony as the DNA in the reaction and cloning/flanking 
primers. After amplification is confirmed, place colony into a 15mL round bottom tube 
containing 5mL 2XYT media (2XYT media: 16g Bacto-tryptone, 10g Bacto yeast extract 
and 5g NaCl in 1L MqH2O; pH 7). Before incubation add 10µL of your vector specific 
antibiotic at 100µg/mL concentration. Incubate tube overnight (16-20 hours) at 37°C at 



 

114 
 

225rpm. Importantly, pPR244-NEB5α will be further transformed into HT115 competent 
bacteria as it has specific sights for IPTG induced dsRNA production. This will take place 
with purified pPR244-NEB5α plasmid DNA created through Miniprep purification.   
 
DNA Purification 
 

Before purifying DNA, glycerol stocks were made for each gene using a 1:1 dilution 
of glycerol (Glycerol, ACROS, Cat# 41098-5000) and cultured bacteria and stored at -
80°C. Ligated vectors were then isolated using Miniprep kit (Miniprep Kit; QIAGEN, cat# 
27104). Overnight liquid cultures were spun down for 5mins at 5000rpm at 4°C. The media 
was decanted and pellet containing bacteria cells was resuspended in 250µL of Buffer 
P1/RNAse. Resuspended solution was then transferred into a 2mL tube and 250uL of P2 
was added per tube, mixed by inverting 4-6 times and allowed to incubate for 5mins. 350uL 
of N3 Buffer was added per tube, invert gently ten times and spun down for 10mins at 
room temperature at 13000rpm. Supernatant is decanted into a QIA Prep spin column and 
pellet is tossed. Spin samples for 1min room temperature at 13000rpm and discard flow 
through by pipetting. Add 500uL PB Buffer to the columns and spin for 1min room 
temperature at 13000rpm. Remove flow through by pipetting. Add 750uL PE/Ethanol 
(wash buffer) per column and spin for 1min room temperature at 13000rpm. Remove wash 
buffer and then spin again for 1min room temperature at 13000rpm to remove residual 
buffer. Place columns into a freshly labeled 1.5mL tube and then add 50uL nuclease free 
water to the center of the column, let sit for 2mins and spin samples for 1min room 
temperature at 13000rpm. Repeat with eluted liquid.  The concertation and purity of the 
DNA was established using NanoDrop. Isolated vectors were diluted 1:10 and used to 
generate PCR products using T3/T7 flanking primers. At this point dsRNA or riboprobes 
were produced as described in Oviedo et al. 2008 [56]. As for the feeding vector, this 
purified DNA will be used in the transformation process and placed into HT115 competent 
bacteria.  
 
Restriction Digest, Gel Extraction and Ligation  
 

Placing TOPO vector into pBlueScript plasmid to ensure stability of the vector, 
once complete will be used for dsRNA and riboprobe synthesis. Restriction enzyme 
digestion by creating a 25µL digest by adding 0.5-1µL of Not1, BamHI, XhoI or Pst1, add 
2.5µL of NEB2.1 in MqH2O determined by the concentration of DNA needed to obtain 1µg. 
Incubate reaction at 37°C for 2 hours (Not1; Thermo, Cat# ER0595) (BamHI; NEBL, Cat# 
R0136S) (Xhol; NEBL, Cat# R0146S) (Pst1; NEBL, Cat# R0140S). 

Samples are run on a 2% agarose gel at 120 volts for 1 hour. Get was then used 
to begin the gel extraction using a kit (Gel Extraction Kit; QIAGEN, cat# 28704). Gel bands 
with appropriate weight as placed with 3x volume of QG buffer and incubates at 50°C for 
15mins or until gel slice was dissipated. If the color of the solution is not yellow, proceed 
to add 10µL 3M Sodium Acetate. Relative to the initial volume of gel added to the reaction, 
add isopropanol to the reaction and mix by inversion. Add 750µL of mixture to spin column, 
spin samples for 1min room temperature at 13000rpm and decant liquid; repeat if liquid 
still remains. To remove agarose, add 500µL of QG buffer and spin column for 1min room 
temperature at 13000rpm. Wash with 750µL PE buffer contacting ethanol and spin column 
for 1min room temperature at 13000rpm. Decant liquid and spin again for 1min room 
temperature at 13000rpm. Place columns into a freshly labeled 1.5mL tube and then add 
25uL nuclease free water, let sit for 2mins and spin samples for 1min room temperature 
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at 13000rpm. Repeat with eluted liquid. The concertation and purity of the DNA was 
established using NanoDrop. 

Now ligation of purified DNA into pBlueScript plasmid using DNA Ligation Kit 
(Rapid DNA Ligation Kit; Thermo, Cat# K1422). To do so, create the following reaction: 
4µL of 5xRapid ligation mix, 5µL of T4 DNA ligase, 25ng of pBlueScript vector DNA 
(16.1ng/µL), 75ng of DNA and complete the reaction up to 20µL with nuclease freed water. 
At this point, the DNA fragment which was T4 ligated between the T3 and T7 promoter 
region of the pBlueScript plasmid (pBlueScriptII(+); Agilent Tech, Cat# 212207). With the 
reaction, transformation into NEB5α competent bacteria of plasmid DNA containing the 
ligated pBlueScript can take place, isolated using carbenicillin (100 µg/mL), cultured, 
obtain purified DNA and T3/T7 flanking PCR can be conducted.  

RNA Interference Tools 
 

In Vitro Double Stranded RNA Preparation  
 
 To being dsRNA synthesis, cDNA of the cloned target gene PCR primers are 
crated to amplify the gene of interest by flanking T3 and T7 promoter sequences onto it 
[298], [597]. Primer sequences are T3: 5’-AATTAACCCTCACTAAAGGG-3’ and T7: 5’-
GTAATACGACTCACTATAGGGC-3’. Amplified T3 and T7 fragment (T3/T7 DNA) of the 
cloned gene was used to synthesize single stranded T3 and T7 separately. Begin by 
making a master mix of synthesis solution in a DNAse/RNAse 1.5mL tube. The mixture is 
as follows: 4µL of nuclease free water, 4µL of 5xTrans Buffer (Trans Buffer; Fisher, 
Cat#P118B), 4µL of equal mixture of 5xrNTPs (rNTPs; Promega, Cat# P114A, P113A, 
P115A, P116A), 2µL of 100mM DTT (DTT; Promega, Cat# P117B) and 1µL of 
Recombinant RNAsin Ribonuclease Inhibitor (RNasin; Promega, Cat# N251B). Mixture 
was resuspended several times to ensure homogeneity and was split into two separate 
tubes to synthesize T3 and T7 ssRNA alone thereby, adding 1µL T3 RNA polymerase (T3 
Pol; Promega, Cat# P208C) or 1µL of T7 RNA polymerase (T7 Pol; Promega, Cat# 
P207B). Lastly, 4µL of T3/T7 PCR product was placed in each tube, resuspended and 
incubated at 37°C for 2 hours or overnight for no more than 16 hours. 

Thereafter, 1µL of RQ1 RNase-Free DNase (DNAse; Promega, Cat# M6101) was 
added and incubated at 37°C for a minimum of 15mins to 1 hour. 1 µL of the synthesized 
T3 and T7 mixtures were separately stored in -20°C; this will be run in the gene to ensure 
synthesis worked. Both T3 and T7 mixtures were combined into one tube and 380µL of 
STOP solution (1mL 10% SDS filtered, 0.1471g EDTA, 5mL ammonium acetate and fill to 
50mL with MqH2O) (1M ammonium acetate, 10mM EDTA, 0.2% SDS) (Ammonium 
acetate; Fisher, Cat# A637-500) is added and incubated at room temperature for 10mins. 
Next, adding 200µL of Phenol-chloroform (Phenol-chloroform; Fisher, Cat# BP17521-
400), samples were vortexed for 15sec each and centrifuged 2mins at 14000rpm. Place 
the top aqueous layer into a new tube and add 200µL of chloroform. Samples were 
vortexed for 15sec and centrifuged for 2mins at 14000rpm. Transfer aqueous phase to a 
fresh tube. Samples were incubated at 68-72°C for 10mins and the annealing process 
occurring by allowing the samples to cool within the heat source until reaching room 
temperature (1-2 hours or overnight) or a 30min incubation at 37°C is sufficient if timing is 
an issue. Samples were ethanol purified as follows: 1mL of 100% ethanol was added and 
centrifuged for 10mins at 13000rpm, 4°C. The ethanol was carefully decanted and 1mL of 
80% ethanol was added and centrifuged for 10mins at 13000rpm, 4°C. All traces of 
ethanol were removed by using a table top centrifuge and dsRNA pellet was resuspended 



 

116 
 

10µL of nuclease free water. The previously stored single stranded T3 and T7 sample and 
the synthesized double stranded samples were run on a 1% agarose gel and 0.5µL 
sample was used per well mixed with loading dye. dsRNA is stored long term in -20°C   

RNA Interference by Injecting In Vitro dsRNA 
 

Consecutive injections with dsRNA has been a well-established protocol in the 
planarian field to disrupt gene expression allowing analysis of gene during tissues 
homeostasis and regeneration [112], [125], [298], [594], [597]. Planaria were then placed 
dorsal side up, atop peltier cooler covered with parafilm, a chilled KimWipe folded into a 
square with white or black Whatman paper (Whatman paper; Sigma, Cat# WHA1001325) 
atop it and all excess planaria water was removed using a pasture pipette. Glass 
microelectrodes were made with a Flaming/Brown micropipette puller (Puller; Sutter, Cat# 
P-97) by pulling 100mm; 1/0.58 OD/ID (mm) glass capillaries (Capillaries; World Precision 
Instruments, Cat# 1B100F-4) stretched under the following parameters: heat 800, pull 55, 
velocity 35, time 1 for approximately 7-8sec. Microelectrodes are filled with mineral oil (Oil; 
Fisher, Cat# BP2629-1). A Drummond Nanoject II Auto-Nanoliter Injector (Injector; 
Drummond; Cat# 3-000-204) was used to administered 2-3 pulses containing 32nL of 
dsRNA each injection. To rule out the possibility of local neoblast depletion, 
microinjections targeted the pre-pharyngeal area to assure effective dsRNA incorporation 
as well as homogeneous distribution throughout the body, visualized by gastro-vascular 
system bloating and expansion. Both control and treated animals received equal amount 
of injections, controls were injected with nuclease free water and a protocol for each gene 
downregulation was optimized for each gene. Experimental animals were stored in 
polystyrene petri dish 100mmx25mm (Petri Dish; Fisher, Cat# FB0875711) and cleaned 
weekly during the duration of the injection time course.  
 
RNA Interference by Feeding In Vitro dsRNA 
 

Induction of bacterially expressed dsRNA inhibits gene expression in planarian and 
is a robust method for high-throughput studies [598], [599]. Briefly, primers with attB 
flanking sites were generated for the gene of interest. PCR products were generated using 
cDNA synthesized from RNA of asexual S. mediterranea animals. The gene was cloned 
into the pPR244 vector using BP Clonase II kit. The newly generated vector was 
transformed into NEB5α competent bacteria and then into HT115 competent bacteria. 
Therefore, before starting RNA interference by feeding, create an overnight liquid stock 
culture by inoculating a 10µL pipette tip with glycerol stock containing the HT115 bacteria 
with the vector containing target gene. Place the pipette tip into 5mL of 2XYT media 
contacting kanamycin (50mg/mL) and tetracycline (10mg/mL) and grow overnight (16-20 
hours) at 37°C at 225rpm. This stock liquid culture can be stored 4°C. To start the dsRNA 
synthesis for RNA interference, generate a feeding tube by obtain 500µL of stock liquid 
culture bacteria and add it to a 15mL round bottom tube containing 4.5mL of 2XYT media 
contacting antibiotics. Rock culture at 37°C at 225rpm until the optical density of the 
culture reaches an OD595 of 0.400. Once the desired absorbance is reached, add 50µL 
of 0.1M IPTG (IPTG; Fisher, Cat# DP1755-1) was added and incubated for an additional 
4 hours. The media was pelleted at 5000rpm at 4°C for 5mins, liquid then was decanted, 
and the pellet was mixed with 25µL of calf liver. Planarian are housed in polystyrene petri 
dish 100mmx25mm and fed for 1-2 hour or overnight. Once feeding period is over, dishes 
are cleaned, and P-H2O is added once feed period is complete. The duration of RNA 
interference by feeding were optimized per gene and feeding schedule was optimized to 
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maintain worms at a relatively small size (<4mm) so molecular experiments can be 
conducted with ease.  

Planarian Fixations Methods 
 
Carnoys Fixation 

 
Carnoys fixation has been used in planarian to penetrate the mucus barrier and is 

used to fix animals for BrdU and Immunohistochemistry protocols [56], [600]–[603]. 
However, depending on antibody penetrance other fixatives may be required [307]. Place 
control and treated animals in designated 20mL glass scintillation vials (Fisher, Cat# 03-
337-14). Before starting, all reagents must be ice cold before use (e.g. HCl and Carnoys 
fixative) or from -20ºC freezer (100% Methanol). Remove P-H2O and simultaneously, kill 
animals and remove mucous layer by submerging them in 5.7% HCl (570µL of 12.1N HCL 
and filled to 10mL with MqH2O) on ice for 5mins sharp. Completely remove HCl solution 
and fix animals for 2 hours on ice with gentle agitation, using Carnoys fixation solution 
(6:3:1 ethanol, chloroform, acetic acid) (Ethyl Alcohol Denatured; Fisher, Cat# A407-4) 
(Acetic Acid; Fisher, Cat# A38-500). Lastly, remove Carnoys solution, rinse with cold (-
20ºC) 100% Methanol (Methanol; Fisher, Cat# 177145) and add fresh 100% Methanol 
onto animals and place in -20ºC for a minimum of 1 hour and this is a stopping point for 
long-term storage.  
 
NAC Fixation: in situ Hybridization   

 
5% NAC fixation removes planarians of their mucous, as it is a mucolytic, and kill 

animals to be best used in WISH/FISH experiments [604]–[606]. Remove P-H2O from 
20mL glass scintillation vials and submerge animals in 5% NAC solution (0.5g NAC in 
10mL 1xPBS) (NAC; Sigma, Cat# A7250-100G) (10xPBS; Fisher, Cat#7647-14-5). 
Animals should be rocking at room temperature for 10mins in 5% NAC. After 5mins, NAC 
solution is replaced with 4% formaldehyde (1.1mL 36.5% formaldehyde in 10mL 
0.3%PBSTx) (0.3%PBSTx solution preparation is in subsequent section) (Formaldehyde 
solution; Sigma, Cat# F8775-500ML) for 20mins at room temperature and rocking. 
Fixative is immediately removed, and animals were quickly rinsed twice with 0.3%PBSTx. 
Animals are now placed in preheated reduction solution (50mM DTT, 1% Tergitol, 0.5% 
SDS, in 1XPBS) (Dithiothreitol; Sigma, Cat# 3483-12-3) (Tergitol NP-40; Sigma, Cat# 
NP40S-100ML) (20% SDS; Fisher, Cat# BP1311-200) for 10mins at 37ºC water bath 
occasionally agitating to aid in animal permeabilization. Following reduction, samples were 
rinsed twice with 0.3%PBSTx and then dehydrated to 100% methanol using serial dilutions 
of 50% Methanol in 0.3%PBSTx and 100% Methanol, both for 5mins and rocking. Rinse 
with 100% methanol and place animals in fresh 100% Methanol; store in -20ºC for long 
term.  
 
NAC Fixation: TUNEL Assay    
 

10% NAC fixation yields optimal signal and reproducibility TUNEL assay [101]. 
Thus, animals are placed in 20mL glass scintillation vials and incubated and rocked at 
room temperature, for 5mins in 10% NAC (0.8g NAC in 8mL 1xPBS). NAC solution is 
removed, and animals are fixed in 4% formaldehyde (1.1mL formaldehyde in 10mL 
0.3%PBSTx) for 20mins at room temperature and rocking. Fixative is immediately 
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removed, and animals were quickly rinsed twice with 1xPBS. Lastly, animals were 
permeabilized for 20mins at room temperature and rocking, in 1% SDS (0.5mL of 20% 
SDS in 10mL 1xPBS). Animals are quickly rinsed twice with 1xPBS and placed in 
0.3%PBSTx. Importantly, at this point, animals are hydrated, 6% bleaching should occur 
in 0.3%PBSTx (2mL of 30% H2O2 in 8mL 0.3%PBSTx) (30% H2O2; GR ACS, Cat# 
HX0635-3) not Methanol. Once bleaching is complete, animals are rinsed in 0.3%PBSTx 
and TUNEL assay can commence. Usually, TUNEL assay is done on bleached animals 
immediately however, short term of animals in in 0.3%PBSTx cannot exceed 1 week. Not 
favorable, however, long term storage of animals is possible, and animals can be 
dehydrated to 100% methanol using serial dilutions of Methanol in 0.3%PBSTx from 0% 
to 50% Methanol and from 50% to 100% Methanol at 5mins intervals and rocking. Store 
in -20ºC.      
 
Animal Bleaching and Rehydration 
 

Remove 100% Methanol and add 6% bleaching solution (2mL of 30% H2O2 in 8mL 
Methanol) and place vials under a light source overnight or until completely bleached. 
Remove bleaching solution and rinse with room temperature 100% methanol and place 
back into the -20ºC for at least 1 hour. This is a stopping point for long-term storage. To 
begin experiments, rehydrate animals by removing 100% Methanol and replacing the 
solution with 50% Methanol in 0.3%PBSTx (50mL 10xPBS, 1.5mL Triton X-100 and fill to 
500mL with MqH2O) (Triton X-100; Sigma, Cat# T8787-100mL) for 5mins circulating. 
Remove the 50% Methanol solution and at 100% PBSTx (0.3%) for 5mins circulating. At 
this point animals are ready for blocking or animals can be stored at 4ºC for short term, 
no longer than 1 week. To block animals, 0.2% BSA in 0.3% PBSTx (0.125g BSA in 50mL 
of 0.3% PBSTx and filtered before use) (BSA; Sigma, Cat# A2153-100G) for IHC based 
experiments and 0.4% BSA in 0.3% PBSTx for BrdU experiments is made and animals 
are submerged in blocking for 4 hours circulating at room temperature. Now proceed to 
antibody incubation.   

 

Gene Expression Tools 
 

Riboprobe Synthesis for In Situ Hybridization   
 

Riboprobes were synthesized as previously described [56], [298], [604]. Amplified 
T3 and T7 flanks through PCR (T3/T7 DNA) of the cloned gene was used to synthesize 
single stranded T3 and T7 separately. Begin by making a master mix of synthesis solution 
for a 25µL reaction: 4µL of target PCR product, 11µL of nuclease free water, 5µL of 
5xTrans Buffer, and 1.5µL of Recombinant RNAsin Ribonuclease Inhibitor. In addition, 
2.5µL of RNA labeling mix is added. Note that 10xDIG specific (10xDIG RNA Labeling 
Mix; Sigma, Cat# 11277073910) riboprobes can be used for both colorimetric or 
fluorescent in situ hybridization. However, for a double fluorescent in situ hybridization one 
riboprobe will have to be DIG specific and the other 10xFluorescien specific 
(10xFluorescien RNA labeling Mix; Sigma, Cat# 11-685-619-910). Lastly, for each gene 
T3 or T7 riboprobe must be made to determine sense or antisense. Therefore, add 1µL of 
T3 RNA polymerase or 1µL of T7 RNA polymerase. Now that the reaction has been made, 
incubate samples at 37°C in a water bath for 1 hour. After this hour, add an additional 1µL 
of T3 or T7 RNA polymerase to the corresponding tube and incubate again at 37°C for 1 
hour. 1µL of RQ1 RNase-Free DNase is then added and incubated for 15mins at 37°C. 
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Subsequently, for ethanol precipitation, add 2.7µL 5M Lithium Chloride (LiCl; Fisher, Cat# 
L121-500) and 54µL of ice cold 100% 200 proof ethanol to each tube. These tubes were 
then placed in the -80°C for 15mins and centrifuged for 20mins at 14000rpm at 4°C. Post 
removal of supernatant and any residual ethanol by table top centrifugation, the pellet was 
resuspended in 50µL of deionized formamide. Make a 1% agarose gel and 2µL of reaction 
is loaded. The result should yield double bands per sample. 
 
Planarian Whole Mount In Situ Hybridization  

 
Protocol was adapted from previously established literature [604], [605]. NAC fixed 

worms need to be rehydrated thus, in the glass vials, remove 100% Methanol and add 
50/50 Methanol/0.3%PBSTx and incubate samples for 7mins. Replace solution and 
incubate animals with 100% 0.3%PBSTx for an additional 7mins. Remove 0.3%PBSTx 
and treat animals for 10mins with Proteinase K solution (1mL 10xPBS, 100µL 10% SDS, 
1µL Proteinase K and fill to 10mL with MqH2O). Fix animals for 10mins in 4% 
Formaldehyde fixative (1.1mL 36.5% formaldehyde and 8.9mL 0.3%PBSTx). Remove 
fixative and rinse twice with 0.3%PBSTx. Incubate samples for 15mins in 1:1 0.3%PBSTx: 
Wash-Hybe (5mL Deionized formamide, 2.5mL 20XSSC, 200µL 50xDenhardts and fill to 
10mL with MqH2O) (20XSSC; Sigma, Cat# S6639-1L) (Deionized Formamide; Sigma, 
Cat# S4117) (Denhardt’s solution; Sigma, Cat# 30915). Remove solution and rock for 2 
hours at 56°C in hybridization oven with Pre-Hybe solution (5mL deionized formamide, 
2.5mL 20XSSC, 200µL 50xDenhardts, 0.010g Yeast RNA, 100µL Heparin, 50µL 
10%Triton, 50µL 10%Tween, 50µL 1M-DTT and 2mL MqH2O) (Tween-20; Sigma, Cat# 
P9416) (Yeast RNA; Roche, Cat#10-109-223-001) (Heparin; Sigma, Cat# 84020). During 
the 2-hour incubation, prepare the riboprobe mix by adding riboprobe into Ultra-Hybe 
solution (5mL deionized formamide, 2.5mL 20XSSC, 200µL 50xDenhardts, 0.010g Yeast 
RNA, 100µL Heparin, 50µL 10%Triton, 50µL 10%Tween, 50µL 1M-DTT, 1mL 
50%Dextran Sulfate and 1mL MqH2O) (Dextran Sulfate; Sigma, Cat# D8906). Riboprobe 
mix is then denatured at 72°C for 5mins and then brought to 56°C. After the 2-hour 
incubation and riboprobe mix has reached temperature, apply 1mL of riboprobe mix to 
each well and seal the well plate with aluminum sealing tape (Tape; Fisher, Cat# 07-200-
684). Allow for hybridization to occur for ~16hrs at 56°C rocking in a hybridization oven.     

Remove riboprobes and store at -20°C for future use. Perform each of the following 
washes three times for the duration of 30mins, with preheated solutions at 56°C and 
rocking in hybridization oven. Solutions are placed in this order: (1) Wash-Hybe, (2) 1:1 
ratio of Wash-Hybe:2xSSC(0.1%Tx) (3) 2xSSC(0.1%Tx) (4) 0.2xSSC(0.1%Tx). 
Importantly, the last wash of 0.2xSSC(0.1%Tx) is done at room temperature. Remove 
solution and wash twice for 10mins at room temperature with MABT (11.6g Maleic Acid, 
8.76g NaCl, 10mL 10%Tween, fill to 1L with MqH2O and pH to 7.5 with NaOH) (Malic Acid; 
Sigma, Cat# M0375). Block animals for 1 hour in 1mL per well of MABT-B (9mL MABT, 
1mL Horse serum and 0.1g BSA) (HyClone; GE, Cat# SH30074.03). For colorimetric 
reaction, dilute 0.5µL of Anti-DIG-AP (1:2000) (Anti-DIG-AP; Roche, Cat#11-093-274-
910) per well contacting 1mL blocking solution and incubate samples overnight rocking at 
4°C. For a fluorescent reaction, dilute 1µL of Anti-DIG-POD (1:1000) (Anti-DIG-POD; 
Roche, Cat# 11-207-733-910) in 1mL blocking solution.  

Remove antibody and rinse twice with MABT. Subsequently, rinse six times for 
10min intervals with MABT. For Tyramide Amplification Fluorescent development follow 
the protocol in the TSA section below. For NBT/BCIP Colorimetric development: 
Equilibrate with two 5min washes in AP Buffer (2mL 1M Tris pH 9.5, 1mL 1M MgCl2, 400µL 
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5M NaCl and fill to 20mL with MqH2O). Followed by one 5min washes in 5% PVA-AP 
Buffer (1mL 1M Tris pH 9.5, 500µL 1M MgCl2, 200µL 5M NaCl, 5mL 10%PVA and fill to 
10mL with MqH2O) (Polyvinyl alcohol; Sigma, Cat# P8136). Place NBT/BCIP tablet 
(NBT/BCIP; Roche, Cat# 11697471001) in 10mL of 10%PVA and add to wells to initiate 
development for more than 30mins. When fully developed, rise twice with 0.3%PBSTx, 
followed by a 30min 4% paraformaldehyde fix (Paraformaldehyde; Sigma, Cat# P6148) 
and ending with two rinses with 0.3%PBSTx. If desired, wash animals with 100% Ethanol 
for 10mins at room temperature to remove background and incubate samples in 80% 
glycerol overnight in 4°C and mount. 

 
Planarian Whole Mount Fluorescent In Situ Hybridization  
 

Fluorescent in situ hybridization was adapted from previously established literature 
[605]. Samples stored in 100% methanol should be removed from -20°C and given 15mins 
to reach room temperature. Animals are rehydrated and introduced to 1x SSC in by 
rocking animals for 10mins in 50% methanol diluted in 0.1%PBSTx, then for 5mins in 
0.1%PBSTx and lastly 1xSSC for 10mins. Now, animals placed into in situ baskets that 
are secured in a 24 well plate (Medium incubation baskets; Intavis, Cat# 12.440). Animals 
must be placed under a light source for 1.5 hours in bleaching solution (8.85mL MqH2O, 
250µL 20XSSC, 500µL Formamide and 400µL 30% H2O2) (Formamide; Fisher, Cat# 
BP227-500). Once bleached, replace solution with 1xSSC for 10mins followed by two 
washes with 0.1%PBSTx one for 5mins and another for 10mins. Samples are ready to be 
permeabilized for 10mins in Proteinase K solution (9.9mL 0.1%PBSTx, 100µL 10% SDS 
and 1µL Proteinase K). Solution is replaced and rocked for 10mins in 4% Formaldehyde 
solution (8.9mL 0.1%PBSTx and 1.1mL 37% Formaldehyde). Solution is replaced and 
animals are washed twice with 0.1%PBSTx, one for 5mins and another for 10mins. 
Animals are moved towards hybridization with an initial incubation of 10mins in 1mL of 1:1 
ratio of 0.1%PBSTx:PreHybe solution (25mL Deionized Formamide, 10mL MqH2O, 
12.5mL 20XSSC, 2.5mL 20% Tween-20 and 1mL Yeast RNA). Replace the 1:1 solution 
with 100% PreHybe, 1mL per well, for 2 hours rotating at 56°C. During the 2-hour 
incubation, prepare the riboprobe mix by adding riboprobe into Hybe solution at a typical 
1:800 concentration. Hybe solution (25mL Deionized Formamide, 5mL MqH2O, 12.5mL 
20XSSC, 2.5mL 20% Tween-20, 1mL Yeast RNA and 5mL 50% Dextran Sulfate). Hybe 
solution can be stored in -20°C if it does not contain dextran sulfate. Riboprobe mix is then 
denatured at 72°C for 5mins and then brought to 56°C. After the 2-hour incubation and 
riboprobe mix has reached temperature, move baskets contacting animals into 1mL of 
riboprobe mix and seal the well plate with aluminum sealing tape. Allow for hybridization 
to occur for ~16hrs at 56°C rocking in a hybridization oven.     

Remove riboprobes and store them -20°C to be used again. Perform each of the 
following washes two times for the duration of 30mins, with preheated solution at 56°C 
and rocking in hybridization oven. Solutions are placed in this order: (1) PreHybe, (2) 1:1 
ratio of PreHybe:2xSSC(0.1%Tx) (3) 2xSSC(0.1%Tx) (4) 0.2xSSC(0.1%Tx). Remove the 
plate from oven and allow it to cool to room temperature ~10-15mins. Solution is replaced 
and animals are washed twice with 0.1%PBSTx at 10min intervals. Animals are blocked 
for 1 hour at room temperature or overnight at 4°C in filtered 5% 10xCasein blocking buffer 
(10xCasein Buffer; Sigma, Cat# B62429) and 5% heat inactivated horse serum. Remove 
blocking and dilute antibody with fresh blocking buffer and rock at room temperature for 4 
hours or overnight at 4°C. The following antibody mixtures are used: Anti-DIG-POD 
(1:1000) diluted in 0.1%PBSTx + 5% Horse Serum + 5% 10x Casein block or Anti-Fluor-
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POD (1:1500) diluted in 0.1%PBSTx + 10% 10x Casein block (Anti-Fluor-POD; Roche, 
Cat#11-426-346-910)  

Antibody is removed and seven washes in 0.1%PBSTx rocking at 15min intervals 
will commence. During this time, Tyramide stock buffer should be prepared (58.44g NaCl, 
3.09g Boric Acid, fill to 500mL with MqH2O, pH to 8.5 with NaOH and filter) and as well as 
4-IPBA stock solution (20mg/mL in dimethyformamide) that can be stored at -20°C (4-
IPBA; Sigma, Cat# SML0309) (dimethyformamide; Sigma, Cat# 227056). The working 
tyramide solution should be made fresh per reaction. Place 1mL of tyramide buffer per 
well; add 1:1000 of 4-IPBA and 1:10,000 30%H2O2 into this solution. Dependent on the 
color needed add tyramide conjugated to Rhodamine 1:1500, FITC 1:1000 or Cy5 1:300. 
Incubate the final tyramide solution at room temperature for 10-12mins followed by two 
washes in 0.1%PBSTx at 5min intervals. At this point single FISH is competed and can 
be mounted. However, for double or triple FISH proceed with tyramide inactivation by 
incubating animals for 1.5 hours at room temperature or overnight at 4°C in 1% Sodium 
Azide (NaN3; Sigma, Cat# S2002) followed by two washes in 0.1%PBSTx at 5min 
intervals. To add the second antibody, wash seven more times with 0.1%PBSTx in 20min 
intervals, block and add secondary antibody at room temperature for 4 hours or overnight 
at 4°C. Proceed to antibody removal and tyramide amplification.  

 
Quantitative RT-PCR  
 

Quantitative RT-PCR (qPCR) was performed as previously described [16], [109]. 
Again, RNA was extracted from whole tissue of >20 animals per condition using trizol and 
cDNA was generated from 1µg of total RNA. The clone H.55.12e “UDP Glucose” 
(accession number: AY068123) was selected as an internal control as a constitutively 
expressed gene [125]. Specific target primers for qPCR we designed to be 50-150 base 
pairs in length and were used to evaluate gene expression and the efficiency of gene 
knockdown by RNA interference. qPCR reactions were placed in a fast optical 96-well 
reaction plate (Plate; AB, Cat# 4346906). A 20µL reaction per well: 10µL of SYBR Green 
Master Mix (SYBER Green; AB, Cat# A25741), 1µL of reverse and forward primer mix 
(20pmol), 1µL of cDNA and 8µL nuclease free water. To reduce pipetting error and 
materials used, create two mater mixes: (1) SYBR Green Master Mix + Primer Mix and (2) 
cDNA + nuclease free water. The control and treated samples receiving target primers will 
all receive 1 concentration of cDNA. Further, a gradient of different cDNA concentration 
(e.g. 1, 0.5 and 0.25) will be made per sample receiving internal control H.55.12e primers. 
Therefore, when loading the plate primarily add the cDNA + nuclease free water starting 
with the cDNA made for the gradient followed by the wells receiving concentration of 1 
cDNA for target primers. Once all sample cDNA (e.g. control and treated) are in the plate, 
add the SYBR Green Master Mix + Primer Mix; this mix should stay in dark until in use.  

Once complete, seal the plate (PCR film, Eppendorf, Cat# 951023019), then spin 
down for 5mins at 1500rpm at 4ºC and qPCR is performed using a StepOnePlus Real-
Time PCR System (qPCR Machine; AB, Cat# 4376600). Data were analyzed using 
Applied Biosystems StepOne Software V2.0. Additional analysis (e.g. normalization and 
fold change) was computed using Microsoft Excel. Ct values for different target genes 
were normalized to expression of the internal control H.55.12e by obtaining a standard 
curve of H.55.12e expression levels at various concentrations of cDNA (e.g. 1, 0.5 and 
0.25) that was specific to that sample (e.g. control or treated). Further, gene expression 
levels of the experimental group were then made relative to the control extract and 
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presented in terms of fold change. Reactions were run in triplicate per target primer and 
at least two different experiments per condition were performed.  

 

RNA Sequencing Tools 
 
Library Preparation and RNA Sequencing 

 
10 large planarians, starved for 7 days, were treated with RNA interference of 

PTEN (1&2) at various timepoints post first injection (e.g. days 2,3,4,6 and 12) and control 
planarians were injected with nuclease free water at various timepoints post first injection 
(e.g. 2,6 and 12). Injection schedule as previously described [56]. All RNA interference 
regimens ended on the same day to eliminate sample preparation issues. Briefly, samples 
were treated with trizol, stored at -80°C and RNA was extracted for each sample on the 
same day. Triplicated analysis was performed for each data point that consisted of pooled 
samples from 10 animals each. RNA library was prepared and sequenced on the Illumina 
HiSeq 4000 platform at the DNA Technologies Core at the UC Davis Genome Center. 
Samples were indexed and pooled for multiplexing. All samples were analyzed by a 
Bioanalyzer for quality control before sequencing. 
 
Differential Expression Analysis 

 
Trimmed fastq files were assessed for quality control and mapped to the recently 

published complete Schmidtea mediterranea genome dd_Smes_g4_1 from the 
PlanMine database [249]. The Bioconductor package Rsubread [607] was used to map 
reads to the reference genome using a robust and efficient seed-and-vote algorithm 
followed by the featureCounts algorithm to assign counts. The raw counts data were 
normalized and filtered for genes with log2 counts-per-million (CPM) greater than 0.5. 
Sample variation was assessed for quality. A customized pipeline using the limma 
package and voom transformation for precision weights was developed [568]–[570]. Test 
statistics were produced using empirical Bayes moderation and subsequent heatmaps 
were made using the ComplexHeatmap Bioconductor package. 
 
Gene Enrichment Analysis 

 
Gene enrichment analysis was performed using the Bioconductor topGO 

package. Enrichment was computed by ranking gene scores using the conservative 
Kolmogorov-Smirnov test. Subsequent tables were coded using LaTeX. 
 

Immunoassaying and Fluorescent Tools 
 
Planarian Whole Mount Immunohistochemistry  
 

Antibodies in the planarian have been optimized to track neoblast division, 
differentiation and their progeny (e.g. gut, central nervous system, cilia, protonephridia, 
etc.) during tissue homeostasis and regeneration [252], [298], [307], [602], [608]–[614]. 
After blocking for 4 hours in 0.2% BSA in 0.3% PBSTx (0.125g BSA in 50mL of 0.3% 
PBSTx and filtered before use), primary antibodies diluted in 0.2% BSA in 0.3% PBSTx 
are incubated overnight at 4ºC with gentle agitation. Remove antibody and store. Rinse 
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quickly three times with 0.3%PBSTx and afterward 8 times at 40min intervals, rocking and 
at room temperature. Block for 1 hour with 0.2% PBSTx-BSA. Remove blocking and add 
secondary diluted in 0.2% BSA in 0.3% PBSTx overnight with gentle agitation at 4ºC. 
Remove antibody and store. Rinse quickly three times with 0.3%PBSTx and afterward 8 
times at 40min intervals, rocking and at room temperature. If antibody requires HRP 
substrate amplification, follow instructions in tyramide signal amplification section. Primary 
and secondary antibodies are as followed:             

Primary antibodies: α-Phospho-Histone H3 (Ser10) 1:250 (Millipore Cat# 05-
817R), α-Caspase-3, 1:500 (Abcam ab13847), α-Phospho-Histone H2A.X (Ser139) 1:500 
(Thermo, Cat# LF-PA0025), α-RAD51 1:500 (Abcam, Cat# ab109107), α-synapsin 1:100 
(Developmental Studies Hybridoma Bank), α -VC1 1:10000 (Kind gift of K. Watanabe), α-
SYNORF1 1:100 (Developmental Studies Hybridoma Bank), anti-α-Ac-Tubulin 1:500 
(Sigma, 6-11B-1) and Smed-6G10 1:1000 (Developmental Studies Hybridoma Bank).  

Secondary antibodies: for α-H3p Alexa568 1:800 goat anti-rabbit (Invitrogen Cat# 
11036). HRP-conjugated goat anti-rabbit antibody (Millipore, Cat# 12-348) was used at 
1:500 for both anti-Rad51 and anti-H2A.X and 1:2000 for anti-Caspase3; all with TSA-
Alexa Fluor 488 (Thermo, Cat# A21370). For α-synapsin, α-VC1, α-SYNORF1, anti-α-Ac-
Tubulin and Smed-6G10 both Alexa488 1:400 goat anti-mouse (Invitrogen Cat# 673781) 
or goat-anti-mouse HRP IgG (H+L) 1:1000 (Thermo, Cat# G-21040) can be used.  
 
BrdU Pulse-Chase Analysis 
 

BrdU incorporation is used to monitor planarian neoblasts, their migration and 
differentiation [602], [603]. Rinse animals in a 24 well plate three times with P-H2O to 
remove excess mucus and debris in well. Remove liquid and treat Planarians with freshly 
made 0.0625% NAC dissolved in P-H2O (625µL 1% NAC and 9.375mL P-H2O) for 1min 
sharp; this will remove mucus layer of the epithelium. Note that 0.0625% NAC is difficult 
to make thus, prepare a 1% NAC stock solution in P-H2O and dilute down to 0.0625% 
NAC. Stock solution can be stored at -20ºC in aliquots. Make in use solution fresh every 
time before use. Immediately, after 1min, remove NAC and rinse three times with fresh P-
H2O. To begin the BrdU pulse segment, incubate animals for 1 hour in the dark at room 
temperate in 25mg/mL BrdU in 3%DMSO/0.1x P-H2O (0.025g BrdU in 1mL P-H2O and 
add 30µL DMSO). Note that 25mg/mL BrdU Labeling Reagent in 3%DMSO/0.1x P-H2O is 
difficult to dissolve. Therefore, prepare by add P-H2O into a 1.5mL tube containing desired 
BrdU labeling reagent (BrdU Labeling Reagent; Sigma, Cat# B5002-5G) and dissolve by 
mixing at 1000rpm in a Thermomixer-R at 50ºC for approximately 5-10mins. Once 
dissolved add 3%DMSO (DMSO; DriSolv, Cat# MX1457-7). Allow solution to cool before 
placing onto animals. Make solution fresh every time before use. Once the pulse is 
complete, immediately remove BrdU and rinse three times with fresh P-H2O. Place 
animals in the dark at room temperature to chase for +8hrs; do not exceed 15hrs chase. 

Once BrdU chase is complete, fix animals using the Carnoys fixation and animal 
bleaching and rehydration protocols. Before blocking, the DNA must be denatured thus, 
remove 0.3%PBSTx and replace with 2N HCl (1.322mL of 12.1N HCL and add 6.678mL 
MqH2O) for 45mins at room temperature rocking. Rinse quickly with 0.1M borax (3.8g 
sodium tetraborate in 100mL MqH2O and adjust pH to 8.5 with NaOH) (Sodium tetraborate 
decahydrate; Fisher, Cat# BP175-500) and to neutralize the animals, incubate animals in 
fresh 0.1M borax for 2mins and sharply remove. Rinse animals quickly with 0.3%PBSTx 
and thereafter two times at 5min intervals, shaking. At this point animals are ready for 
blocking. Again, block animals for 4hrs rotating at room temperature using 0.4% BSA in 
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0.3% PBSTx (0.25g BSA in 50mL of 0.3% PBSTx and filtered before use). Transfer 
animals to 24 well plate, remove blocking solution and add 1:50 Anti-BrdU Mouse diluted 
in 0.4% PBSTx-BSA (20µL Anti-BrdU in 1mL 0.4% PBSTx-BSA) (Anti-BrdU Mouse 
(BALB/c IgG1, κ); BD, Cat# 347580) and rock overnight at 4ºC. Cheng et al. 2018 identified 
that incubations up to 48hrs in primary will yield increased signal in hard to probe region 
in the animal [603]. Rinse quickly three times with 0.3%PBSTx and afterward 8 times at 
40min intervals, rocking and at room temperature. Block for 1 hour with 0.4% PBSTx-BSA. 
Remove blocking and add secondary overnight with gentle agitation at 4ºC. Secondary 
antibody is 1:200 HRP Goat Anti-Mouse (IgG(H+L)) diluted in 0.4% PBSTx-BSA (5µL 
HRP-GαM in 1mL 0.4% PBSTx-BSA) (HRP-GαM; Thermo, Cat# G-21040). Rinse quickly 
three times with 0.3%PBSTx and afterward 8 times at 40min intervals, rocking and at room 
temperature. To amplify HRP substrate, follow instructions in tyramide signal amplification 
section.      
 
Tyramide Signal Amplification 
 

Tyramide signal amplification has been identified to enhance detection of gene 
and protein expression in the planarian [307], [605]. Tyramide substrate was diluted 
1:1000 TSA-Alexa Fluor 488 (Thermo, Cat# A21370) or 1:2000 Rhodamine (Rhodamine; 
Sigma, Cat# R6626-100G) in PBSTxI (500µL 1M Imidazole in 50mL 0.3%PBSTx) (1M 
Imidazole: 68.1g Imidazole in 1L MqH2O) (Imidazole; Sigma, Cat# I5513-100G). Animals 
were presoaked in 300µL tyramide substrate solution for 30mins and activated the 
reaction by adding 6µL of 0.15%H2O2 (1µL 30%H2O2 diluted in 199µL PBSTxI) directly 
into the well contacting tyramide substrate solution. Allow an incubation of 45min at room 
temperature, rocking and in the dark. Afterward, remove substrate and quickly rinse twice 
with PBSTxI. Stop the reaction by incubating worms for 45mins in peroxide quench (400µL 
30%H2O2 and fill to 6mL with PBSTxI). Samples were then rinsed quickly three times with 
0.3%PBSTx and afterward rocked for three 5min intervals. Animals were stored overnight 
in 4ºC with gentle agitation or washed 8 times at 40min intervals, rocking and at room 
temperature before mounting the animals in VECTASHIELD Mounting Medium 
(VECTASHIELD; Vector Lab, Cat# H-1000).  
 
TUNEL Assay 
 

TUNEL assay, terminal deoxynucleotidyl transferase dUTP nick end labeling, is a 
method for detecting DNA double stranded breaks generated during apoptosis in 
planarian model system [101]. After animals are fixed for TUNEL and bleached, worms 
are placed in a 96 well plate, no more than 4-5 small animals per well and rinsed with 
1xPBS. TUNEL assay ApopTag Red in situ Apoptosis Detection Kit is used for all 
experiments (TUNEL Kit; Millipore, Cat# S7165). To begin the assay, preheat a 
hybridization oven to 37ºC and create working strength TdT enzyme reaction buffer mix 
(70% reaction buffer with 30% TdT enzyme) (Reaction Buffer; Millipore, Cat# 90417) (TdT 
Enzyme; Millipore, Cat# 90418). Remove all 1xPBS and place exactly 20µL of reaction 
buffer mix per well, tightly cover the 96 well plate with parafilm to avoid evaporation and 
place into hybridization oven for a minimum of 4 hours at 37ºC and rocking. After the 4-
hour incubation, place stop/wash buffer directly into the wells, remove solution and rinse 
again with fresh stop/wash buffer. This buffer can be prepared (1mL stop/wash buffer and 
34mL MqH2O) (Stop/Wash Buffer; Millipore, Cat# 90419) and stored at 4ºC for up to 1 
year. Rinse wells once with 0.2% BSA in 0.3% PBSTx. Binding antibody conjugate with 
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Rhodamine antibody solution (53% blocking solution with 47% anti-digoxigenin conjugate) 
(Blocking Solution; Millipore, Cat# 90425) (Anti-Digoxigenin Rhodamine; Millipore, Cat# 
90429) in the dark with slight agitation, either overnight at 4ºC for no more than 12 hours 
or room temperature for no longer than 4-5 hours. Flood wells with 0.2% BSA in 0.3% 
PBSTx, then rinse three times and wash four times for 10min intervals at room 
temperature, rocking with 0.2% BSA in 0.3% PBSTx. Mount animals with mounting 
medium.      

 
Protein Extractions and Quantification for Western Blotting 
 

Animals were dissociated until no tissue fragments were visible with a razor blade, 
as discussed previously. However, dissociated tissue was not paced into CMF but in a 
protein extract cocktail. Tissue extracts were incubated for 45-60mins on ice in 1×RIPA 
buffer (10xRIPA Buffer; Cell Signaling Technologies, Cat# 9806), protease inhibitor 
cocktail (Complete Mini Protease Inhibitor Cocktail, Sigma, 04693124001), 1mM PMSF 
(PMSF; Sigma, Cat# P7626) and 1mM DTT (DTT; Sigma, Cat# D0632). Thus, to make 
1mL of RIPA-Cocktail buffer: 100µL of 10xRIPA buffer, 800µL MqH2O, 10µL PMSF 
(100mM stock) (0.17g PMSF dissolved in 10mL isopropanol), 10µL DTT (100mM stock), 
100µL of 10x protease inhibitor cocktail (dissolve 1 tablet into 800µL MqH2O). Volume-to-
mass ratio for this was as follows: 10-20 large dissociated planaria were incubated in 
300µL of 1×RIPA+protease cocktail mixture. Samples were spun at 14000rpm for 20 min 
at 4°C. The supernatant was transferred to a new tube and immediately placed on ice 
while concentration was being calculated by Bradford Assay. 

A Bio-Rad protein assay was used to determine protein concentration. Thus, to 
calculate protein concentration of protein samples, a standard curve will be created using 
the quick start bovine serum albumin standard (2mg/mL) (BSA standard; Bio Rad, Cat# 
5000206). The BSA standard at concentrations ranging from 0-12 will be made in 1.5mL 
tubes as follows: 0µL BSA standard, 800µL MqH2O and 200µLof protein assay dye 
reagent concentrate (Protein assay; Bio Rad, Cat# 500-0006). To crate standard curve, 
BSA standard levels will increase by 0.5µL and MqH2O levels will reduce by 0.5µL; protein 
assay has a fixed amount. Each protein extract will have its own reaction by placing 1µL 
of protein extract into 799µL of MqH2O and 200µL of protein assay. Importantly, mix water 
and protein for standard and samples before adding the protein assay reagent as samples 
should incubate no longer than 15mins once reagent is added. Vortex each tube before 
reading taking protein concentration readings in a spectrophotometer (Genesys 20; 
Thermo, Cat# 14-385-445). To calculate protein concentration of samples, compare to 
BSA standard curve. Briefly, (standard value/standard wavelength) x sample extract 
wavelength). Protein lysates can be stored at −20°C or can be diluted with equal parts per 
volume of extract:2xLamily Buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 
0.004% bromophenol blue, 0.125 M Tris-HCl) (2-mercaptoethanol; Fisher, Cat# 60-24-2) 
(Bromophenol blue; Fisher, Cat# SI12-500). Samples in 2x Lamily Buffer are incubated at 
95°C for 5min to denature and reduce. Start loading samples at this point or store lysates 
at −20°C.  

 
Western Blotting or Protein Immunoblotting   
 

Creating a 12% or 15% acrylamide concentration gel dependent on molecular 
weight range of target protein (e.g. 14-60kD or 12-45kD, respectively). SDS-PAGE gels 
were made using Bio-Rad Tetra cell casting stand with clap system was use (Casting 
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Module; Bio-Rad, Cat# 1658052). Set up casting module by clamping down glass spacer 
plates with 0.75-1.0mm integrated space and atop a short plate (Spacer Plate 0.75mm; 
Bio-Rad, Cat# 1653310) (Spacer Plate 1.0mm; Bio-Rad, Cat# 1653311) (Short Plate; Bio-
Rad, Cat# 1653308). Now test for leaks by placing MqH2O into the cases and wait for 30-
60mins. Make 10mL of separating gel solution, for a 12% gel (4mL 30% Acrylamide, 2.5mL 
1.5M Tris-HCL pH8.8, 3.4mL MqH2O, 100µL 10% SDS, 50µL of freshly made 10% 
ammonium persulfate (0.05g APS in 500µL MqH2O)) and for a 15% gel, use 5mL 30% 
Acrylamide and 2.4mL MqH2O (30% Acrylamide/Bis Solution; Bio-Rad, Cat# 1610159) 
(1.5M Tris pH8.8; Bio-Rad, Cat# 161-0798) (Ammonium persulfate; Bio-Rad, Cat# 161-
0700). Lastly, add 5µL of TEMED (TEMED; Bio-Rad, Cat# 161-0800) into the separating 
gel mixture, should be last solution added to mixture as solidification will being, then vortex 
mixture thoroughly and pour (3/4) up the space plate. The remainder of the spacer plate 
will be filled with MqH2O to aid in compressing acrylamide and solidification of gel. Allow 
gel to solidify for 1-2 hours. To crate the stacking gel, 4mL of solution is needed (670µL 
30% Acrylamide, 500µL 0.5M Tris-HCL pH6.8, 2.4mL MqH2O, 40µL 10% SDS, 30µL of 
freshly made 10% ammonium persulfate (0.5M Tris pH6.8; Bio-Rad, Cat# 161-0799). 
Lastly, add 3µL of TEMED into the staking gel mixture and vortex thoroughly. Remove 
water with a KimWipe, pour staking gel to fill the reminder (1/4) of the space plate and add 
10 or 15-well comb dependent on spacer plate size. Allow gel to solidify for 1-2 hours.    

Once solidified, move gel cassettes to a vertical electrophoresis chamber (Mini-
protean electrophoresis cell; Bio-Rad, Cat# 1658005). If only one gel is being used, place 
a buffer dam into the electrode assembly module (Buffer dams; Bio-Rad, Cat# 1653130). 
Fill chamber with 1x running buffer (10X running buffer: 144g Glycine, 30.3g Tris base, 
10g SDS and bring to 1L with MqH2O) (Glycine; Sigma, Cat# G8898) and make sure the 
internal compartment in completely full. Protein lysate aliquots of 40-50μg were heated at 
95°C for 5min and loaded along with 5µL of protein standard marker (Protein Standard; 
Bio-Rad, Cat# 1610375) (MultiFlex pipet tips; RPI, Cat# 148010). Gels were ran at 80V 
until the protein reach the interface between stacking/separating gels were the voltage 
was increased to 100V.   

Samples were transferred using a transfer blot module (Mini Trans-Blot Module; 
Bio-Rad, Cat# 1703935). The transfer cassette contained one a 30sec methanol-activated 
PVDF membrane, the electrophorese gel, 4 blotting pads (2 on either side of membrane) 
and 2 transfer sponges (1 on either side of blotting pads) (PVDF; Bio-Rad, Cat# 162-0175) 
(Blotting Pad; VWR, Cat# 28298-030). Transfer chamber contained an ice block, stir bar 
and 1x transfer buffer mixed with freshly added 10% (v/v) methanol with adjusted pH to 
8.3 (10X Transfer Buffer: 144g Glycine, 30.3g Tris Base and bring up to 1L with MqH2O). 
Transfer was conducted either overnight for 16hrs at 40V at 4ºC or for 1 hour at 100V at 
room temperature covered in ice.  

The membrane was blocked for 2 hours at room temperature with 5% milk in 
0.1%TBSTween (10X TBS: 24.23g Tris HCL, 80.06g NaCl, bring up to 1L with MqH2O 
and pH 7.6 with HCL) (Tris HCL; Sigma, Cat# T5941). Lastly, primary antibody diluted in 
blocking solution was either incubated on a rocker overnight at 4°C or at room temperature 
for 2 hours. Retrieve primary antibody, rinse three times with 1xTBSTween followed by six 
subsequent washes for 5-10min intervals. The secondary antibody was diluted in 
1xTBSTween and either incubated on a rocker overnight at 4°C or at room temperature 
for 2 hours. Retrieve secondary antibody, rinse three times with 1xTBSTween followed by 
six subsequent washes for 5-10min intervals. Specifically, target protein primary 
antibodies α-Caspase-3 (Abcam, Cat# ab13847) and α-RAD51 (Abcam, Cat# ab109107) 
at 1:5000 and secondary antibody HRP-conjugated goat anti-rabbit IgG antibody 1:2000 
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(Millipore Cat# 12-348). Loading control primary antibody Anti-α-Tubulin 1:750 (Sigma, 
Cat# T9026) or α-Actin 1:3000 (Developmental Studies Hybridoma Bank, Cat# 224-236-
1) and both received secondary antibody HRP-conjugated goat-anti-mouse IgG(H+L) 
(Thermo, Cat# G-21040) at 1:2000 for Anti-α-Tubulin and 1:10,000 for α-Actin.  

Luminata Forte Western HRP substrate (HRP substrate; Millipore, Cat# 
WBLUF0100) was used to develop the membrane and incubated for 5-10mins prior to 
exposure on a ChemiDoc using a White Epi filter (ChemiDoc Touch Gel Imaging System; 
Bio-Rad, Cat# 1708370). After exposure of target protein, membranes were stripped so 
that the membrane can be probed for the loading control anti-tubulin. Thus, membranes 
were incubated in 1xTBS for two 5mins washes. Stripping occurred for 10mins rocking at 
room temperature with Western Blot Stripping Buffer (Restore Stripping Buffer; Thermo, 
Cat# 21062). Followed by three quick rinses in 1xTBS and two washes for 5mins. Now 
membrane is ready to be blocked and probed for another target protein.  

Target protein levels were normalized to the internal loading control to correct for 
unavoidable sample-to-sample and lane-to-lane variations using NIH ImageJ. In addition 
to Anti-α-Tubulin or α-Actin loading control, blots were stained with Ponceau-S solution 
(Ponceau-S solution; Sigma, Cat# P7170) for 5min and washed with MqH2O and this 
provided another parameter to validate loading. Moreover, band intensities are quantified 
by drawing boxes with the same areas over each band; box overlapping was avoided. The 
area under the curve was obtained for both the target protein and internal control and 
protein levels were normalized to internal control.     

 

Dissociated Cells Molecular Tools 
 
Planarian Dissociation and Cell Collection  
 

Planarian dissociation was performed as established in the field with slight 
modification [46], [121], [125]. Prepare calcium and magnesium phosphate free media 
(CMF): 0.1g NaH2PO4 (NaH2PO4; Sigma, Cat# S5011), 0.2g NaCl, 0.3g KCl, 0.2g 
NaHCO3, 0.06g Dextrose (Dextrose; Fisher, Cat# S73418), 2.5g BSA and 0.69g HEPES 
(HEPES; Sigma, Cat# H3375) in a total volume of 250mL MqH2O. Adjust pH to 7.3 with 
2N NaOH and 2N HCl. Filter with sterile 0.22µm stericup (Stericup; Millipore, Cat# 
SCGVU05RE) and refrigerate at 4ºC.  

To begin maceration of planarian, place worms onto a chilled polystyrene petri dish 
via peltier cooler and all excess P-H2O is removed using a KimWipe. Dissociate worms 
with a carbon steel razor blade (Razor Blade; EMS, Cat# 72004) until the homogenate is 
void of visible tissues. Rinse homogenate, razor blade and petri dish with ice cold CMF 
and place suspension into a 15mL conical tube; repeat washes until conical tube is filled 
to 10mL of suspension. Cell suspensions are then rocked at 4ºC for 25-45mins; timing is 
adjusted depending on sample preparation time (e.g. more samples the longer it will take 
to macerate worms thus, less rocking time). Note: for FACS analysis, this step is avoided 
due to the length of sample prep and overall viability of cells in this protocol. Once rocking 
is complete, cells are filtered using a 70μm filter (Filter; BD, Cat# 9308448) and centrifuged 
at 1500rpm for 5mins at 4ºC followed by resuspension in 1-2mL of CMF media. Cell 
density at a 1:1 ratio with Trypan Blue solution (Trypan Blue; Thermo, Cat# SV30084) was 
quantified using a hemocytometer.   
 
Fixation and Immunoassaying of Dissociated Cells  
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Cell fixation and IHC on cells was performed as previously described with 
modification [16], [109], [112]. Cell homogenate were plated at 1mill/cm2 onto circular 
glass coverslips that were secured in a 24 well plate. Cells were given 1 hour to adhere to 
the surface. Coverslips were transferred to glass pitri dish and fixed with Carnoys solution 
for 2hours on ice. Cells were permeabilized by placing 100% methanol for 1hr at -20°C. 
Thereafter, allow for the temperature to equilibrate to room temperature and rehydrate the 
cells with mixtures of 75%, 50% and 25% Methanol:0.3%PBSTx at 5mins intervals and a 
final wash with 100% 0.3%PBSTx at 5mins. Once cells are in 0.3%PBSTx, coverslips can 
be transferred to 24 well plate and cells are blocked in 0.3%PBSTx-0.2%BSA for 2hrs 
rocking at room temperature. Primary antibodies diluted in 0.2% BSA in 0.3% PBSTx are 
incubated overnight at 4ºC with gentle agitation or at room temperature for 2-3 hours. 
Remove primary antibody and store. Rinse quickly three times with 0.3%PBSTx-0.2%BSA 
and afterward six times at 10min intervals, rocking and at room temperature. Add 
secondary diluted in 0.3%PBSTx-0.2%BSA overnight with gentle agitation at 4ºC with 
gentle agitation or at room temperature for 2-3 hours. Remove antibody and store. Rinse 
quickly three times with 0.3%PBSTx-0.2%BSA and afterward six times at 10min intervals, 
rocking and at room temperature. Tyramide substrate was diluted 1:1000 TSA-Alexa Fluor 
488 in PBSTxI with 0.0015% H2O2 for 20-30mins, followed by a 2-5min quench of 2% 
H2O2 diluted in fresh PBSTxI. Remove, rinse and wash six times at 10min intervals with 
0.3%PBSTx-0.2%BSA. After the final wash, cells were incubated with DAPI (0.1μg/1mL) 
(DAPI; Thermo, Cat# 62248) for 15 min and mounted. Primary and secondary antibodies 
are as followed:             

Primary antibodies: α-Caspase-3, 1:500 (Abcam ab13847), α-Phospho-Histone 
H2A.X (Ser139) 1:500 (Thermo, Cat# LF-PA0025) and α-RAD51 1:500 (Abcam, Cat# 
ab109107).  

Secondary antibodies: For all primaries, HRP-conjugated goat anti-rabbit antibody 
(Millipore, Cat# 12-348) was used but at 1:500 for anti-Rad51 and anti-H2A.X and 1:1000 
for anti-Caspase3; all with TSA-Alexa Fluor 488 (Thermo, Cat# A21370).  
 
Fixation and Immunostaining of Dissociated Cells to Obtain Mitotic Figures 
 

Protocol for obtaining mitotic figure for individual cells in planarian was provided 
by the Adell Lab in Barcelona, Spain and modification were made to their published 
protocol [153].  Control and RNAi animals were placed in 1.5mL conical tubes and ride of 
residual P-H2O. Animals were macerated in a solution containing glacial acetic acid: 
glycerol: methanol: MqH2O (1:2:3:14) for 16hrs at 4°C. Approximately 800-1000µL of 
fixative should be placed onto +6 worms for optimal plaiting density as counting is not 
feasible in fixative. Cell suspension was gently resuspended until homogenous solution 
was obtained and plated onto circular glass coverslips that were secured in a 24 well plate. 
Cells were given 1 hour to adhere to the surface. Cells were rinsed with 100% methanol 
and rehydrated with mixtures of 75%, 50% and 25% Methanol:0.3%PBSTx at 5mins 
intervals and a final wash with 100% 0.3%PBSTx at 5mins. Cells can be stored at this 
point in 0.3%PBSTx for approximately 2 weeks in 4ºC. Cells are blocked in 0.3%PBSTx-
1.0%BSA for 2hrs rocking at room temperature. Primary antibodies diluted in 0.3%PBSTx-
1.0%BSA are incubated overnight at 4ºC with gentle agitation or at room temperature for 
2-3 hours. Remove primary antibody and store. Rinse quickly three times with 
0.3%PBSTx-1.0%BSA and afterward six times at 10min intervals, rocking and at room 
temperature. Add secondary diluted in 0.3%PBSTx-1.0%BSA overnight with gentle 
agitation at 4ºC with gentle agitation or at room temperature for 2-3 hours. Remove 
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antibody and store. Rinse quickly three times with 0.3%PBSTx-1.0%BSA and afterward 
six times at 10min intervals, rocking and at room temperature. After the final wash, cells 
were incubated with DAPI (0.1μg/1mL) (DAPI; Thermo, Cat# 62248) for 15 min and 
mounted. Primary and secondary antibodies are as followed:             

Primary antibodies: α-Phospho-Histone H3 (Ser10) 1:250 (Millipore Cat# 05-817R) 
and Anti-α-Tubulin 1:750 (Sigma, Cat# T9026). 

Secondary antibodies: Alexa568 1:1000 goat anti-rabbit (Invitrogen Cat# 11036) 
and Alexa488 1:400 goat anti-mouse (Invitrogen Cat# 673781). 
 
Single Cell COMET Assay 
 

COMET assay under alkaline conditions allow for DNA integrity to be analyzed in 
individual planarian cells [16], [17], [29]. Cells should be dissociated as discussed in 
Planarian Dissociation and Cell Collection section. Briefly, decant supernatant after 
centrifugation and use CMF to break pellet. Aliquot ~40,000-50,000 cells into 1.5mL 

centrifuge tube and allow cells to incubate in a 37C water bath for two hours prior to 
treatment. This step allows for cells to relax after stressful maceration and filtration steps. 
After incubation period, spin down cells at 2500rpm for 2mins. Aspirate supernatant 
leaving 40uL and add 100uL of 0.5% Low Melting Point Agarose (0.5% LMPA) (LMPA; 
Promega, Cat# V2111) made in 10XPBS. Quickly pipette mixture onto coated 1%NMPA 

dried slides, cover mixture with a cover slip (24x50mm) and let dry at 4C for 30-40mins 
until agarose solidifies. 1% Normal Melting Point Agarose (1%NMPA) coated frosted plus 
blue 25x75x1mm microscope slides are made with 1% Normal Melting Point Agarose 
(1%NMPA) diluted in 10xPBS prior to the start of the experiment. Gently removing 

24x50mm cover slip and place slides overnight in coplin jar at 4C in 89% of Lysing 
solution (2.5M NaCl, 100mM EDTA, 10mM Trizma base, 8g pelletized NaOH in MqH2O, 
filter and pH 10.0), 10% DMSO and 1% Triton X-100 (NaOH pelletized; Fisher, Cat# S318-
500).  

The morning after, discard lysing solution and add neutralization buffer (0.4M Tris 

base in MqH2O and adjust pH to 7.5) for 5mins at 4C. Remove neutralization buffer and 

place slides into electrophoresis chamber at 4C and fill chamber with 1x electrophoresis 
buffer (10N NaOH and 200mM EDTA in MqH2O and adjust pH to 13) (10N NaOH; RICCA, 
Cat# 7470-32) and let sample equilibrate for 15mins without electrical current. Then, at 

4C, run the chamber at 12V at 300mA for 30mins. Upon completion, place slides back 

into coplin jar and let samples sit in neutralization buffer for 5mins at 4C. Sharply remove 

and fix samples with cold 100% ethanol for 5mins in -20C (Ethanol; Fisher, Cat# A407-
4). Once slides are dry, stain samples with 1:10 ratio of SYBR gold (SYBR Gold; 
Invitrogen, Cat# S11494) into 1xTE buffer (10mM Tris-HCl, 1mM EDTA in MqH2O and 
adjust pH to 7.5) by placing 130µL of solution onto sample and covering with a cover slip 
(24x50mm). Scoring scheme is based off a rank based on tail length from 0-2, where a 
score of 0 showed little DNA damage and 2 is a disbursed tail with no nucleus visible (e.g. 
0-10µm and 40-60+µm, respectively) [615]. Further, COMET tail lengths can be measured 
and plotted.   
 
Flow Cytometry/Fluorescence-Activated Cell Sorting 

Flow cytometry or FACS allows for the visualization of stem cells and their progeny 
(e.g. X1, X2 and Xins) as well as cellular apoptosis [16], [17], [46], [49], [121]. Cells should 
be dissociated as discussed in Planarian Dissociation and Cell Collection section 
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however, the incubation period after maceration should be omitted and immediately 
proceed to filtering cell suspension. 

To monitor cell cycle dynamics and stem cell populations: 1×106 cells from 
dissociated planaria were incubated with 500µL of DNA marker Draq5 (Draq5; 
eBioscience, Cat# 65-0880-92) diluted in CMF media (1µL Draq5 in 1mL CMF media) for 
30 min on ice in the dark. After 20mins of Draq5 incubation, 500µL Calcein-AM (Calcein; 
Invitrogen, Cat# C3100MP) dissolved in DMSO (250µL DMSO and vortex powder) and 
diluted in CMF media (2µL Calcein-AM in 1mL CMF media) is added for the remainder of 
the 10min incubation. Calcein-AM+CMF solution must be at room temperature before 
being added to cell suspension and once mixed in, the suspension contacting both Draq5 
and Calcein-AM remain at room temperature for the remainder of the incubation.  

To monitor apoptotic rates in planarian: 1×104 cells from dissociated planaria were 
stained with apoptotic stain Annexin V (Pacific Blue Annexin V; BioLegend, Cat# 640918) 
and live marker stain 7-AAD (7-AAD Viability Staining; BioLegend, Cat# 420404). To do 
so, 100µL of Annexin V binding buffer (Annexin V binding buffer; BioLegend, Cat# 422201) 
is added to the cells, followed by 5µL of Annexin V and 3µL of 7-AAD. This mixture is 
incubated in the dark on ice for 15mins and then analyzed.    

BD FACSDiva software was used for initial gating and samples were either 
analyzed using a LSRII flow cytometer (BD Biosciences) or sorted using an ARIAII flow 
cytometer (BD Biosciences). To calibrate the gates and light emission of instrument, non-
experimental control cell suspensions were subjected to no stain, single and double stains 
and processed through the flow cytometer (e.g. control, control+Draq5, control+Calcein 
and control+Draq5+Calcein). In addition, lethally irradiated planarians were used to 
validate and/or approximate gates for X1 and X2 populations [49]. Publication quality 
images and final flow cytometry analyses were performed with FlowJo software, Version 
10 (www.flowjo.com). Gate parameters should follow Peiris et al. 2016 [46]. 
  

Other Molecular Tools 
 

Karyotyping: Whole Planarian Chromosome Squash  
 

Planarian karyotype monitoring have been used to detect chromosomal 
abnormalities and/or their recovery [16], [17], [29], [108], [120], [616]. One day prior to 
chromosome squash, soak animals in 0.05% colchicine (0.005g 97% colchicine in 10mL 
P-H2O) (Colchicine; ACROS, Cat# 227120010) overnight but no greater than 16 hours. 
Place one animal per 1.5mL tube and remove colchicine solution. Then add 3:1 Ethanol: 
Acetic Acid Solution to each tube and rotate for 15mins at room temperature. Remove the 
solution and place 1N HCl solution diluted in MqH2O and incubate for 2mins at room 
temperature and immediately incubate at 60°C in a Thermomixer for 6mins. Quickly 
remove the HCl solution and add Orcein solution (1g Orcein, 45mL acetic acid and 55mL 
MqH2O; heated until dissolved) (Orcein; Sigma, Cat# O7380) to each tube for 15mins. 
Carefully remove orcein solution and replace with 60% acetic acid solution diluted in 
MqH2O and incubate for 5mins. Place animals on a 24x60mm cover slips as 25x75mm 
slides are too thick to view chromosomes at 100x. Nest, add a 10-20µL of (1:1:1) Lactic 
acid: acetic acid: MqH2O (Lactic acid; Fisher, Cat# A159-500) on top of each worm and 
incubate for 5mins. Remove excess liquid and add 1µL of orcein to each animal. With a 
small 22x22mm cover slip, quickly place it on top of the treated animal. With slight 
pressure, use your thumb to squash or spread the whole animal throughout the slide. View 

http://www.flowjo.com/
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chromosomes with 100x objective. Take 10-20 representative fields per animal and score 
chromosomes as damage or undamaged.    

Ionizing Irradiation  
 

Sublethal irradiation of animals at <1250-1750rad will allow neoblasts to recover 
overtime [16], [17], [29], [113]. Lethal irradiation >6000rad results in complete ablation of 
neoblasts [50], [54], [125]–[127]. A Cesium source was used in both cases to subject 
animals to ionizing irradiation. Animals were exposed to the source and were monitored 
for physical abnormalities and fixed at various time points post irradiation (e.g. 1,3,5 and 
7 days post irradiation).   
 
Planarian Amputation and Regeneration   
 

Planarians are masters or regeneration and have this ability due to their large pool 
of neoblasts [53], [101], [110], [127], [155]. To amputate animals, place worms onto a 
chilled KimWipe via peltier cooler and amputate worms in three fragments (e.g. head, 
trunk and tail). The different fragments were placed in different petri dishes, monitored and 
fixed at various time points during the duration of the regeneration period (e.g. hours post 
amputation and up to seven days post amputation).  

 

Imaging and Data Analysis Tools 
 

Imaging and Data Processing  
 

Nikon AZ-100 multi-zoom (e.g. Az Plan: Apo 1x, Fluor 2x, and Fluor 5x) upright 
microscope equipped with NIS Elements AR 3.2 software was used to record animal 
behavior and acquire digital images of planarian and/or cellular events within the animal. 
All fluorescence whole mount or cell images consisted of multiple images at different focal 
planes (z-axis) and stacked together into a single image to represent the whole animal or 
individual cells. Cellular counts or fluorescence intensity signal from images at different 
magnifications were corrected by area to determine the specific number/mm2. Foci or 
intensity were counted either with NIH ImageJ (https://imagej.nih.gov) or with Nikon NIS 
Elements. Whole animal measurements were calculated using the number of cellular 
events (e.g. α-H3P, α-RAD51, αH2A.X or TUNEL+ foci) per mm2 and/or average intensity 
(e.g. α-Caspase3 and BrdU+ foci) per mm2. Normalization of foci or intensity per mm2 was 
processed in Microsoft Excel. 

Area measurement of planarian surface area and physical phenotype changes 
were conducted by using 6 or more independent experiment containing 20 or more 
animals per experiment. Both the control and experimental animals were photographed 
using the same magnification and area measurements (per mm) were calculated along 
the injection time course. All areas were averaged across experiments.  

For antibodies targeting differentiated tissues (e.g. cilia, protonephridia and 
muscle) a Nikon Eclipse Ti confocal microscope and E Z-C1 software were used to obtain 
Z-stack images using 20X objective. Z-stacks containing 20 sections at 2-1μm intervals 
were processed using Image J (1.48v). To image fluorescent signal on dissociated cells 
and bright field of chromosomal spreads, a Nikon Eclipse TE2000-U inverted microscope 
and NIS Elements AR 3.2 software were used to obtain Z-stack images using 100X 
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objective. In all cases, publication quality images were altered with Adobe Photoshop and 
Adobe Illustrator CC 2015.  

 
Statistical Analysis 
 

Data are expressed as mean ± standard error of the mean (SEM) or fold change 
± SEM. Fold change was determined by dividing each individual experimental animal by 
the mean of the pooled control population for that timepoint (e.g. RNAi/mean of control). 
Each time point contained >30 injected animals for control and treated groups. Power 
analysis was used to determine adequate sample size. Statistical analyses were 
performed using Prism v7, GraphPad software Inc. (http://www.graphpad.com). Two-way 
ANOVA was used to determine significance and P-values less than 0.05 were considered 
statistically significant. 

  

http://www.graphpad.com/
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