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2002.  First place in Poster presentation.  Poster title, “‘G’ rich Element Conserved in 

Human Pre-mRNA’s May be Involved in RNA Processing Site Selection.”             
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Metropolitan Association of College and University Biologists conference, New York 

2002.  First place in Poster presentation. Poster title, “Bioinformatics analysis of a 

conserved sequence found in 5' Cap and poly(A) regions of human pre-mRNAs”. 

                    

The Book Award, Ramapo College of NJ, 2002. One award in recognition of academic 

excellence. 
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2013. 
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Seminars in Tissue Repair and Regeneration, New London, NH USA, June 15 – 16th 

2013. 

 

Stem Cells and Aging Symposium, Santa Cruz, CA, USA 2013. “Molecular regulation of 

cell proliferation and tissue repair along the anteropostior axis in the adult body”. 

Selected for oral presentation from submitted abstracts. 

 

Gordon Science Conferences in Tissue Repair and Regeneration, New London, NH USA, 

2011. “TOR signaling distinguishes regenerative from homeostatic stem cells in 

planaria.” Selected for oral presentation from submitted abstracts. 

 

Fall Seminar Series, University of California Merced, CA USA, 2011. “TOR signaling 

distinguishes regenerative from homeostatic stem cells in planaria.” Invited talk. 

 

Quantitative Systems Biology Spring Retreat, University of California Merced, CA USA, 

2011. “Identification of Systemic Signals Regulating Stem Cells.” Selected for oral 

presentation from submitted abstracts. 

 

Quantitative Systems Biology Spring Retreat, University of California Merced, CA USA, 

2010. “Age related dynamics of committed T cell progenitors in mice.” Selected for oral 

presentation from submitted abstracts. 

 

10th Annual UC System-wide Bioengineering Symposium, University of California, 

2009. “Age related dynamics of committed T cell progenitors in mice.” Selected for oral 

presentation from submitted abstracts. 
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Quantitative Systems Biology Spring Retreat, University of California Merced, CA USA, 

2009. “Age related dynamics of committed T cell progenitors in mice.” Selected for oral 

presentation.  

 

 

POSTER PRESENTATIONS 

 

T. Harshani Peiris, Udoka Ofoha, Paul Barghouth, Daniel Ramirez, Katie Wang, Emma 

Tkachuk, Manish Thiruvalluvan, Alexander Wilson-Fallon, Frank Weckerle, Elyse 

Ozamoto, and Néstor J. Oviedo. “Molecular regulation of cell proliferation and tissue 

repair along the anteropostior axis in the adult body”. Gordon Science Conferences in 

Tissue Repair and Regeneration, New London, NH USA, 2013. 

 

T. Harshani Peiris, Udoka Ofoha, Paul Barghouth, Daniel Ramirez, Katie Wang, Emma 

Tkachuk, Manish Thiruvalluvan, Alexander Wilson-Fallon, Frank Weckerle, Elyse 

Ozamoto, and Néstor J. Oviedo. “Molecular regulation of cell proliferation and tissue 

repair along the anteropostior axis in the adult body”. Stem Cells and Aging Symposium, 

Santa Cruz, CA, USA, 2013.  

 

Daniel Ramirez, T. Harshani Peiris, Emma Tkachuk, Paul Barghouth, Manish 

Thiruvalluvan, Frank Weckerle, Elyse Ozamoto, and Néstor J. Oviedo. “AKT regulates 

stem cell behavior during tissue renewal and regeneration in planarians”. Stem Cells and 

Aging Symposium, Santa Cruz, CA, USA, 2013.  

 

T. Harshani Peiris, Frank Weckerle, Elyse Ozamoto, Daniel Ramirez, Devon Davidian, 

Marcos Garcia-Ojeda and Néstor J. Oviedo. “TOR signaling regulates planarian stem 

cells during tissue maintenance and regeneration”. Developmental Biology meeting, UC 

Santa Cruz, CA, USA, 2012. (Judged Winning poster Presentation). 

 

Tatsiana Verstak, T. Harshani Peiris, Elyse Ozamoto, Frank Weckerke, Néstor J. 

Oviedo, PhD."The protein kinase AKT regulates stem cell behavior and cellular 

turnover in adult tissues". Undergraduate symposium, University of California 

Merced, CA, USA 2012.  

 

Daniel Ramirez, T. Harshani Peiris, Elyse Ozamoto, Frank Weckerke, Néstor J. Oviedo, 

PhD. “Regional differences in stem cell proliferation are associated with repair of double-

stranded DNA breaks by Rad51”. Undergraduate symposium, University of California 

Merced, CA, USA 2012. 

 

T. Harshani Peiris, Frank Weckerle, Elyse Ozamoto, Daniel Ramirez, Devon Davidian, 

Marcos Garcia-Ojeda, and Nestor J. Oviedo. “TOR signaling distinguishes regenerative 

from homeostatic stem cells in planaria.” Gordon Science Conferences in Tissue Repair 

and Regeneration, New London, NH USA (2011). 
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Nestor J. Oviedo. “Identification of systemic signals regulating stem cells during tissue 

maintenance and regeneration”. Research week, University of California, Merced, 2011. 

 

Tanuja Peiris, Jesús Ciriza, Mufadhal Al-Kuhlani, Ashley Graham, and Marcos García-

Ojeda. "Age related dynamics of committed T cell progenitors in mice". The American 

Association of Immunologists, Inc. Journal of Immunology. April 2010. 

 

Dancik, G., Peiris, T. H., Bandaranayake, R. and Bagga, P.S. “Prediction of Potential 

‘G’-Rich elements near Processing Sites in Human pre-mRNAs”. RNA Processing 

Meeting of the RNA Society, Vienna, Austria, (2003) 

 

Peiris, T. H., Weise-Riccardi, S., Bandaranayake, R. and Bagga, P.S.  A. “‘G’ rich 

Element Conserved in Human Pre-mRNA’s May be Involved in RNA Processing Site 

Selection.” Presentation at annual MACUB conference, NY, USA. (2002)   (Judged First 

Prize Winning Presentation). 

  

Peiris, T. H., Moharita, A., Mimaryan, G., Johnson, M., Touleughian, M., and Bagga, P. 

“A ‘G’-rich sequence is conserved near RNA processing sites in human pre-mRNAs”. 

Presentation at annual Beyond Genome: Bioinformatics and Genome Research, San 

Diego, CA, USA. (2002) 

 

Peiris, T. H., Weise-Riccardi, S., Bandaranayake, R. and Bagga, P.S. “Genomic 

Distribution of a Conserved ‘G’-Rich Element That May Be Involved In RNA-

Processing Site Selection”.  Presentation at annual Chemical and Biological Sciences 

Research Symposium, University of Maryland, Baltimore County, MD, USA. (2002) 

 

Peiris, T. H., Moharita, A., Mimaryan, G., Johnson, M., Touleughian, M., and Bagga, P.  

“Distribution of A Conserved Sequence near RNA Processing Sites of Human Pre-

mRNAs.” Annual Meeting of "American Association for Advancement of Science" 

(AAAS), Boston, MA, USA. (2002)  

 

Mimaryan, G., Moharita, A., Peiris, T. H., Touleughian, M. and Bagga, P.S.  

“Bioinformatics analysis of a conserved sequence found in 5' Cap and poly(A) regions of 

human pre-mRNAs”. Annual MACUB conference. New Jersey, USA. (2001)  (Judged 

First Prize Winning Presentation). 

 

Barnes, K., Peiris, T. H., Yalamanchilli, R., Walter, J. and Bagga, P. S. A strategy for 

Site-specific mutagenesis of a human recombinant protein, DSEF-1, an auxiliary 

cleavage-polyadenylation factor. Annual MACUB conference. New York, USA. (2000) 
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SYMPOSIUMS AND CHAIRING DUTIES 

Chair - Gordon Science Seminars in Tissue Repair and Regeneration, New London, NH 

USA, to be held in 2015. 

 

Associate Chair - Gordon Science Seminars in Tissue Repair and Regeneration, New 

London, NH USA, June 15 – 16th 2013. 

 

Discussion leader in Signals in growth control and metabolism - Gordon Science 

Conferences in Tissue Repair and Regeneration, New London, NH USA, June 16th  – 21st 

2013. 

 

Discussion leader for panel discussion on career development - Gordon Science 

Seminars in Tissue Repair and Regeneration, New London, NH USA, June 15 – 16th 

2013. 

 

 

TEACHING & MENTORSHIP 

 

STUDENT SUPERVISION IN RESEARCH 

I have trained students at masters and undergraduate level.  

 

Daniel Ramirez, Masters student Fall 2012 - present, Undergraduate student Spring 

2011-2012, University of California Merced. 

Udoka Ofoha, Masters student, Fall 2012 - present, University of California Merced. 

Paul Bargouth, Masters student Summer 2013 till present, Undergraduate student, 

Spring 2011-2013, University of California Merced. 

Emma Tkachuk, undergraduate student, Spring 2011 - present, University of California 

Merced. 

Carlos Gomez, Undergraduate student, Spring 2013 - present, University of California 

Merced. 

Salvador Rojas, Undergraduate student, Spring 2013 - present, University of California 

Merced. 

Camille Hassell, Undergraduate student, Fall 2013 - present. University of California 

Merced. 

Kristianne Amurao, Undergraduate student, Fall 2013 -  present. University of 

California Merced. 

Manish Thiruvalluvan, Undergraduate student, Spring 2011-2013, University of 

California Merced. 

Michael Chow, undergraduate student, Spring 2011 - Spring 2013, University of 

California Merced. 

Katie Wang, Undergraduate student, Summer 2012-Spring 2013, University of 

California Merced. 

Alexander Wilson-Fallon, Undergraduate student, Fall 2012-Spring 2013, University of 

California Merced. 
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Tatsiana Verstak, Undergraduate student, Fall 2012-Spring 2012, University of 

California Merced.  

Ashley E Graham, Undergraduate student, Fall 2009-Spring 2010, University of 

California Merced. 

 

TEACHING EXPERIENCES 

Classes taken towards proper conduct of teaching, University of California Merced 

QSB 201 – Teaching and Learning  

QSB 399 – University Teaching  

 

University of California, Merced, Natural Sciences Department    

Course: Cancer Genetics and Tumor Biology 

Title: Teaching Fellow 

Semesters: Spring 2014, Spring 2013, Spring 2012 

My main responsibility was to organize and run 3 discussions to emphasize lecture 

topics. I also undertook ~2 main lectures each semester. Duties included exam grading, 

developing a weekly quiz, holding office hours, and assisting students with presentations. 

 

University of California, Merced, Natural Sciences Department    

Course: Cells Tissues and Organs 

Title: Teaching Fellow 

Semesters: Fall 2012  

I undertook 4 Discussions per week and 2 main lectures through the semester. Other 

duties included exam grading, developing a weekly quiz, holding office hours, and 

assisting students with presentations. 

 

University of California, Merced, Natural Sciences Department    

Establishing Laboratory Course Resources for “Introduction to Molecular Biology 

Lab” 2010. 

Title: Teaching Fellow 

My main responsibility was to establish protocols and set the ground work for this 

course. After establishing 14 protocols, I tested them individually and then wrote the 

protocols and arranged them into a booklet. This includes pre lab questions, protocols for 

the students to follow and a rubric to write a full lab report. This has since been 

established as course work material at University of California Merced. 

 

University of California, Merced, Natural Sciences Department    

Course: Molecular Machinery of Life 

Title: Graduate Student Teaching Assistant 

Semesters: Summer 2010  

My main responsibility was to organize and run two discussion and 2 laboratory sections 

per week. Other duties included grading, developing a weekly quiz, holding office hours, 

and assisting students with hands-on laboratory experience. 
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University of California, Merced, Natural Sciences Department    

Course: Introduction to Molecular Biology Lab 

Title: Graduate Student Teaching Assistant 

Semesters: Spring 2010, Fall 2009, Summer 2009 

My main responsibility was to organize and run two 2 laboratory sections per week. 

Other duties included grading, holding office hours, and assisting students with hands-on 

laboratory experience. 

 

University of California, Merced, Natural Sciences Department    

Course: Contemporary Biology and Lab 

Title: Graduate Student Teaching Assistant 

Semesters: Spring 2009, Fall 2008 

My main responsibility was to organize and run two discussion and 2 laboratory sections 

per week. Other duties included grading, developing a weekly quiz, holding office hours, 

and assisting students with hands-on laboratory experience. 

 

Ramapo College of New Jersey, NJ, School of Theoretical and Applied Science    

Chemistry and Biology  

Title: Tutor 

Semesters: 1999 - 2003 

My main responsibility was to assist students with related chemistry and Biology 

questions.  

 

Upward Bound Program, New Jersey    

Chemistry and Biology  

Title: Instructor and Tutor 

Semesters: 2000 - 2003 

Upward bound program targets highschool students from low-income families and 

provides support to prepare them for college level education. My main responsibility was 

to conduct Chemistry lectures for students during the weekends twice a month and assist 

students with related chemistry and Biology questions.  
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Teaching Fellow         

 2010 - present  

Graduate student Teaching Assistant        

 2008 - 2009          

  

University of Pennsylvania, PA, School of Medicine                         
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 2003-2007  
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Ramapo College of New Jersey, School of Theoretical and Applied Science      

Research Assistant, Bioinformatics       

 2000-2003  

Ramapo College of New Jersey, School of Theoretical and Applied Science      

Laboratory Assistant, Chemistry       

 2000-2002  

 

Ramapo College of New Jersey, School of Theoretical and Applied Science      

Chemistry and Biology Tutor        

 1999-2003 

 

 

PROFESSIONAL ORGANIZATIONS & MEMBERSHIPS 

1. Member of American Association of Immunologists (2009 – 2010). 

2. Member of the Sigma Xi scientific Research society, Ramapo College of NJ. (2001 – 

2003) 

3. Member of the Metropolitan College and University Biologies (MACUB) 

4. Member of the Pre Med and Biology Clubs, Ramapo College of NJ. (1999 – 2003). 

5. Member of the International student organization, Ramapo College of NJ. (1999 – 

2003). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



xxix 
 

Abstract 
 

Stem cells (SCs) distributed along the body have the capability to divide upon 

physiological demand and further differentiate into specialized cells that repair injured 

tissues. Thus, understanding regulatory mechanisms that control SC behavior during tissue 

repair and physiological demand is crucial for biomedical applications. Here we perform 

analysis of SCs in vivo, during tissue regeneration and physiological cellular turnover by 

using the planarian flatworm, Schmidtea mediterranea. Planarians provide an excellent 

model to explore fundamental aspects of cell regulation in their natural environment during 

adult tissue maintenance, regeneration and repair. In particular, I analyze components of 

(1) the TOR (Target of Rapamycin) and AKT pathway: an evolutionary conserved 

signaling system that has been implicated in cell cycle progression, metabolism, protein 

synthesis and cell growth. (2) DNA repair mechanisms. I have identified homologs for 

members of these pathways and designed a strategies to study their function with RNA 

interference (RNAi). Obtained results indicate that the TOR and AKT signaling is involved 

with controlling systemic SC behavior and can participate in physiological cell turnover 

but are unable to form regenerative blastema upon damage. Uniquely, TOR-independent 

SCs are capable of repairing damage by remodeling pre-existing tissue, which does not 

require active cell proliferation. Regional differences in cellular proliferation, migration 

and tissue repair exist along the anteroposterior (AP) axis in vertebrate and invertebrate 

animals. Despite years of research, the basic mechanisms controlling cell division and 

tissue repair along the body remain poorly understood. Loss-of-function genetic 

approaches allowed to identify mechanisms controlling regional differences in cell 

proliferation along the planarian AP axis. These results suggest interplay between DNA 

repair mechanisms and tumor suppressor genes as capable of regulating cell behavior in 

specific areas of the adult body. Here I explored the possibility of controlling tissue 

regeneration and repair by exploring interactions between DNA double-strand break repair 

mechanisms through Rad51, and the tumor suppressors p53 and the retinoblastoma 

pathways. We hope to expand these results to understand stem cell-directed regeneration 

of particular tissues to enable the implementation of effective biomedical approaches.  
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Chapter 1 

Stem Cells and their implications towards, cancer initiation, tissue 

repair and regeneration 

 

1.1 – Introduction  

Stem cells and history 

 Stem cells are unspecialized cells that have the capability to proliferate and 

differentiate into different types of cells that form various tissues. There has been much 

debate over who discovered stem cells. Though stem cell research gained its momentum 

around the 1990s, several dated articles from the 1800s imply that scientists probably knew 

the existence of a cell population that can divide and form new tissue. For example, 

Abraham Trembly in 1744 described hydra and their remarkable regenerative potential. He 

discovered that post amputation, the hydra are capable of fully regenerating the missing 

 

Figure1. 1 - – Stem Cells can divide and differentiate into various types of cells.  
Resulting fertilized eggs maintain totipotency. These totipotent stem cells divide and differentiate to form 

pluripotent stem cells that can derive somatic or germ stem cells. The Somatic stem cell population gives 

rise to the ectoderm, mesoderm and the endoderm that forms various tissue and organs. 

Totipotent 
Stem Cell

Pluripotent 
Stem Cell

BLASTOCYST

Skin
Hair

Immune system
Muscle
Bone

Liver
Intestine

Stem Cells that 
forms Somatic Cells

Stem Cells that 
forms Germ Cells

Ectoderm Mesoderm Endoderm



2 
 

tissue which is possibly attributed to the intrinsic cellular populations in hydra (Trembley 

1744). Although he did not mention “stem cells” in his articles, the implications have 

earned him credits as the first to study stem cells. Pappenheim’s work published early as 

1917 mentions lymphoidocytes which has now been recognized as the modern “stem 

cells”. Currently research in stem cells has peaked, due to the development of new 

technology and techniques, and the discovery of model organisms that can be utilized to 

study their intrinsic nature. These techniques and model organisms can be utilized to 

understand stem cell function and regulation. This knowledge can then be implemented 

towards advancing various biological concepts and therapeutical approaches.  

 

1.2 - Stem Cell characterization 

Stem cells are specific cells that are unspecialized and has the capability to 

proliferate and differentiate into various tissues. Stem cells can be characterized based on 

their potency, which is their ability to differentiate into other cell types. Based on this 

characterization stem cells could be totipotent, pluripotent and multipotent. Totipotent stem 

cells can divide ad differentiate to produce all the different cells in a living organism. 

Pluripotent stem cells will differentiate into cells that form the three germ layers: ectoderm, 

mesoderm, endoderm (Figure 1.1). Cells that are multipotent could differentiate into 

several types of cells, but not all types of cells in an organism, e.g, hematopoietic stem cells 

that divides and differentiates to form all immune cells. 

Laboratories studying stem cells focuses on two types of stem cells: Embryonic 

stem cells (ESC) and somatic or adult stem cells (ASC). Embryonic stem cells are derived 

and isolated from the blastocyst of an organism. For example, human ESCs are derived 

from the inner cell mass of a 5-7 day old blastocyst [3]. These cells have the capability to 

generate the three germ cell layers, and hence are termed pluripotent stem cells. In 

laboratory settings ESC can be grown in vitro and addition of certain regulatory factors can 

induce them to differentiate into different types of adult cells including germ cells [4]. 

Theoretically, the  isolated stem cells grown in vitro in labs are expected to maintain, 

extensive proliferative capabilities, a normal karyotype, derive into all three germ layers 

and contain telomerase activity[5]. However, maintaining all of the above functions in vitro 

has been challenging, foreshadowing progress in in vitro based stem cell research. 

Adult stem cells are cells derived from adult organisms and could be either 

pluripotent or multipotent. Mostly these cells are tissue based, for example: hematopoietic 

stem cells which maintains all the cells in the immune system [6], liver oval cells that help 

the liver regenerate and form missing liver tissue [7]. However the quantity and turnover 

rate of most adult stem cells in mammalian systems are low, example: Mouse liver oval 

cells are low in numbers and a liver cell has a cell turnover rate of 200+ days [8]. Therefore, 

model organism with large stem cell pools and higher cellular turnover is gaining much 

interest and demand in stem cell research fields. Several model organisms such as 

planarians have garnered attention due to the large pool of stem cells termed neoblasts 
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spread across the system. Unlike most other species these neoblasts divide rapidly during 

systemic homeostasis and contribute to the planarian remarkable tissue repair and 

regeneration capabilities [9].  

 

1.3 - Stem cell division theory 

Stem cell division is proposed to occur symmetrically or asymmetrically [10]. 

Asymmetric cell proliferation results in two cells that are phenotypically different from 

each other, whether based on genetic makeup or their functionality. One daughter cell will 

differentiate to maintain the target tissue population and while the other cell will preserve 

the mother stem cell properties to maintain the self-renewing population. Recent studies 

have provided two hypothesis regarding the types of division: cytoplasmic asymmetric 

division and extrinsic asymmetric division. During cytoplasmic asymmetric division, the 

cell could divide with different cytoplasmic compartments rendering the two daughter cells 

phenotypically and functionally different. Extrinsic asymmetric division initially results in 

two identical daughter cells and could acquire the same structure, but due to the 

microenvironment and specific signals generated, the cells could result in performing two 

different functions [11]. This theory applies well for adult stem cell divisions, however 

 

Figure 1. 2  – Stem Cell Division theory.  
Cells can divide using symmetric or asymmetric cell division. Depending on the environment from 

the niche or the system, asymmetric division could impose cytoplasmic asymmetric cell division or 

extrinsic asymmetric cell division. 
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cannot be used to explain embryonic stem cell divisions.  This could suggest that adult 

stem cells might recapitulate asymmetric stem cell division, while the embryonic stem cells 

the symmetric cell division [12]. Further, embryos could also use a type of asymmetric cell 

division which results in cells that maintain proliferative ability while maintaining a 

differentiated population. 

Symmetric division can provide the divided cells the plasticity to divide again or 

differentiate. This process will aid cell development, promote regeneration. Thus a stem 

cell can divide to form two stem cells or two cells that will differentiate. However emerging 

evidence provides that symmetrically divided stem cells have the capacity to form tumors 

and an enhanced capability for tumorigenesis. Thus the suggestion or the possibility that 

symmetric cell division is the precondition for tumor transformation has gained some 

attention [11]. Stem cells grown in vitro can recapitulate embryonic and adult tissue 

development. This renders them a good method to be used for tissue repair and regeneration 

based therapies. However, before we utilize stem cells towards therapeutic approaches, we 

need to thoroughly explore and understand stem cell structure and function in vivo. The 

studies should be expanded to involve stem cell regulation during maintenance of 

homeostasis, repair and regeneration, aging and development. In order to understand how 

stem cells are regulated we require better and advanced techniques and model organisms.  

 

1.4 - Stem cells and cancer 

Stem cells that have mutated to create an oncogenic environment are described as 

cancer stem cells. It is believed that these cancer stem cells have the capability to create 

and maintain tumors. Analysis have demonstrated that tumors contain a heterogeneous cell 

population. Cancer stem cell theory illustrate that once a stem cell has mutated, it could 

divide and differentiate into different cellular populations that will promote the 

maintenance and growth of the tumor. Apart from the cancer stem cells, normal cells can 

also migrate towards the tumor to help the maintenance and growth. Thus these cells within 

the tumors can contain different phenotypes and functions, creating a heterogeneous 

environment within the tumor (park et al 1971). Two tumor models were suggested to 

explain the heterogeneity: stochastic model and the hierarchy model. Stochastic model 

based tumor cells will be biologically similar, however they can be influenced by various 

cell intrinsic and extrinsic factors that can convey variability. This implicates the tumor 

environment as a combination of cells with differential phenotypes. Hierarchy model in 

contrast implies that there are specific sub sets of cell populations that have different 

biological structures and functions within the tumor. Only a few cells within this tumor has 

the true cancer causing potential, while the other cells will aid the tumor cell growth.  

Adults stem cells usually are slow cycling group of cells (ex. Hematopoietic stem 

cells). The low cycling rate will reduce the accumulation of mutations. However if the stem 

cells mutates due to various extrinsic and intrinsic insults to the DNA, capable DNA repair 

mechanisms could be activated to repair the damage. If the cell cannot be repaired, cell 
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death pathways could be activated to eliminate the mutated cells from the population. 

However cells could still mutate and accumulate (even at a lower frequency rate) damaged 

cells over time and these mutated stem cells could develop into cancer stem cells.  

Stem cells are more prone to develop malignancies due to several reasons. Stem 

cells are long lived and can accumulate genotoxic effects faster than the differentiated 

shorter living cells. Once stem cells have been mutated they have the higher probability to 

cause cancer/tumors due to the fact they are longer lived, undifferentiated and has the 

capability to divide more.   

 

1.5 - How do stem cells maintain wound repair and regeneration? 

 Wound healing and tissue repair requires damaged cells or tissue to be replaced and 

restored by new cells. Evidence based on human and mouse studies have not revealed 

encouraging outcomes in this field due to the lack of regenerative potential in these 

animals. However mammals are born with regenerative potential as seen by fetal wound 

healing capabilities.  

Wound healing studies initially involved the addition of growth factors to the 

wound site [13]. However unlike model organisms and the laboratory derived mild 

wounds, chronic human wounds could not be repaired by exposure to growth factors [14]. 

Tissue engineering fields have provided novel therapeutic approaches to mediate wound 

repair and regeneration. These bioengineered grafts were constructed under the assumption 

that the grafted tissue could integrate and adapt to the host organism. For this purpose the 

microenvironment of the wound should accept the graft and connect with a myriad of 

signals that should be generated between the grafted donor tissue and the host tissue. 

However these approaches encountered several problems: (1) The immune system 

responds in response to damage and creates inflammatory responses which slows the repair 

process (2) Rejection of the grafted tissue (3) Grafted tissue could be involved with signals 

generated from the microenvironment or the whole system. These issues created many 

errors that marred our understanding regarding tissue repair and regeneration and possible 

therapeutic approaches. However some progress have been made where certain 

bioengineering therapies [15, 16] 

Rejuvenation in this field was garnered after the implications of stem cells 

providing new hope. Studies in model organisms such as the planaria reveal the potential 

of stem cells to heal and repair and regenerate wounds. Since then implication and usage 

of stem cells as a potential therapy to heal, repair damaged tissue garnered much attention 

in the past few years. With gathering knowledge generated from model organisms with 

remarkable regenerative potential, the field of wound healing, tissue repair and 

regeneration has moved forward into the 21st century. The most attractive stem cell 

population towards repair and regeneration were embryonic stem cells which created some 

controversies based on ethical issues. However generation of induced pluripotent stem cells 
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(iPS) by Takahashi et al in 2007 has revitalized this field providing new hope. Whether 

these iPS cells contains true embryonic structure and potential is still under investigation. 

On one line of investigation, researchers discovered that iPS cells could cause teratomas 

even more efficiently than ESCs in vivo [17] implying that there are differences between 

iPS cells and ESCs. However these cells have garnered much attention as an attractive 

model for wound repair, tissue repair and regeneration. 

Though iPS cells and the current advances in stem cell studies are providing 

attractive models and applications for tissue repair, regeneration and several other disease 

status, how these stem cells will be regulated in vivo, in the complexity of a live organism 

has not been elucidated yet. This is a fundamental aspect to study and understand before 

designing and therapeutic approaches. Knowledge in this area will help us to understand 

and create better iPS cells that functions to repair and regenerate without forming 

teratomas. 

 

1.6 - Stem Cells and maintenance of tissue homeostasis 

Homeostasis can be defined as the capability or attempt to maintain stability within 

multi-cellular beings. During tissue homeostasis, the cells will either divide or go through 

programmed cell death in order to maintain stability within the organ/tissue. Due to growth, 

various physiological activities and stress, cells will divide as an attempt to replace missing 

tissue. Further older differentiated cells or damaged cells will be eliminated via apoptosis. 

This process of cell division and death can be termed cellular turnover. It is estimated that 

an average adult will eliminate about 50 billion cells and these cells will be replaced by the 

underlying stem cell populations belonging to each organ/tissue [18]. The rate of cellular 

turnover is different in various tissue. In an average adult the intestinal epithelium renews 

within about 5 days while the lung epithelium renews completely within about 6 months 

[19]. This differences in cell turnover could be based on stress, physiological conditions 

and age. How mammalian systems maintain homeostasis and differential turnover during 

normal, stressed, physiologically challenged, aged systems remains to be elucidated and is 

a big debate in the field.  

In order for cellular turnover to occur stem cells needs to divide, and properly 

differentiate to replace the particular missing cell. Based on the asymmetric stem cell 

division theory, one of the two daughter cells will maintain stem like structure and function, 

while one stem cell will divide completely. The decision for a cell to maintain stemness or 

differentiate is based on several regulatory pathways. This requires the activation and 

repression of specific pathways that maintain decisions to divide or differentiate [20]. Thus 

once a stem cell divides there are 3 distinct cell fate switches observed. Switch 1 maintains 

one stem like cell while the other cell is programmed for differentiation. The second switch 

is maintained to transiently amplify the division of the cells while the third switch decides 

to terminally differentiate the cell to maintain cell turnover. Proper regulatory pathways 

that activate set of genes that help to differentiate into a particular cell type A, and not cell 
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type B and C. The differentiation potentiality towards B and C is stopped by the recruitment 

of repressors that will mediate this particular step (Fig 2) [20]. Thus in order to understand 

tissue homeostasis it is necessary to understand the activators and the suppressors. This 

will also change depending on the microenvironment or the niche that the stem cells reside 

and other environmental and intrinsic factors. 

In this particular study I attempt to understand cellular turnover in vivo in the 

complexity of the whole organism. Mammalian systems poses a distraction due to the fact 

that there are complex organs and tissue with different cellular turnover. Moreover each 

tissue type contains few stem cells that are harder to isolate and manipulate. Thus by using 

the model organism planaria that contains a pool of stem cells and high cellular turnover, 

I will attempt to understand and deduce in vivo regulation of stem cells and cell turnover.  

My studies will revolve around two main pathways (1) TOR/AKT pathway (2) 

DNA repair mechanisms. Disruption of both these pathways have been implicated with 

cancer initiation, aging and defects in normal homeostasis. Embryonic lethality has 

minimized our understanding regarding this pathways in most mammalian models, and 

therefore I will try to decipher molecules in each pathway and how they are involved with 

maintaining in vivo homeostasis, tissue repair and regeneration utilizing planaria as a model 

organism. 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

Chapter 2 

Planaria as a model organism to study in vivo stem cell regulation 

 

2.1 – Planaria as a model organism 

In all living organisms cellular function is coordinated through signaling pathways. 

These cellular signaling pathways are then responsible for integrating local and systemic 

signals critical for embryonic development, adult tissue maintenance, and repair. 

Moreover, the origin of many diseases ranging from cancer to degenerative malignancies 

is associated with deregulation of diverse signaling pathways. However, how signaling 

pathways coordinate systemic cell behavior is poorly understood. One of the main 

limitations is the lack of model systems in which systemic modulation by cellular signaling 

pathways can be explored in vivo. Another limiting factor is the lack of techniques and 

methods to access stem cells and their behavior at a systemic level. In particular, stem cells 

(SCs) are a group of cells found within multi-cellular organisms that have the capability to 

divide and support physiological needs of all tissues, as well as to generate cellular progeny 

able to repair tissue damage [21, 22]. Indeed, one of the most puzzling problems of modern 

biology and medicine is to understand systemic regulation of SCs in health and disease. 

Dissecting the molecular basis of SC regulation in vivo will provide new targets for 

developing novel treatments for degenerative diseases, cancer and other ailments. 

Furthermore, it will open new therapeutic approaches to correct developmental 

malformations and to induce regeneration of lost, damaged and aging parts. 

A caveat for the progression of studies is the lack of research conducted in vivo in the 

complexity of the whole organism. This is mainly due to the lack of  good model organism. 

Studies in mice and rats are favored mainly due to the fact that their genome shares 95% 

similarities with human. Further the anatomy and the physiology has much resemblance to 

human, but with a shorter lifespan. Due to these reasons rodents are powerful tools to model 

various pathological conditions and cellular and physiological phenomenon while 

facilitating efficient and accelerated results applicable to human conditions. Compared to 

the studies conducted using primates, mouse and rat research can be relatively cost 

effective and requires less time and space. However, with the increasing costs for particular 

techniques and the charges incurred for housing rodents in research facilities, studies in 

mice and rats can be costly. Further each research requires IACUC approval before a study 

can be performed and this procedure can be lengthy in certain situations. Although rodents 

possess many similarities to human conditions, studying physiological conditions or 

pathologies in vivo in the complexity of the whole organism can pose some problems. For 

example, certain genes are embryonically lethal and conditional knockdown still does not 

provide a natural pathology free environment to understand the behavior of signaling 

pathways and disease progression.  

 Fruit flies (Drosophila melanogaster) provide an attractive model system to study 

developmental and behavioral aspects that’s comparable to humans. These animals 
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maintain conserved signaling pathways that provides substantial information regarding 

fundamental biological processes. The advanced genetic and technical tools provide much 

efficient methods to understand intrinsic mechanisms which has contributed extensively to 

the molecular, cell and developmental biology. Fruit flies maintain an extensive stem cell 

population during development and several adult stem cell populations during adulthood 

gaining some attention from stem cell fields [23]. Germ line and somatic stem cell niches 

have provided valuable information regarding the intrinsic nature of these cells in vivo. 

However the stem cell population in adulthood is limited and thus provides a barrier during 

stem cell research. 

In vitro stem cell research has contributed greatly to understand intrinsic factors 

that contribute towards stem cell maintenance and differentiation. However, how these 

cells behave in the complexity of the whole organism based on extrinsic and intrinsic 

factors such as DNA damage, aging, and metabolism provides a barrier to our 

understanding and cannot be directly used to invent therapeutic approaches. Thus in vivo 

model organisms are crucial to provide applicable insights. However in vivo results using 

current model organisms and targets can also sometimes be misleading when applied to 

humans. For example, flies and rodents have a relatively shorter life span than humans, and 

studies on how a therapeutic approach or a drug could affect a system long term can 

sometimes be misleading.  

Caenorhabditis elegans (C. elgans) is a worm model that provides an excellent 

model to study development, physiology and aging. Therefore tools and techniques are 

been developed to thoroughly understand mechanisms and relate them to human 

conditions. C. elegans contain a self-renewing germ stem cells which has provided 

valuable insights into germ cell niche and cell renewal [24]. However the lack of a large 

pool of somatic stem cells limits some of their use. Zebrafish (Dano rerio) is a vertebrate 

freshwater fish that has provided valuable insights into development, genetics and disease. 

Genetic screens have portrayed their implications towards human diseases and targeted 

therapies [25]. Zebrafish has regenerative capacity and therefore stem cell research using 

this model organism has garnered much attention 

Recent advances in research have brought freshwater planaria to the forefront of 

research focusing on tissue repair and regeneration. Large pools of Neoblasts or the 

planarian stem cells and their plasticity render these animals remarkable regenerative 

capabilities. Further there has been a recent boom in publications characterizing a plethora 

of planarian stem cell characteristics and tissue repair and regeneration. Abraham 

Trembley sometimes referred to as the father of Biology or the first scientist to study stem 

cells, first studied the hydra remarkable regenerative ability. The work published in 1744 

characterized Hydra regenerative capacity. Within the same publication, Trembley also 

briefly characterized planarian regeneration. In 1814 J.G. Dalyell published “Observations 

on some interesting phaenomena in animal physiology exhibited by several species of 

planariae” which described the first planarian regeneration phenomena. He described 

planarian as “immortal under the edge of the knife”.  Nobelaureate Thomas Hunt Morgan 

in 1901 published extensively on embryogenesis and regeneration and used planaria to 
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describe the regeneration phenomenon. But the concepts of development and regeneration 

requires more advancement in molecular and cellular biology concepts and associated 

techniques. Therefore planarian stem cells and their regeneration studies lay dormant for 

quite some time. Pubmed records classifies ~480 publications from 1925 – 1999 in the 

planaria field. The significance of the studies were enhanced with the finding of neoblasts 

and down regulation of genes using RNAi by A. Sanchez Alvarado and P. Newmark and 

later publications that was provided new technical methods such as whole worm labeling 

using various proliferative markers has gained this field much momentum. Therefore in a 

short time as 15 years there have been ~700 publications characterizing stem cell structure, 

function, tissue repair and regeneration and planarian physiology.  

This chapter focuses on the uses of planaria as a model organism and what we can 

learn from the model organism towards understanding stem cell regulation, aging, systemic 

maintenance, tissue repair and regeneration. In my thesis I focus on the planaria to 

understand stem cell regulation during systemic homeostasis, DNA damage, and cancer. I 

also focus on systemic homeostasis based on cell proliferation and cell death. Using RNAi 

I have been able to down regulate genes and investigate the function of specific genes and 

how signaling pathways are regulated. Further I characterize several phenotypes that 

systemically developed by the compromisation of various pathways that regulates stem 

cells. These pathways control cancer, aging, metabolic functions, tissue repair and 

regeneration, and therefore my work might provide valuable insights into stem cell 

regulation and how different pathways impact stem cells in vivo in the complexity of the 

whole organism. 

 

2.2 - Planaria Classification and physiology 

Planarians are bilaterally symmetrical triploblasts and contain the 3 germ layers: 

ectoderm, mesoderm, endoderm. They are further characterized as protostomes, however 

their physiology does not agree with the normal characterization of the coelomates 

belonging to the protostome classification. Planarians are acoelomate since they lack a 

body cavity. The only cavity within the animals is the gut and therefore the planaria have 

a flat body, and hence the name flatworms and belong to the phylum Platyhelminthes. 

Under the phylum Platyhelminthes planaria are further classified into the class turbellaria 

which comprises the free living non parasitic flatworms. Planarian digestive system 

contains three branches and therefore these animals are further classified into the order 

triclads. Further they are classified into the family planariidae and the genus planaria. 

Hundreds of species have been discovered, however main focus has been given to the two 

species Schmidtea mediterranea and Dugesia Japonica due to their remarkable 

regenerative potential. Specifically in this thesis I focus on the species Schmidtea 

mediterranea. Hence any of the following terms “planaria” “flatworm” “worm” from now 

on will pertain to the species Schmidtea meditteranea. 
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  Planaria are free-living, living mostly in fresh water or marine and like to live in 

dark shaded regions (nocturnal). They are usually predators or scavengers that feed on live 

or dead animals using the pharynx located at the ventral surface around the middle of their 

body. This same opening is used to excrete waste.  The excretory system of the planaria 

contains flame cells connected by ciliated ducts involved with osmoregulation and removal 

of waste. Thus these cells function similar to a kidney. Because planarian have a high ratio 

of surface area to volume, their diffusion distances are short and allows them the usage of 

diffusion for respiration purposes. Thus they do not contain The Central nervous system 

(CNS) is a bio lobed ganglia in the anterior region of the animal and this divides into two 

long nerve cords that run towards the posterior region. This is located underneath the 

ventral body wall musculature [9]. The main sensory receptors in the planaria are the 

photoreceptors and chemoreceptors which are located anteriorly. They are projections of 

the cephalic ganglia and therefore the behavioral patterns are connected to the CNS [9]. 

Planarian photoreceptors contain rhabodometric photoreceptor neurons, pigment cells and 

an optic cup [26]. These photoreceptors sense light so that the animals can move away 

from it towards a darker region in a body of water. Due to the formation and location of 

the photoreceptors in the anterior region, the animals have a “cross eyed” look providing a 

unique cute cartoonish look. Sub epithelial glands produce mucus secretion. This is 

important for locomotion, protection, adhesion to substrates and capture prey [9]. The 

ventral surface of the animal contains cilia which has a 9+2 axoneme, and are crucial for 

the planaria locomotion. Planarian can either crawl or glide and uses the beating cilia and 

mucus to gain the gliding movement [27]. Recent bioinformatics analysis further provides 

evidence for an innate immune system in the planaria [28].  

 Freshwater planarians can reproduce sexually or asexually. Usually one species 

will contain only one mode of reproduction, though some species have known to be capable 

of switching from asexual to sexual under experimental conditions. Asexual reproduction 

compromise of transverse fission. During this process the worm will attach its tail to a 

substrate and then pull the anterior region away from the posterior region. During this 

process the worm will stretch until the fission occurs. Schmidtea mediterranea species 

which is the primary focus in the Oviedo lab in UC Merced contains a sexual and an asexual 

strain. All experiments in this thesis utilizes the asexual strain. The asexual strain reproduce 

using transverse fission and do not maintain any reproductive organs. Transverse fission 

occurs with the planarian stretching and becoming thinner and producing two fragments. 

These two fragments then regenerate the missing tissue. The sexual strain are 

hermaphrodites containing male and female gonads. However during sexual reproduction, 

cross fertilization between two worms occur.  

 

2.3 - Planaria and regeneration and as an Emerging model systems to study stem cells 

 Planarians contains characteristic pools of stem cells termed neoblasts distributed 

throughout the body, except in the pharynx and the area in front of the photoreceptors [29]. 

These cells are small about 5-10µm in diameter with a large nucleus and a small cytoplasm 
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that contains few organelles and ribosomes [30, 31]. The current understanding describes 

neoblasts as the only cells that are capable of dividing [32]. This has been further proved 

due to the accumulation of neoblasts around the wounded or amputated region. Neoblasts 

are a heterogeneous population containing cells that were characterized based on their 

sensitivity to radiation and proliferative status: neoblasts (X1), early division progeny (X2), 

late division progeny (Xins) [33]. Recent studies have further characterized the neoblast 

population into sigma, zeta and gamma based on function and gene expression level [34]. 

Sigma neoblasts are wound responsive and is essential to maintain various tissue while the 

zeta neoblast population maintains epidermal tissue. Gamma neoblasts are a sub population 

of Sigma.  

Neoblasts, the only proliferative cells in the planaria are abundant and are spread 

through the animal. The heterogeneity and the plasticity of the stem cells renders the 

remarkable capability to repair and regenerate. Amputation performed on any part of the 

body except the most anterior region of the animal will result in a fully regenerated animals 

within 7-14 days. Post amputation, two proliferative peaks are required to maintain proper 

regeneration and two cell death peaks at 4hour and 52 hour to maintain proper patterning 

of the tissue. With this knowledge at hand, and the development of RNA interference 

(RNAi) technique, has developed the planaria into a remarkable tool to identify how 

different pathways are involved with tissue repair and regeneration, cancer initiation, 

maintenance of homeostasis [28, 33, 35, 36]. Even though planarian stem cell studies are 

relatively novel, many techniques have been developed to promote the study of stem cell 

function and regulation. Some of these techniques are described in Chapter 3. The 

accessibility of a sequenced genome has revealed structural conservation and various 

studies have confirmed functional conservation. Furthermore, classical experiments have 

demonstrated that mammalian chemically-induced diseases such as cancer and 

degenerative pathologies can be modeled in these animals [37, 38]. This further highlights 

planaria as an attractive model organism to study not only stem cell function and regulation, 

but as a possible translational model organism for various pathologies.  

 Thus utilizing all the positive aspects of this model organism I delve into 

understanding how stem cells are regulated when (1) TOR/AKT pathway is impaired (2) 

when DNA damage repair pathways are impaired. TOR/AKT pathway mediates a 

signaling network that mediate cell proliferation, cell growth/differentiation, metabolic 

functions, tissue remodeling. Compromisation of DNA damage repair results in many 

pathological conditions such as cancer, aging and tissue degeneration. I will focus to 

understand how these pathways maintain tissue homeostasis, tissue repair and regeneration 

in vivo in the complexity of the whole organism utilizing various techniques described in 

chapter 3.  
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Chapter 3 

Materials and Methods 

 

Identification of homologs and Phylogenetic analysis 

Conserved homologs for the TOR pathway, DNA repair pathways and other 

signaling pathways were identified using the S. mediterranea database SmedDb (Sánchez 

Alvarado et al., 2002). Identified sequences was initiated a six frame translation using pfam 

and subsequently analyzed using HMMER search to confirm conservation. The sequences 

were further confirmed by Blastn, blastx, blastp and alignment tools 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The identified sequences was aligned by 

CLUSTALW or T-Coffee software with sequences obtained using HomoloGene 

(http://www.ncbi.nlm.nih.gov/homologene). A predictive evolutionary model and 

phylogenetic tree was built using MEGA software (www.megasoftware.net). 

 

 

Planarian Culture 

Planarian culture was maintained as previously described (Oviedo et al., 2008). 

 

 

Cloning 

Cloning primers were synthesized to amplify a 400 – 650bp region of each 

identified gene. Extracted total RNA from asexual Schmidtea mediterranea was used to 

synthesize cDNA using Thermo Scientific verso cDNA kit (Cat#AB-1453/A). The 

amplified region was cloned using two methods. (1) Amplified cDNA fragment was TA 

cloned into pDrive vector (Qiagen pcr cloning kit Cat. # 231124) was subsequently 

transformed using Invitrogen TOP10 competent bacteria (Cat # C4040-06) and plasmid 

extracted (Qiagen Spin miniprep kit Cat # 27104) using ampicillin antibiotic selection (100 

µg/ml). Restriction enzyme (RE) digestion by BamHI, XhoI or PstI resulted in a gel 

extracted (Qiagen Gel extraction kit Cat# 28704) fragment which was T4 ligated 

(Invitrogen Cat # 15224-017) between the T3 and T7 promoter region of the pBluescriptII 

SK(+) plasmid. Post transformation of the ligated substrate and selection through 

ampicillin antibiotic (100 µg/ml) and plasmid isolation, (2) Amplified cDNA fragment was 

TA cloned into pCR™2.1-TOPO® TA Vector  (TOPO TA cloning kit Cat # 45-0030) and 

subsequently transformed and plasmids isolated with ampicillin antibiotic selection (100 

µg/ml). T3 and T7 primers were used to amplify a secondary pcr product (Roche Cat# 

04738225001) containing the cloned gene fragment using the following pcr conditions. 

This secondary pcr product was used to synthesize dsRNA or ISH probes.  

 

 

 

 

 

 

http://jcs.biologists.org/content/125/7/1657.long#ref-34
http://jcs.biologists.org/content/125/7/1657.long#ref-34
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/homologene
http://www.megasoftware.net/
http://jcs.biologists.org/content/125/7/1657.long#ref-22
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Step  Process Temperature Time Cycles 

1  Denaturation 94°C 5 min Repeat step 1 - 

1X 

2  Denaturation 94°C 1 min Repeat step 2 – 

30X 

  Annealing 56.6°C 30 seconds  

  Extension 72°C 30 seconds  

3  Extension 72°C 10 minutes Repeat step 3 - 

1X 

 

 

dsRNA synthesis 

dsRNA was synthesized as previously described (Oviedo et al., 2008). Amplified 

T3 and T7 fragment (T3/T7 DNA) of the cloned gene was used to synthesize single 

stranded T3 and T7 separately using the following mixture: 4ul of the pcr product, 1X 

synthesis buffer (Promega Cat # P118B), 20mM DTT (Promega Cat # P117B), 4µl of equal 

micture of rNTPs (Promega P114A, P113A, P115A, P116A), 1µl T3 polymerase (Promega 

Cat # P208C) or 1µl of T7 polymerase (Promega Cat # P207B), 4µl of Rnase Dnase free 

water, 1µl of Recombinant RNasin® Ribonuclease Inhibitor  (Promega Cat # N251A) were 

mixed and incubated at 37°C for 2 hours. 1µl of RQ1 RNase-Free DNase (cat # M610A) 

was added and incubated for 15 minutes at 37°C. 1 µl of the synthesized T3 and T7 

mixtures were separately stored in -20°C. Rest of the T3 and T7 mixtures were combined 

and 380 µl of STOP solution (1M ammonium acetate, 10mM EDTA, 0.2% SDS) added 

and incubated at RT for 10 minutes. Post adding 200µl of Phenol chloroform, samples were 

vortexed 15 seconds each and centrifuged 2 minutes at 14000rpm. The top visible layer 

was extracted to a new tube and 200 µl of chloroform was added. Samples were vortexed 

for 15 seconds and centrifuged for 2 minutes at 14000rpm. Incubation at 68°C for 10 

minutes was followed by a 30 minute incubation at 37°C. Samples were ethanol purified 

as follows: 1ml of 100% ethanol was added and centrifuged 10 minutes at 14000rpm, 4°C. 

The ethanol was carefully decanted and 1ml of 80% ethanol was added and centrifuged 10 

minutes at 14000rpm, 4°C. All traces of ethanol was removed and samples were mixed 

with 10 µl of Rnase Dnase free water. The previously stored single stranded T3 and T7 

sample and the synthesized double stranded samples were run on a 1% agarose gel. 

 

Riboprobe synthesis 

dsRNA was synthesized as previously described (Oviedo et al., 2008). Amplified 

T3 and T7 fragment (T3/T7 DNA) of the cloned gene was used to synthesize single 

stranded T3 and T7 separately using the following mixture: 4ul of the pcr product, 1X 

synthesis buffer (Promega Cat # P118B), 20mM DTT (Promega Cat # P117B), 4µl of equal 

micture of rNTPs (Promega P114A, P113A, P115A, P116A), 1µl T3 polymerase (Promega 

Cat # P208C) or 1µl of T7 polymerase (Promega Cat # P207B), 4µl of Rnase Dnase free 

water, 1µl of Recombinant RNasin® Ribonuclease Inhibitor  (Promega Cat # N251A) were 

mixed and incubated at 37°C for 2 hours. 1µl of RQ1 RNase-Free DNase (cat # M610A) 

was added and incubated for 15 minutes at 37°C. For ethanol precipitation 0.17M Lithium 

Chloride and 54 µl of ice cold 100% ethanol was added and the samples were places in the 

http://jcs.biologists.org/content/125/7/1657.long#ref-22
http://jcs.biologists.org/content/125/7/1657.long#ref-22
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-80°C for 15 minutes and centrifuged for 20 minutes at 14000rpm, 4°C. Post removal of 

the supernatant the pellet was re-suspended in 50 µl of deionized formamide.  

 

Microinjections 

Microinjections were carried out as previously described (Oviedo et al., 2008). A 

protocol for each gene downregulation was optimized for each gene. 

 

 

In vitro dsRNA synthesis 

In vitro dsRNA was synthesized as previously described (Rouhana et al, 2013). 

1µg of the Rad51 specific dsRNA was mixed with 30µl of planaria food and was fed 3X 

times per week for 30 days. 

 

RNAi by feeding 

RNAi by feeding was performed as previously described (Reddien et al., 2005). 

Genes cloned into pPR244 plasmids (kanamycin resistant) were transformed into HT115 

bacteria (tetracyclin resistant) and grown overnight in 2xYT media with kanamycin 

(50µg/ml) and tetracyclin (10µg/ml). Aliquotes from the overnight cultures were freshly 

grown at a 1:10 dilution in 2xYT media with bacteria resistance until OD 0.4-0.6 at a 37°C 

shaker at 225rpm was reached. Bacteria were incubated with 1mM IPTG for an additional 

2 hours at 37°C and 225rpm. Samples were spun down at 5000rpm for 5 minutes and the 

bacteria pellet was mixed with 50µl of planaria food (calf liver) and fed to the planaria. 

Prior to amputation, APC was fed 7X over a 2 week period to obtain double tailed animals. 

β-catenin was fed 3-4 times over a 8 day period and amputated to obtain double headed 

animals.  

β-catenin plasmid was a kind gift from Christian Petersen at Northwestern University, APC 

plasmid was a kind gift from Peter Reddien at MIT. 

 

Whole mount Immunofluoresence 

Planarians were fixed and immunostaining performed as previously described 

(Oviedo et al., 2008). Planarians were fixed using the carnoy fixation method. 5 minute 

incubation in ice with 2.7ml HCl (Fisher Cat # A144-500) in 47.3ml of miliq-water was 

used to kill and remove the mucous layer of the planaria. Carnoy solution containing 60% 

denatured ethanol (Fisher Cat# 407-4), 30% chloroform (Sigma Cat# 366927), 10% glacial 

acetic acid(Fisher Cat# A38-500) was added and samples were incubated in ice for 2 hours. 

Post removal of Carnoy solution, ice cold 100% methanol was added and the samples were 

incubated in the -20°C for a minimum of 1 hour. Animals were bleached overnight with a 

mixture of 1ml H2O2 and 4ml of 100% methanol. The samples were rinsed in 100% 

methanol and stored at -20°C. During staining, the samples were rehydrated in the 

following order: 5 minutes 75% methanol in PBSTx (1X PBS with 0.3% Triton X-100), 5 

minutes 50% methanol, 5 minutes 25% methanol, 5 minutes 100% PBSTx. Subsequently 

samples were blocked in PBSTB (0.25% BSA in PBSTx) for 4-6 hours RT. Primary 

antibody was added in PBSTB, RT overnight.  Primary antibodies: α-H3p 1:250 (Millipore 

Cat# 05-817R), α-synapsin, 1:100 (Developmental Studies Hybridoma Bank): acetylated 

tubulin, 1:1000 (Sigma T7451): activated caspase-3, 1:1000 (Abcam ab13847): and α-

http://jcs.biologists.org/content/125/7/1657.long#ref-22
http://jcs.biologists.org/content/125/7/1657.long#ref-22
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arrestin, 1:10,000 (kind gift from K. Watanabe, University of Hyogo, Japan).  The animals 

were washed 6 X 60 minutes in PBSTB and secondary antibody was added in PBSTB, RT 

overnight. Secondary antibodies: Goat anti-mouse Alexa488, 1:400 (Invitrogen Cat# 

673781) for α-synapsin, α-arrestin, acetylated tubulin, Goat anti-rabbit Alexa568, 1:800 

(Invitrogen Cat# 11036) for H3P, HRP-conjugated Goat anti-rabbit antibody (Millipore 

Cat# 12-348) with TSA-Alexa568 anti-HRP for Caspase-3. The animals were washed 6 X 

60 minutes in PBSTB and mounted using VECTASHIELD® Mounting Medium (Vector 

laboratories Cat# H-1000). All images were visualized and the mitotic cells (H3P positive) 

and apoptotic cells (Caspase positive) were counted and normalized to the area (mm2) using 

NIS element software (Nikon). Statistical analyses were performed using Microsoft Excel. 

 

Brdu Staining 

Brdu staining was performed as previously described (Cowles et al, 2012). Mucous 

was removed by a 5 minute incubation with 0.0625% NAC (N-acetyl cysteine) and then 

the worms were incubated for 1 hour in the dark at RT in 25mg/ml Brdu (Sigma cat# 

B5002) dissolved in water and 3% DMSO. Worms were rinsed three times with planarian 

salt water and Brdu pulse chase performed for 12 – 16 hours. Animals were fixed using 

Carnoy fixation method described elsewhere and rehydrated as described elsewhere. 

Animals were incubated in 2N HCl for 45 minutes and later incubated in 0.1M Borax for 

2 minutes. Post 2X PBSTx washes and 4 hour block in PBSTB Primary antibody was 

added: α-Brdu 1:100 (BD Biosciences #347580) in PBSTB was added fresh overnight at 

RT and next day washed 6 X 60 minutes with PBSTx. Samples were blocked for 1 hour 

RT in PBSTB and incubated in 1:250 HRP-conjugated Goat anti-mouse antibody 

(Invitrogen Cat# G21040)  overnight. Samples were washed 6 X 60 minutes in PBSTB and 

incubated in 10mM imidazole in PBSTx (PBSTI) for 30 minutes RT and later in 1:1000 

FITC-Tyramide in PBSTI for 30 minutes RT. Animals were developed with FITC-

Tyramide in PBSTI+0.015% H2O2 and mounted using VECTASHIELD® Mounting 

Medium. 

 

 

Planaria Dissociation and cell collection 

Planarians were dissociated as previously described with slight modifications 

(Reddien et al., 2005). Planarians were amputated into small pieces in cold calcium, 

magnesium-free medium (CMF plus BSA) and then placed in a rocker for 30 minutes to 1 

hour hours at 4°C. (CMF plus BSA: 15mM Hepes, 400mg/L NaH2PO4, 800mg/L NaCl, 

1200mg/L KCl, 800mg/L NaHCO3, 240mg/L glucose, 1% BSA, pH7.3). Cells were 

filtered using a 20 micron filter and centrifuged at 1500 rpm and the collected cell pellet 

was suspended in 1ml of CMF media before cell counting.  

 

Fixation of dissociated cells 

Dissociated cells were counted and all traces of CMF media were removed by two 

1X PBS washes. Cells were fixed on to cover slips using 100% methanol for 1 hour at -

20°C. Samples were rehydrated using mixtures of 75%, 50% and 25% Methanol in PBSTx. 

Post final rehydration with 100% PBSTx, the cells were blocked in PBSTB for 4 hours RT 

http://jcs.biologists.org/content/125/7/1657.long#ref-29
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and primary antibody added overnight: α-Rad51 1:500 (Abcam ab109107). Wash 6 X 

10mins in PBSTB and replace with secondary antibody overnight: 1:500 HRP-conjugated 

Goat anti-rabbit antibody (Millipore Cat# 12-348). Wash 6 X 10mins in PBSTB. Add TSA-

Alexa488 in PBSTI 1:1000 for 20 minutes. Wash 6 X 10mins in PBSTB. Add DAPI 

(0.1ug/1mL) for 15mins and mounted using VECTASHIELD® Mounting Medium. 

  

Protein extraction 

Animals were quickly dissociated with no buffer present until no tissue fragments 

were visible and incubated in 1X RIPA buffer (Cell signaling Cat# 9806) with protease 

inhibitors (Roche cocktail Cat# 04693124001, 1mM PMSF, 1mM DTT) for 30 minutes in 

ice. Volume to mass ratio for this was as follows: 10 large dissociated planaria were 

incubated in 300µl of 1X RIPA and protease cocktail mixture. Samples were spun at 14000 

rpm for 15 minutes at 4°C. Transfer the supernatant to a new tube and immediately place 

on ice. 25µl of the supernatant was aliquoted into a tube for protein concentration readings. 

Rest was immediately mixed with equal volumes of 2X laemmli buffer (4% SDS, 10% 2-

mercaptoethanol,  

20% glycerol,0.004% bromophenol blue, 0.125 M Tris-HCl) and incubated at 95°C for 5 

minutes (or boiled at 100°C) to denature and reduce. Protein lysates were stored at -20°C. 

Bio rad protein assay was used to determine protein concentration. 

 

Western Blot 

40ug of protein lysates were heated at 80°C for 5 minutes and run on 12.5 – 15% 

SDS-PAGE gel along with a molecular weight marker (Bio Rad Cat # 1610375). The gel 

was run 1 to 2 hours at 100V with 1X Running buffer. 30 second methanol activated PVDF 

transfer membrane (Bio Rad Cat # 162-0175) was used to transfer the gel extracts overnight 

in 1X transfer buffer at 40V in a cold room. The membrane was blocked with 5% milk 1 

hour and incubated in the primary antibodies overnight at 4°C on a rocker. Primary 

antibody: α-tubulin 1:500 (Sigma 081M4861), α-Rad51 1:5000 (Abcam ab109107) and 

caspase 1:5000 (Abcam ab13847). The membrane was washed 3X 30 minutes prior to the 

addition of the secondary antibody: 1:2000 HRP-conjugated Goat anti-rabbit antibody 

(Millipore Cat# 12-348) for α-Rad51and Caspase, 1:2000 HRP-conjugated Goat anti-

mouse antibody (Invitrogen Cat# G21040). The membrane was washed 3X 30 minutes 

each and developed using Luminata Forte Western HRP substrate (Millipore Cat # 

WBLUF0100). 

 

 

Flow Cytometry analysis 

1X106 cells from dissociated planaria was stained with DNA marker Draq5 

(eBioscience Cat # 65-0880-96) at a 1:500 dilution in CMF media for 30 minutes at RT in 

the dark. Incubation with calcein (Invitrogen Cat # C3100MP) 1:500 diluted in CMF media 

for 10 minutes at RT was sufficient to stain live cells. BD FACSDiva™ software was used 

for initial gating and samples were either analyzed using LSRII flow cytometer (BD 

Biosciences) or sorted using ARIAII flow cytometer (BD Biosciences). Lethally irradiated 

planaria were used to approximate the gates for X1 and X2 populations and/or gated as 

previously described (Eissenhoffer et al 2008). Final gating of populations were performed 
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using flow jo software. Cell populations were sorted into FBS media and centrifuged to 

pellet the cells. Post FBS removal cells were either used fixed on slides using 4% 

paraformaldehyde for 20 minutes RT or immersed in trizol to extract RNA. Cell cycle 

analysis was performed using either Draq5 (1:500 diluted in CMF media ) or DAPI 

(0.1ug/ml). Draq5 stained populations were gated for cell cycle using live Draq5 positive 

populations and Flowjo software. During DAPI staining, 70% ethanol fixed cells (as 

previously described) was stained with DAPI 0.1ug/ml for 30 minutes at RT in the dark 

and analyzed immediately using LSRII. Flow cytometry analyses were performed with 

FlowJo software, Version 8 (www.flowjo.com). 

Staining of apoptotic cells were performed using 1X105 cells from dissociated 

planaria immersed in 100ul of binding buffer (Bio Legend Cat# 422201) and stained with 

5ul of Annexin V (Pacific Blue) (Bio Legend Cat# 640918) and 5ul of 7-AAD Viability 

staining solution (PECy5) (Bio Legend Cat#420404) and incubated at RT for 15 minutes. 

The samples were immediately analyzed using LSRII flow cytometer (BD Biosciences).  

 

 

TUNEL Assay 

TUNEL assay was performed as previously described (Pellettieri et al., 2010). 5 

minute incubation at RT with 10% NAC diluted in 1X PBS was used to kill and remove 

the mucous layer of the planaria. Fixation with 4% formaldehyde in PBSTx (1X PBS with 

0.3% Triton X-100) for 20 minutes at RT was followed by incubation with 1% SDS diluted 

in 1X PBS for 20 minutes RT. Animals were bleached overnight with a mixture of 1ml 

H2O2 and 4ml of PBSTx and rinsed and stored at 4C in PBSTx the next day. The animals 

were not stored in the 4°C for more than a week. Staining was performed using The 

ApopTag Red In Situ Apoptosis Detection Kit (Millipore Cat# S7165), where animals were 

inserted into a 96 well plate with only 2 animals per well. 20µl of the mixture containing 

70% of the reaction buffer and 30% of the terminal transferase enzyme was added to each 

well and incubated at 37°C for 4 hours. The animals were rinsed in stop/wash buffer (1ml 

stop wash buffer mixed with 34ml MiliQ water) and rinsed 1X with PBSTB (0.25% BSA 

in PBSTx). 20µl of the mixture containing 47% anti-digoxigenin-rhodamine antibody and 

53% blocking solution was added to each well and incubated in the dark at RT for 4 hours 

or at 4°C overnight. The animals were washed 4 X 10 minutes in PBSTB and mounted 

using VECTASHIELD® Mounting Medium.  

 

 

Measurements of planaria and image processing 

Measurements and image processing was performed as previously described (Peiris 

et al., 2012). Animal behavior was recorded using a Nikon AZ-100 multizoom microscope 

and NIS Elements AR 3.2 software. Automated area measurements were calculated with 

NIS Elements at day 0, day 20 and day 40 after injection. Standard deviations were 

obtained by normalizing the area measurements for each set time point to the average on 

day 0 to obtain percentage standard deviation and this value was divided by the data point 

to calculate the standard error represented on the graph. Digital pictures were collected 

using a Nikon AZ-100 multizoom microscope and NIS Elements AR 3.2 software. 

Brightness and contrast were adjusted with Adobe Photoshop. 

http://www.flowjo.com/
http://jcs.biologists.org/content/125/7/1657.long#ref-26
http://jcs.biologists.org/content/125/7/1657.long#ref-26
http://jcs.biologists.org/content/125/7/1657.long#ref-26
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RNA Extraction 

FACS sorted cells or whole planaria were immersed in 750ul of TriZol and 

homogenized for 1 minute and incubated at RT for 5 minutes. 200ul of chloroform (per 

750µl of TriZol added) was added and vortexed for 15 seconds and incubated at RT for 3 

minutes. Samples were spun at 11000rpm at 4°C for 15 minutes and the clear upper layer 

was transferred to a new tube. 500µl of isopropanol was added to the tube and incubated 

at RT for 10 minutes and centrifuged 11000rpm at 4°C for 15 minutes. The pellet was 

then washed with 1ml of 75% ice cold ethanol and centrifuged 7500rpm at 4C for 5 

minutes. All traces of ethanol was removed and depending on the pellet size,10-50µl of 

Dnase Rnase free water was used to mix the pellet. Samples were incubated at -80°C 

freezer long term. 

 

cDNA synthesis 

1µg of the extracted RNA (from section) was incubated with the following 

reagents from cDNA synthesis kit (cat# ): 1X cDNA synthesis buffer, 2µl dnTP mix, 1ul 

of RNA primer, 1µl of RT enhancer, 1µl of Verso enzyme mix and Rnase Dnase free 

water up to 20µul total volume. The samples were incubated 42°C for 30 minutes and 

95°C for 2 minutes.  

 

Quantitative RT-PCR  

Quantitative RT-PCR (qPCR) was performed as previously described (Peiris et al., 

2012). qPCR reactions were performed using the SYBR Green Master Mix (cat #) in a 

7500 Fast Real Time PCR cycler (Applied Biosystems). All reactions were performed in 

triplicates using the median cycle threshold value for analysis. Gene expressions are 

relative to the ubiquitously expressed clone H.55.12e (Reddien et al., 2005). Each cDNA 

sample was amplified with clone H.55.12e and a standard curve was obtained. The 

expression of each sample was now obtained based on the relative expression of the clone 

H.55.12e. 

 

In situ hybridization (ISH) 

ISH on isolated cells and quantification were performed as previously described 

(Oviedo et al., 2008). Whole-mount ISH (WISH) was performed as previously described 

(Pearson et al., 2009).  

For ISH on dissociated cells, isolated cells from FACS were spotted onto slides and 

fixed using 4% paraformaldehyde. ISH was performed as previously described (Oviedo et 

al., 2008). Propidium iodide (PI) or DAPI were used to stain nuclei. Cells that were double 

labeled with the nuclei marker and the riboprobe were counted in relationship with the total 

number of nuclei. Fluorescent in situ hybridization was performed as previously described 

(Pearson et al., 2009). In all cases, ten different fields were counted per slide. 

 

Comet Assay  

  Frosted microscope slides were coated with 1% Normal Melting Point Agarose 

(NMPA) in 10XPBS and dried overnight. Add 10mL of CMF onto the dissociated cell 

pellet and incubate cells in 37°C water bath for two hours. Count cells and centrifuge tube 

at 2500rpm for 2 minutes and add 100µL of 0.5% Low Melting Point Agarose (0.5% 

http://jcs.biologists.org/content/125/7/1657.long#ref-26
http://jcs.biologists.org/content/125/7/1657.long#ref-26
http://jcs.biologists.org/content/125/7/1657.long#ref-29
http://jcs.biologists.org/content/125/7/1657.long#ref-22
http://jcs.biologists.org/content/125/7/1657.long#ref-24
http://jcs.biologists.org/content/125/7/1657.long#ref-22
http://jcs.biologists.org/content/125/7/1657.long#ref-22
http://jcs.biologists.org/content/125/7/1657.long#ref-24
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LMPA) made in 10XPBS per 50,000 cells. Quickly pipette mixture onto coated 1%NMPA 

dried slides, cover with a cover slip (24x50mm) and let dry at 4°C until agarose solidifies. 

Gently remove the cover slip and place slides overnight in a coplin jar at 4°C with 89% 

Lysing solution (2.5M Nacl, 100mM EDTA, 10mM Trizma base, 8g pelletized NaOH in 

dH2O, filter and pH 10.0), 10% DMSO and 1% Triton x-100. Replace the coplin jar with 

neutralization buffer (0.4M Tris base in dH2O and adjust pH to 7.5) for 5mins and keep 

solutions and samples at 4°C. Remove the neutralization buffer and place slides into 

electrophoresis chamber at 4°C. Fill chamber with 1X electrophoresis buffer (10N NaOH 

and 200mM EDTA in dH2O and adjust pH to 13) and let sample sit for 15 minutes without 

electrical current. Run the electrophoresis machine at 12V for 30 minutes at 4°C. Place 

slides back into the coplin jar and equilibrate samples for 5 minutes in neutralization buffer. 

Remove buffer and fix samples with cold 100% ethanol for 5 minutes. Once slides are dry, 

stain samples with 1:10 ratio of SYBR gold into 1X TE buffer (10mM Tris-HCl and 1mM 

EDTA and adjust pH to 7.5) by placing 150-200µL of solution onto sample and covering 

with a cover slip (24x50mm). Scoring scheme is based off of a rank from 0-2, where a 

score of 0 showed little DNA damage and 2 is a disbursed tail indicating extensive DNA 

damage.  

 

Karyotyping Assay  
Soak animals in 0.05% Colchicine (diluted in planarian salt water) overnight but 

no greater than 16 hours. Place one animal per 1.5mL tubes and remove colchicine 

solution. Add ethanol and acetic Acid Solution (3:1 respectively) to each tube and rotate 

for 15 minutes at RT. Remove the Ethanol/Acetic acid solution and place 1N HCl 

solution (in dH2O) and incubate for 2 minutes at RT and then incubate at 60°C in a 

Thermomixer for 6 minutes. Remove the HCl solution and add orcein solution to each 

tube for 15 minutes. Carefully remove orcein solution and replace with 60% acetic acid 

solution (in dH2O) and incubate for 5 minutes. Place animals on small 22x22mm cover 

slips and add a drop of Lactic acid-acetic acid-dH2O (1:1:1) on top of each worm and let 

it sit for 5 minutes. Remove excess liquid and add 1µL of orcein to each animal. Place a 

long cover slip (24x60) quickly and carefully on the small cover slip with the treated 

animal on it. Chromosomes were viewed under a 100X objective. 

 

Oligonucleotides 

All oligonucleotides were synthesized and desalted by Fisher Scientific eurofins: 

All primers were diluted to a 40 picomole concentration prior to use. 0.625ul from each 

primer was utilized per each pcr reaction. 

Oligos Used for cloning 

Gene Cloned 

size 

Forward Primer Reverse Primer 

Rad51 436 TTTGCAAGGTGGTGTTGAAA ATCAGCCAACCGTAACAAGG 

Ku70 410 AGGCATGAAATTGGACGAAG CGACTAGGAGGAGGTGATCG 

MRE11 428 GCATGCAGCGAAGAATTACA ATCGGATCAATGGCAAAGTC 

ATM 481 GGTTTTGCTTCACGATCCAT ATCGCAGAAACCAGAGCAGT 

Rb 531 ATGGCGGAGTCAATTTCAAC GCAATTCGAGAACCTCAAGC 
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P53 516 CCTGCTTTTAAATCCGACGA AAGTGTTTTCCGACCACCTG 

BRCA2 570 ACGATTTACCACCCGAATCA CGTGAACGTGTCAACAAACC 

RPA 545 GAATCGGACGTCCATGAGAT GCGGCTGAAATGGAGAAATA 

ndk 652 GAAATTAACGAAGCCCGTCA TCCCTTTTCACTTTCCATCG 

 

 

 

Oligos used for qpcr 

Gene Size  Forward Primer Reverse Primer 

Rad51 141 ATGTCAGAATCCCGATACGC ATCAGCCAACCGTAACAAGG 

Ku70 125 TAGTTGGCATTGGGATCCAT CAGATTTGTGCTGCCTTCAA 

MRE11 133 GCTGGCAACGACTAAGGAAC CCCGATATATTCCTGGCTGA 

ATM 128 CTGATTGGTCGGCTTTCATT AGCTAACCAATCCCCCAAAG 

Rb 142 CCACGAGATCCTCCAAATGT CGTGTGAACATTGGTTTTGC 

BRCA2 143 CAAAGAGACCCTGCTTGAGG AGCCGGAACACAGTACCATC 

RPA 114 TCCGACGAGATAGGGTTGTC CAGCCTTTTCCGTTTCACAT 

ATR 141 AAACTTTGGAGTGGCCAGAA GTTCGATTTCATTGCGGAGT 

UDP 152 TTCCTACAGCCACTTGAGCGAC GTCGGTGGTTATTTTGCG 

Smedwi-1 174 TTTATCGTGACGGTGTTGGA TTGGATTAGCCCCATCTTTG 

Smedwi-2 142 ATCCTATGGCACCGAATGAG CCCTTATGCACCTTTCCAAC 

NB.21.11e 148 GCAGATGACGTGAAACAAGG TACTTGATTTGGCGGGAGAC 

Agat-1 131 ACCGATTCCAGTTTCGCTTA TCAATCGCTCCAAAATCTCA 

Cyclin B 162 TCGGGAAATAGTTCGAATGC CCAAGGACATCGCAGAAAAT 

Soxp-1 114 TGGTTGGACGTCGCCTTCTT 

 

ACCCATTACCTCCTGAATGGCT 

Fgfr-1 101 CGGCATCCAATAAGTGCGCT TGTCAGTTTCAGTGGGAACTCC

A 

Soxp-2 104 CTTCCCAAGAAGTTTGCTTATT

TCTGA 

GGCCATTGAATAGTTTCATGAT

ATTTTCCA 

Inx13 113 AAACGGAATCCATTGGTAATA

ATTCATTCT 

GCTGGGTTGAAGGCACTGTT 

 

Nkx2.2 112 TCGCCAAATTATGCTCAGATTG

ATCC 

CGATTTCTTGTTCACTGGAATT

CGGA 

Zfp-1 115 CCCGTGCCTGAACAATTTGACA 

 

CCTCAGCGCATGCCTCTGTA 

P53 117 TGGTTGCATTGCATCGGAACA GGCCCAGCAATATATTACTTCG

GC 

Soxp-3 114 TGTGGTTGGAATTTTTCACTGA

TTTCT 

ACCTGTGCAGACAATTCGAAG

A 
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Chapter 4 

TOR signaling regulates planarian stem cells and controls localized and 

organismal growth 

 

4.1 - Introduction 

4.1.1 - Target of Rapamycin Structure  

Soil sample analysis from Easter Island (Rapa Nui) identified a bacteria 

(Streptomyces hygroscopicus) that was able to produce a potent antifungal molecule. 

Purification and structural analysis of this molecule revealed a macrolide lactone. Thus this 

molecule was named “Rapamycin” based on the name of the island where it was 

discovered. Characterization of this molecule discovered potent anti-bacterial and fungal 

properties and immunosuppressive roles [39, 40]. However Rapamycin gained more 

attention after Dr. Suren Sehgal in Canada discovered its tumor suppressive roles [41, 42]. 

Studies performed to identify the antifungal effects of this macrolide rapamycin illustrate 

the possible G1 phase cell cycle arrest in Saccharomyces cerevisea [43]. This lead to the 

discovery of a protein targeted by rapamycin, and this protein was termed target of 

rapamycin (TOR) due to its sensitivity to rapamycin. Evolutionary studies have confirmed 

that TOR is a conserved kinase found across fungi, animals and plants [44-46].  TOR kinase 

complexes with other proteins and form TORC1 and TORC2 in the mammalian systems 

and these complexes retain different and specific functions within a cell [47]. 

 
 

Figure 4. 1 – Target of Rapamycin Structure  
mTOR is a large protein kinase with an N terminus that contains HEAT repeats (tandem repeats of 

Huntington, elongation factor 3, regulatory A subunit of protein phosphatase 2A, and TOR1). FAT (FRAP, 

ATM and TRRAP) domain mediates its protein interactions and the C-terminal FATC domain (FAT C 

terminal) is known to be involved with mediating protein interactions and mTOR degradation. Rapamycin-

FKBP12 complex binds to the FRB domain (FKBP12-rapamycin-binding) to mediate inhibitory effects on 

mTOR. The kinase domain of mTOR is found at the C-terminal region and mediates catalytic activities. 
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mTOR (mechanistic target of rapamycin) is a large protein and contains a molecular 

weight of 289kDa. Preliminary analysis showed that TOR proteins across species contain 

~ 40-60% identities (Fig 4.1) [48]. TOR belongs to the members of the phosphoinositide-

3-kinase-related serine threonine protein kinase (PIKK) family of proteins. This family is 

primarily involved with DNA damage repair and nutrient sensing [49]. TOR structure 

consists of HEAT (Huntington elongation factor 3, alpha-regulatory subunit of protein 

phosphatase 2A and TOR1) repeats, a FAT domain ( belonging to FRAP-ATM-TRAAP 

family) domain, a FRB domain (FKBP12-rapamycin binding), a kinase domain and a 

FATC domain [50] (Figure 4.1). These domains confer specific functions necessary for its 

regulatory and functional properties. mTOR contains several HEAT repeats which is found 

in several members of the PIKK family of proteins. These repeats have been linked with 

cytoplasmic transport and vesicle trafficking [51]. Human mTOR is predicted to contain 

40-45 heat repeats. Also present in the PIKK family of proteins is a FAT domain known to 

be important for protein-protein interactions [52]. At the further most C terminal region is 

a FATC domain usually found in proteins containing a FAT domain. This region has been 

connected to regulatory functions involving protein interactions and degradation of mTOR 

[53, 54]. The kinase domain of mTOR protein resembles the kinase domain of PI3K 

(phosphatidylinositol 3-kinase) and is confers catalytical functions to the protein. The FRB 

domain is the rapamycin binding domain of TOR. Rapamycin complexes with FKBP12 

 
 

Figure 4. 2 – Mammalian TORC1 and TORC2 complexes. 

Mammalian TORC1 and TORC2 complexes retain different functions but can be activated by 

nutrients and growth factors. TORC1 and TORC2 complexes both share mlST8. TORC1 complex 

specifically binds Raptor and Pras40 and is sensitive to Rapamycin. TORC2 complex binds Rictor 

and Sin1. 
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and binds to the FRB domain of mTOR via FKBP. The binding of FKBP–rapamycin 

complex is 2000 fold stronger than rapamycin binding to FRB domain alone [55]. The 

FKBP-Rapamycin complex binding to TOR prevents the binding of Raptor to TOR, 

thereby inhibiting the formation of the TORC1 complex. However this binding does not 

prevent Rictor binding to mTOR. Thus Rictor is known as the Rapamycin insensitive 

partner of mTOR and Raptor the Rapamycin sensitive partner of mTOR. 

TOR has the capability to complex with different molecules in vivo. In mammalian 

systems TOR forms two complexes: TORC1 and TORC2 (Figure 4.2). These two 

complexes differ in their composition, sensitivity to rapamycin, downstream targets and 

function. Both the TORC1 and TORC2 complexes share mLST8 (Gβl) protein. mLST8 is 

a 38kDa protein crucial for the function of TOR and is known to stimulate TOR catalytic 

activities [56]. Thus this molecule is important for TORC1 and TORC2 complexes and is 

highly conserved [48]. Components specific to TORC1 and TORC2 complexes has been 

characterized by several groups. Work performed by Michael Hall and colleagues have 

been instrumental to characterize yeast and mammalian TORC1 and TORC2 components 

[48]. Further studies performed in plant, worm, fly and mammalian systems have identified 

homologous counterparts to the yeast TORC complexes, but not all [48]. For example, 

Yeast contains two TOR genes, while higher eukaryotes contain only one TOR homolog 

[57]. The absence of certain TORC1 and TORC2 complex molecules in different model 

organisms could be due to evolutionary consequences or partial characterization of the 

complexes. 

TORC1 complex contains Raptor (regulatory associated protein of TOR) which is 

crucial for the functions mediated by the TORC1 pathway. Raptor, also a highly conserved, 

large protein (~150 kDa) binds directly to mTOR, possibly at multiple sites [48, 58]. 

TORC1 differs from TORC2 complex due to its sensitivity to rapamycin. This is associated 

with rapamycin binding to the FRB domain of TOR which inhibits the binding of Raptor 

to form the TORC1 complex. However the exact mechanism associated with FKBP12-

rapamycin inhibition of TORC1 is controversial and has not been clearly elucidated yet. 

Studies have shown that addition of Rapamycin does not down regulate TOR or Raptor 

expression, but down regulates mTOR and Raptor downstream targets such as S6K1. In 

vitro studies suggest that FKBP12-rapamycin could dissociate the Raptor-mTOR and bind 

to the FRB domain and thereby cause the TORC1 sensitivity to rapamycin [58]. However 

emerging in vivo studies have also suggested that FKBP12-rapamycin could be involved 

with inhibiting TORC1 auto-phosphorylation and catalytic activity to inhibit TORC1 

mediated functions [59]. Raptor main function can be designated to the TORC1 complex 

functions which involves nutrition sensing coupled with enhanced transcription, 

translation, ribosomal biogenesis, cell growth and proliferation [48]. TORC2 complex 

contains Rictor (rapamycin independent companion of TOR or AVO3) which is not 

sensitive to Rapamycin. This is also a large protein (~200 kDa) involved with TORC2 

mediated actin polymerization and cell migration [59, 60]. 

Thus mTOR is shared by the two complexes. Whether mTOR prioritizes one 

complex over another or if there is a preferential binding affinity to form either complex 
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has not been elucidated yet. However it could be suggested that when Raptor is not present, 

the available mTOR molecules might complex with Rictor and associated molecules to 

form more TORC2 complex or vice versa. Either way, both these complexes have different 

functions and how these complexes react and interplay in vivo, systemically, in the 

complexity of the whole organism has not been elucidated.  

4.1.2 - Target of Rapamycin functions 

Cells in a multicellular organism are regulated not only by local signals. Systemic 

signals (example, endocrine signals) could also affect the cellular growth, proliferation, 

senescence and death. Thus, a multicellular organism can only function with the correct 

coordinated connections that integrate local and systemic signals. Thereby cells can 

incorporate these local and systemic signals to grow and proliferate. Cells utilize a complex 

system to grow and proliferate only when there are suitable environmental conditions. In 

order to sense these signals, cells utilize endogenous molecular sensors. These molecular 

sensors will sense these local and systemic cues such as nutrients and stress and transmit 

the signal to mediate a specific cellular function. A sensory molecular that is central 

component of this signaling system is TOR. TOR is a crucial intracellular convergence 

point for many signaling pathways. 

 mTOR pathway can be stimulated by growth factors and nutrients. Insulin and 

insulin like growth factors (IFGs) activate the PI3k pathway and subsequently AKT. 

Activated AKT can inhibit the mTOR negative regulators TSC1 and TSC2, thereby 

stabilizing the mTOR mediated functions. Activated mTOR can bind directly to Rheb 

which further stimulates mTOR functions. PI3K-AKT-TOR pathway is suppressed by the 

tumor suppressor PTEN. With the availability of nutrients, mTOR once again recruits its 

positive regulator Rheb. Nutrients such as amino acids can further initiate activity of 

mTOR signaling by inhibiting TSC1 and TSC2. Studies have further shown that amino 

acid sensing is probably done directly by mTOR rather than via a specific pathway. 

 The intrinsic availability of energy in a cell can also regulate mTOR via several 

pathways. TORC1 mainly senses the available cellular energy via AMP activated protein 

(AMPK) which is activated in response to decreased energy. LKB1 a tumor suppressor 

activates AMPK which in turn phosphorylates and activates the TOR inhibitor TSC2. Thus 

high energy availability in a cell down regulates TORC1 activity. During nutrient 

availability, AKT activity enhances cellular ATP levels thereby decreasing AMPK and 

subsequent activation of TSC2. This process stabilizes TOR mediated pathways. These 

kinases mediate cellular responses to stresses such as DNA damage. Thus Stress and 

hypoxic conditions mediate mTOR down regulation via REDD proteins and TSC1 and 

TSC2 activation. Further DNA damage responses up regulates p53 which has shown to 

down regulate mTOR through AMPK and TSC2 activation.  

 TORC1 pathway regulates translation through activation of S6K1 and 4EBP which 

initiates the translational machinery. TORC1 associates with these molecules via the 

Raptor protein. This activation leads to general increase in translation, specifically of 
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5’TOP mRNA which are important to synthesize ribosomal proteins and proteins important 

for elongation. Thus the general translation machinery and its activities will be enhanced 

in the presence of mTOR.  

mTOR is a Critical controller of aging (1-3) [61] and this has been proven with 

studies performed using Rapamycin, where Rapamycin treatment prolongs life. This 

highlights the importance of the TORC1 complex towards longevity. These functions are 

probably mediated in conjunction with sirtuins which are up regulated upon inhibition of 

mTOR expression and function. Further, autophagy which is up regulated upon mTOR 

down regulation likely plays a role towards enhancing lifespan.  

Autophagy is a catabolic function that promotes the breakdown of cells by the 

mediation of lysosomes. The broken down components can be utilized as energy during 

nutrient stress. Apart from supplying energy, autophagy can be utilized as a survival 

mechanism by the system where it cleans damaged organelles and mis-folded proteins. It 

also performs immune functions by getting rid of intracellular pathogens. Autophagy 

therefore could also protect against genomic instability since it has the capability to degrade 

damaged components [62, 63]. Further it has been implicated with the promotion of cellular 

senescence [64] and prevention of necrosis. Eukaryotic cells maintain autophagy tightly 

coupled with the nutrition level and metabolic functions. mTOR is a well-known regulator 

of the autophagy pathway which is activated under nutrition rich conditions. Under 

starvation, or inhibition of TORC1 pathway by rapamycin, the Atg complex assembles to 

promote and activate the autophagy pathway. Under nutrition rich conditions, TORC1 

complex destabilizes the Atg complex and releases Atg13 and Atg1 inhibiting the 

activation of the autophagy pathway. Thus mTOR plays a crucial role during the activation 

of autophagy. Planarians have the remarkable capability to remodel their body during 

periods of starvation. Studies have indicated that autophagy might play crucial role during 

the starvation period to maintain systemic homeostasis and tissue remodeling [65, 66]. 

With the links of autophagy to senescence and the function of autophagy towards 

promotion of metabolically stressed hypoxic regions of tumors, understanding autophagy 

and the crucial role TORC1 plays in vivo in the complexity of the whole organism is 

important. Thus by using planaria as a model organism we might be able to understand the 

importance of autophagy during starvation. 

4.1.3 – PTEN in smed  

Previous studies performed in Schmidtea mediterranea have shown the presence of 

PTEN (phosphatase and tensin homolog deleted on chromosome 10) [35]. Down regulation 

of smed-PTEN 1 and smed-PTEN 2 homologs created lesions and abnormal growth in less 

than 14 days and the animals eventually died by lysis. Smed-PTEN(RNAi) further 

increased the number of proliferative cells, leading to conclude that the PTEN tumor 

suppressor function is conserved in planaria. Treatment of rapamycin which inhibits the 

function of TORC1, down regulated proliferative cells in the smed-PTEN(RNAi). This 

indicates that the TOR-PTEN pathway could be conserved in planaria and the pathway that 

mostly mediates the proliferation in the absence of PTEN could be TORC1. Based on the 
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above study, I hypothesized that TOR could be conserved in planaria and progressed to 

identify a TOR homolog and to prove that structure and function is conserved. Furthermore 

planaria is an attractive model system to study stem cell function and regeneration. In this 

chapter I describe how the identified Schmidtea mediterranea TOR (smed-TOR) is 

involved with stem cell regulation, tissue repair and regeneration. 

 

4.2 Results 

4.2.1 - Identification of smed-TOR and TOR pathway homologs 

Using Schmidtea mediterranea sequenced genome database [67] we identified a 

single TOR homolog which contains unique domains present in other species. The 

discovered sequence contains 6 heat repeats, an FAT domain, FRB domain, a kinase 

domain and an FATC domain which is consistent with the molecular organization observed 

in other vertebrate and invertebrate TOR homologs [48]. Alignment of these domains with 

other family members of PIKK such as ATM and ATR, did not show similar identities. 

This suggests that the homolog we found is indeed the planarian TOR. ClustalW multiple 

sequence alignment of the TOR FAT domain of S. mediterranea, Homo sapiens,Canis 

familiaris, Rattus norvegicus, Danio rerio, Gallus gallus, Anopheles gambiae, Drosophila 

melanogaster shows conservation of the planarian FAT domain (Fig 4.3B). The 

homologous residues across species are shaded in dark blue and positive substitutions 

based on vertebrate alignment are shaded in light blue. The homologous and positive 

substitutions common only to invertebrates are shaded in green (Fig 4.3A).  

I further performed phylogenetic analysis to decipher Phylogenetic relationship 

among Primates and invertebrates based on the protein sequences of TOR (Gen Bank 

accession # ACT98286.1). Alignment of the 9 sequences was done in Clustal X with 

maximum likelihood method which is based on the JTT matrix-based model. The 

percentage of trees in which the associated taxa clustered together is shown next to the 

branches. Initial tree(s) for the heuristic search were obtained automatically as follows. 

When the number of common sites was<100 or less than one fourth of the total number of 

sites, the maximum parsimony method was used: otherwise BIONJ method with MCL 

distance matrix was used. A discrete Gamma distribution was used to model evolutionary 

rate differences among sites (5 categories (+G, parameter=4.1754). The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site. The analysis 

involved 9 amino acid sequences. All positions containing gaps and missing data were 

eliminated. There were a total of 279 positions in the final dataset. Branch support is under 

5000 Bootstrap replicas. Evolutionary analyses were conducted in MEGA5. These data 

proves that the identified molecule is indeed TOR, which will be termed smed-TOR for 

the rest of the analysis. 
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of 279 positions in the final dataset. Branch support is under 5000 Bootstrap  

 
 

Figure 4.3 - Molecular Phylogenetic analysis by Maximum Likelihood method  

(A) Phylogenetic relationship among Primates and invertebrates based on the protein sequences of TOR 

(Gen Bank accession # ACT98286.1). Alignment of the 9 amino acid sequences with 279 total positions 

was done in Clustal X.  Maximum Likelihood method was based on the JTT matrix-based model. The 

percentage of trees in which the associated taxa clustered together is shown next to the branches. The tree 

is drawn to scale, with branch lengths measured in the number of substitutions per site. Evolutionary 

analyses were conducted in MEGA5 with a branch support under 5000 Bootstrap replicas. (B) 

CLUSTALW multiple alignment of the TOR FAT domain of S. mediterranea, Homo sapiens, Canis 

familiaris, Rattus norvegicus, Danio rerio, Gallus gallus, Anopheles gambiae, Drosophila melanogaster 

shows multiple homologous regions within the FAT domain. The homologous residues across species are 

shaded in dark blue and positive substitutions based on vertebrate alignment are shaded in light blue. The 

homologous and positive substitutions common only to invertebrates are shaded in green.  
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We further investigated other members of the TOR pathway and successfully 

retrieved Raptor and LST8. Other labs have found Rictor and Sin 1 [68, 69]. The existence 

of several members belonging to the TORC1 and TORC2 complexes further validates the 

existence and conservation of the TOR pathway in Schmidtea mediterranea. Another 

important member of the TOR pathway is the master regulator and kinase AKT which has 

also been discovered in Schmidtea mediterranea [35]. Particular data concerning this 

molecule has been explained in chapter 5. 

 

4.2.2 - TOR is ubiquitously expressed in planaria 

Several modifications from previously described cloning procedure [70] (chapter 

3) was made and a ~400bp smed-TOR fragment was cloned into pBluescript plasmid 

containing a T3 and T7 promoter. This was confirmed by sequencing and pcr amplification 

using T3 and T7 primers. The amplified secondary pcr product was used to synthesize 

riboprobes and perform whole mount in situ hybridization (ISH. ISH showed that smed-

TOR is ubiquitously expressed in the planaria when stained with the anti-sense probe and 

not the sense probe (Fig 4.4 A and B).  

Three populations have been characterized in planaria: X1 (neoblasts), X2 (early 

division progeny), Xins (late division progeny). These populations were sorted by flow 

cytometry as shown in figure 4.4 C and as described in materials and methods. These sorted 

cells were used for two purposes 1) extract RNA 2) Fix the sorted cells with 

paraformaldehyde to perform ISH. Fluorescent ISH was performed using smed-TOR probe 

and X1, X2, Xins population markers: Smedwi-1, NB.21.11e, Agat-1 respectively. The 

sorted X1 population was stained with smed-TOR and smedwi-1 probes and DAPI to 

identify cells. All sorted X1 cells stained with Smedwi-1 probe, but not smed-TOR probe 

(Fig 4.4 F). Quantification of the double stain (Smedwi-1and TOR) indicated that 

82.7±11.7% of the X1 population expressed smed-TOR. This implies that not all 

proliferative cells in the intact planaria express smed-TOR gene. Double stain and 

quantification using the smed-TOR probe with NB.21.11e to mark X2 population and or 

the AGAT-1 probe to mark the Xins population showed that 58% of X2 and 72% of Xins 

cells expressed smed-TOR (Fig 4.4 D). Since the above cell populations were sorted from 

animals that were starved only for 7 days, we can assume that in a normal intact animal, at 

a given time smed-TOR is ubiquitously expressed, but not equally distributed in all 

populations and cells.  
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4.2.3 - Planarian TOR is down regulated upon RNAi 

 To assess the role of TOR during normal homeostasis, a double stranded RNA 

(dsRNA) microinjection protocol for TOR was designed and optimized (Fig 3A). The 

400bp TOR fragment cloned into pBluescript plasmid was used to synthesize dsRNA as 

previously described [70]. The RNAi (RNA interference) protocol was optimized until it 

achieved reproducible maximum abrogation in order to reduce the possibility of a TOR 

partial down regulation (Fig 4.5 A). This is demonstrated by ISH performed on control and 

TOR(RNAi) animals (Fig 4.5 B) and quantitative PCR (qpcr) analysis (Fig 4.5 C). 

Following TOR(RNAi), animals displayed slower photo tactic responses but no lethality 

30 days after the first injection. These data suggest that TOR is not required for short-term 

tissue turnover. Under these conditions, strong down regulation of TOR gene expression 

could be achieved in less than a week, but stable effects on neoblasts were detectable ~3 

weeks after the first dsRNA injection, demonstrated by qpcr (Fig 4.5 C). Quantification of 

 
 

Figure 4.4 – smed-TOR is expressed ubiquitously  
 (A) Whole mount ISH shows widespread distribution of TOR expression and (B) lack of signal in the 

sense probe demonstrates signal specificity. (C) FACS plot shows gates used to isolate irradiation 

sensitive (X1 and X2) and insensitive (Xins) populations based on viability and the DNA content. (D) 

Bar graph shows TOR expressing cells are present among neoblasts and differentiated tissues (X1, n: 

287: X2, n: 169 and Xins, n: 380). (E) Proliferative neoblast expressing TOR (green signal, blue is DAPI). 

(F) Double staining with smedwi-1 and TOR fluorescent probes on proliferative cells. The majority of 

cells co-express both genes, arrows indicate positive signal for each probe. 
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TOR expression post 20 days of RNAi indicated a ~15 fold down regulation in TOR 

expression. This down regulation stayed consistent at 30 days post first injection and no 

lethality was detected, suggesting that abnormalities in neoblasts were probably associated 

with lack of functional TOR protein, and it takes ~20 days under this RNAi strategy to 

abolish TOR function in the whole adult worm. Although additional experiments are 

needed to test for TOR protein activity, the timeline reported here are consistent with the 

turnover rate reported for other planarian proteins [71, 72]. We further injected animals up 

to 45 days and observed no lethality or significant visible phenotypes. However animals 

decreased in size significantly and this will be discussed later in the chapter. Please note 

that the injected RNAi animals were starved.  

 

     
 

Figure 4.5 – Smed-TOR is down regulated by TOR specific RNA-interference  
 (A) Intact animals received microinjections with water (control) or TOR/RAPTOR-dsRNA as 

illustrated. Animals that were kept beyond day 30 were subjected to a 5th injection and fixed on day 

40 after first injection. (B) Whole mount ISH shows widespread distribution of TOR expression in 

control and lack of signal in the TOR(RNAi) (C) 30 days post first injection. (D) The RNAi strategy 

applied to down regulate TOR maintains its expression significantly low compared to control even 

30 days after first injection. Qpcr analyses are from triplicated experiments: values represent average 

and error bars s.d. Gene expressions are relative to the ubiquitously expressed clone H.55.12e  [1]. 
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With the results obtained in Fig 4.5 we are able to conclude that the TOR gene 

expression is down regulated with the optimized RNAi injection regime. Down regulation 

of TOR signaling has known to cause growth arrest and down regulation in translation and 

transcription activity protein synthesis [73]. Therefore silencing TOR expression in 

planaria could also impact the gene and protein levels. A study performed in yeast to 

monitor the global mRNA levels with the impairment of TOR signaling pathways through 

rapamycin showed an increase in global mRNA degradation [74]. This was comparable to 

starvation induced mRNA degradation implying that TOR is important for global mRNA 

stabilization. The same study also showed That TOR is important for ribosomal protein 

mRNAs and down regulation could impair ribosomal biogenesis. TOR at the functional 

level also signals S6K and 4eBP for protein synthesis and therefore this protein might have 

dual function in promoting and stabilizing protein levels within the cell. Thus with the 

down regulation of TOR, we can expect global mRNA decay and a down regulation of 

global protein synthesis. 

 

4.2.4 - TOR is important for cell proliferation and growth 

Abnormal expression of mTOR has been implicated with cancer and aggressive 

tumor growth [75, 76]. Studies connect TOR function to cell proliferation, cell migration, 

cell growth and cell death. Abrogating TOR signaling causes growth arrest and down 

regulation of global mRNA expression and protein synthesis [74]. Planaria provides an 

excellent system to understand stem cells and regulation of proliferative cells in vivo in the 

complexity of the whole organism. To understand smed-TOR involvement with stem cell 

regulation, animals were fixed using the Carnoy fixation method as described previously 

with some modifications [77]. Whole mount immunostaining was performed using an 

antibody against Histone 3 phosphorylated (α-H3p). Histone 3 protein gets phosphorylated 

during the mitosis phase of the cell cycle and therefore positive signals emanating will 

indicate cells at the mitosis phase of the cell cycle. H3p staining 30 days post first 

TOR(RNAi) injection and the H3p positive cells were counted per mm2 area. As depicted 

in Fig 4.6, H3p positive cells were down regulated by 2.6 fold: Control 166.2933 ± 35, 

smed-TOR(RNAi) 63.2251 ± 29.4. However TOR(RNAi) did not even up to 40 days of 

RNAi, did not completely eliminate neoblasts. This implies that certain stem cells are 

capable of dividing in the absence of TOR. Whether the cells would completely abrogate 

proliferation over long periods of smed-TOR(RNAi) remains to be observed.  

Studies have shown that TOR impairment affects the G1 phase of the cell cycle 

[78]. Therefore we performed cell cycle analysis by flow cytometry using DAPI or Draq5 

as the DNA content marker. Compared to the control (75.6±0.3) there was an arrest at the 

G1 phase of the cell cycle in the TOR(RNAi) (83.1±0.3). However the cells that passed G1 

phase and were capable of entering the S phase was down regulated ~50% in the TOR 

(RNAi). From the cells that entered S phase only 62% of the cells were capable entering 

the G2/M phase. The down regulation of H3p positive cell content in the smed-

TOR(RNAi) might therefore be correlated with the incapability of TOR depleted stem cells 
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to transition through the cell cycle. Down regulation of global mRNA and protein 

expression due to impairment in its synthesis post TOR depletion could play a role towards 

TOR(RNAi) mediated cell cycle arrest.  

 

 

 

 
E  

 G 1 phase S phase G2/M phase 

Control 75.6 ± 0.3 14.1 ± 0.7 13.7 ± 0.3 

Smed-TOR(RNAi) 83.1 ± 0.3 7.58 ± 0.1 8.5 ± 0.3 
 
Figure 4.6– Smed-TOR RNA-interference reduces mitotic activity  
(A-C) whole-mount immunostaining with anti-H3P antibody, and quantification of mitoses demonstrates 

reduction in mitotic activity in TOR(RNAi) animals (Student’s t-test p<0.01): three independent 

experiments, n>12 animals. (D) Cell cycle analysis with DAPI indicates neoblasts progression to cell 

cycle is impaired after TOR(RNAi), Student’s t-test G1 phase (p<0.01), G2/M phase (p<0.05), S phase 

(p<0.05). One representative experiment (mean  s.d.) of three separate experiment is shown in figure. 

Scale bar = 200µm. (E) A table summary of three independent experiments for figure D. 
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4.2.5 - TOR (RNAi) inhibits systemic neoblast and successive progeny populations 

Planarian literature describes the existence of 3 cell populations: proliferative 

neoblasts, early division progeny, late division progeny [33]. Neoblasts (X1 population) 

are a heterogeneous stem cell population that is known to proliferate constantly to maintain 

tissue homeostasis, repair and regeneration. Studies characterizing neoblasts have used 

specific gene expression patterns as markers to reveal their existence. The most 

characterized marker used for neoblasts is Smedwi-1 [33, 79]. The early division progeny 

is usually marked by NB.21.11e (X2 population) and the late division progeny by Agat-1 

(Xins population). Using these markers we performed ISH on control and 30 day smed-

TOR(RNAi) animals. These experiments showed that the X1, X2, Xins progeny still exist 

within the TOR(RNAi), however the expression levels are substantially reduced: 

Compared to control animal expression set at 100% the TOR (RNAi) expressed the 

proliferative neoblast marker Smedwi-1 82.12%, the early division progeny marker 

NB.21.11e 87.09% and the late division progeny marker AGAT-146.60% (Fig 4.7 A-F). 

To better understand the levels of neoblast and their successive progeny we performed 

quantitative pcr using Smedwi-1, NB.21.11e and AGAT-1 primers, which further proved 

that these populations are down regulated marked by the decreased levels of gene 

expression (Fig 4.7 G-I).  

Flow cytometry methods have been utilized to identify and quantify X1, X2, Xins 

populations in the planaria [33]. The X1 population marked by the proliferative stem cells 

contains 4N DNA content, while X2 and Xins will contain 2N DNA content. We used 

Draq5 DNA marker to identify and sort cells with 4N and 2N DNA content. Further upon 

irradiation X1 and X2 populations are depleted, but not Xins. Using these strategies live 

cells (stained with Calcein) were gated based on their DNA content and radiation 

sensitivity and appropriately sorted or analyzed. The flow cytometry analysis thus provided 

a lower X1 population frequency (control 12.9%±0.7 and smed-TOR RNAi 9.3%±1.2) 

compared to the control animals (Fig 4.7 J), once again showing that the neoblast 

population frequency is compromised post smed-TOR(RNAi). Thus I have demonstrated 

using ISH, immunostaining and FACS that TOR is important for cell proliferation and 

maintenance of specific cell populations within the planaria. TOR down regulation impairs 

cell proliferation creating an imbalance in homeostasis within the system. 

These analyses indicate that TOR regulates neoblast proliferation during systemic 

cell turnover. The reasons for the reduction in proliferative neoblasts and their progeny 

after TOR(RNAi) is not entirely clear, but two possible scenarios could be suggested: (1) 

TOR inhibition produces a uniform effect on all neoblasts that leads to a gradual decline in 

their proliferative capacity, and (2) TOR has distinct roles in stem cells along the planarian 

body, implying that a subset of neoblasts requires this signaling pathway for proliferation 

whereas some other neoblasts divide independently of TOR. The complexity of the 

neoblast population is not well understood, but recent evidence supports the notion that 

intrinsic differences exist among neoblasts [79]. TOR inhibition does not produce a 

uniform cellular response along the mammalian body [80], indicating that additional 

analyses of this phenotype in planarians might shed some light on the systemic regulation 
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of TOR in adult tissues. Further based on TOR expression, function and TOR requirement, 

the planarian neoblast population can now be divided into two main groups:3 smed-TOR 

dependent neoblasts, smed-TOR independent neoblasts. 

 

 

  
 

Figure 4.7 - RNA-interference reduces expression of neoblast markers  
TOR(RNAi) reduces the expression of neoblast-associate genes detected by ISH  (A-F) and qpcr (G-I) : 

smed-piwi (~ 5.5 fold), NB.21.11 (~ 6.5 fold), and smed-Agat1 (~1.8 fold). Three independent 

experiments with n>9 animals for ISH and n>6 animals for qpcr. Bars 200µm. (J) FACS analysis on 

control vs TOR(RNAi) shows a decrease in the X1 population frequency compared to the control. Three 

independent experiments with >20 animals. (Student’s t-test p<0.01).  
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4.2.6 - TOR(RNAi) increases cell death  

Studies performed in various model systems show that TOR is essential for cell 

cycle progression and cell survivability [81]. mTOR also has known to inhibit apoptosis 

increasing cell survivability [82]. However emerging studies have demonstrated that TOR 

has a crucial role towards cell death. Down regulation of TOR and AKT reduced oxidative 

stress and thereby reduce neuronal necrosis [83]. But the most evidence is produced by 

activation of autophagy and subsequent cell death upon TOR down regulation [84, 85]. To 

understand systemic regulation of cell death by smed-TOR, we assessed control and smed-

TOR(RNAi) post TUNEL staining. The results provided a ~2.6 fold increase in cell death 

in the TOR(RNAi): control 687.04 ± 115, smed-TOR(RNAi) 1786.5 ± 492 (Fig 4.8 A). 

TUNEL staining has the capability to stain fragmented DNA which could be due to 

different cell death pathways: apoptosis, necrosis, autophagy. Whether the TUNEL 

positive cells observed were due to apoptosis or autophagy remains to be clarified. For this 

purpose using apoptosis markers Annexin V and/or caspase will help to quantify the 

amounts of cellular death mediated by apoptosis.  

LC3 is a well-known marker for autophagy characterized in several model systems 

[86, 87]. However LC3 can also be expressed in lysosomes under conditions other than 

autophagy. This might devalue LC3 as a portable marker for autophagy. Gtdap-1 is an 

ortholog of human DAP-1 protein which is a crucial TOR regulated autophagy suppressor 

 
 

Figure 4. 8 – smed-TOR(RNAi) increases cell death  
(A) Cell death is elevated in intact TOR(RNAi) animals (Student’s t-test p<0.005, three independent 

experiments, n>5). 
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[65, 66]. Therefore observing the Gtdap-1 expression in control and TOR(RNAi) might 

provide important insights into autophagy mediated cell death.  

 

4.2.7 - TOR is essential for organismal growth and long term tissue maintenance 

Continuous neoblast division in uninjured planarians supports tissue turnover [70]. 

However, if there is an imbalance between neoblast division and cell death, it might affect 

long-term tissue maintenance. To test this assumption, the integrity of differentiated tissues 

was evaluated using organ-specific markers (Fig. 4.9). We found that tissue integrity in 

TOR(RNAi) planarians was compromised in at least two ways. First, there was mild loss 

of tissue (8.7%61.6 decrease) at the most anterior part, a condition that is known as head 

regression and is commonly associated with the inability of neoblasts to support tissue 

turnover [1]. Second, the low number of cells expressing the excretory system marker 

 
 

Figure 4.9 - TOR is required for long-term tissue maintenance  
Long-term tissue maintenance is not effectively supported after TOR(RNAi). About 7% of tissue is loss 

in front of the photoreceptors (arrows) in TOR(RNAi), Smed-PC2 labels CNS. A reduction in the 

expression of the allometric marker cintillo (chemoreceptors) (Student’s t-test p <0.0001) and 

excretory system after TOR(RNAi) (Student’s t-test p <0.0001). Numbers represent 

chemoreceptors/mm or smedinx-10 associated-signal  SD of three experiments 40 days starvation n>8 

animals. Bar is 100µm. 
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smedinx-10, and the allometric indicator cintillo suggests that neoblasts in TOR(RNAi) 

animals cannot support long-term systemic tissue turnover (Fig. 4.9). We propose that these 

results, together with high apoptotic levels (Fig. 4.8), might lead to the generalized tissue 

degeneration observed in TOR(RNAi) planarians. 

mTOR has been implicated with cell growth, energy maintenance and metabolism. 

It is known to respond to environmental signals such as nutritional cues and stress. When 

nutrition is plenty, TOR is capable of mediating a number of function such as cellular 

proliferation, translation initiation, ribosome biogenesis and down regulation of autophagy 

[48, 80, 88]. Planarians can increase or decrease their body size according to metabolic and 

environmental conditions [89]. However the molecular bases of this remarkable tissue 

plasticity are unknown. This developmental plasticity in the adult has been associated with 

addition of new cells during growth, and elimination of specific cells during size reduction, 

which in both cases help to remodel and adjust body proportions accordingly [90].  

The mTOR pathway is a sensor that responds to signals, such as nutrient and energy 

availability, by modulating cell growth and division [48, 80, 88]. To test whether TOR 

plays a role in planarian growth and de-growth, we exposed TOR(RNAi) animals to high 

or low nutrient levels (i.e. continuous feeding or starvation, respectively) and recorded 

changes in organismal size for 40 days. When maintained under low nutrient levels, control 

and TOR(RNAi) worms decreased in size at the same rate (Fig. 4.10). This indicates that 

tissue remodeling could occur in the absence of functional TOR, which is consistent with 

TOR inhibition under low nutrient conditions observed in other organisms [88]. Indeed, 

we found that TOR expression is down regulated during starvation (Fig 4.12A-B). 

Conversely, control animals fed once a week displayed sustained increase in size, whereas 

fed TOR(RNAi) animals failed to grow and kept their overall size with minimal change for 

40 days. Independently of the metabolic status (i.e. starving or feeding) the overall cellular 

size in TOR(RNAi) animals was always smaller than in controls (Fig 4.10 B), suggesting 

that, as in other species, the planarian TOR is a key regulator of cell size [91, 92]. 

Altogether, these results indicate that TOR signaling is a key molecular component of 

organismal growth in planarians. This molecular function of TOR could be important for 

understanding metabolic plasticity during tissue maintenance and regeneration as has been 

long sought after in the planarian literature (Bardeen, 1901: Morgan, 1901). 

The fact that fed TOR(RNAi) animals kept their size relatively stable over time is 

consistent with the notion that the remaining neoblasts to some extent sense nutrients and 

are capable of supporting tissue turnover (Fig 4.10A). Therefore, the lack of organismal 

growth in the presence of nutrients, together with the inability of neoblasts to contribute to 

localized growth after amputation, suggests that in the absence of functional TOR, the 

neoblast response to satisfy body demand is restricted, confirming the role of this pathway 

as a systemic regulator. Additional experiments are needed to determine whether these 

effects are the result of a delayed cell cycle transition and/or an altered migratory and 

differentiation response. 
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To understand the levels of smed-TOR during starvation, animals starved for 7 and 

30 days were used for ISH and qpcr. ISH analysis indicate a clear down regulation in smed-

TOR expression (Fig 4.11 A & B), while qpcr analysis indicates a ~50% down regulation 

in smed-TOR gene expression (Fig 4.11 D). Post feeding, planarians increases neoblast 

proliferation post 6 hours and maintains increased proliferation for up to 72 hours [93]. 

TOR(RNAi) animals however was incapable of maintaining equal number of proliferative 

cells compared to the controls at 6 hours, and peaks at 12 hour and then down regulates the 

 
 

Figure 4.10 - TOR is required for organismal growth 
(A) In TOR(RNAi) starvation does not affect “degrowth” but feeding once a week prevents organismal 

growth. Average  SD of 25 animals per time point. (B) TUNEL-positive nuclei is elevated in intact 

TOR(RNAi) animals (Student’s t-test p <0.005). Two independent experiments n>5 animals. (B) Flow 

cytometry analysis using forward scatter (FCS) indicates a decrease in cellular size in animals 

subjected to TOR(RNAi) in comparison to the controls. Data is representative of three individual 

experiments, 40 days starvation and/or TOR (RNAi). 
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proliferative capacity compared to controls (Fig 4.11 C). Thus the incapability to maintain 

proliferative cells post feeding. which could play a major role during cell growth. might 

explain the decrease in body size in the fed TOR(RNAi).  To understand whether X1, X2, 

Xins populations were affected post TOR(RNAi) and feeding, ISH was performed using 

Smedwi-1, NB.21.11e and Agat-1 probes. The obtained data indicates a clear down 

regulation in neoblast markers in the TOR(RNAi) even post feeding (data not shown). This 

further validates that without smed-TOR, planaria cannot respond to nutritional cues to 

maintain stem cells and their successive progeny.  

 

 
Figure 4.11  - TOR systemic expression is modulated by the metabolic status and Remaining 

neoblasts after TOR(RNAi) respond to systemic nutrient levels  
(A-B) After feeding the intensity of the TOR expression seems to increase whereas animals starved for 

over a month the intensity of the signal by ISH is about 50% lower. Note both experiments were 

performed side by side and signal development was stopped at the same time. Total of five animals per 

condition and scale bar is 200µm. (C) Intact TOR(RNAi) animals are able to eat and neoblasts along the 

body increase their division rate upon feeding. Increase in mitoses is observed by 6 hours post feeding 

and gradually decrease towards pre-feeding levels after 72 hours. Each data point represents average  

s.d. of n: 5 to 7 animals.  (D) In starving animals TOR expression is down regulated by 50.8% (Student’s 

t-test p <0.001). 
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4.2.8 - TOR signaling is required for blastema formation and cell proliferation post 

amputation 

 
Figure 4.12 - TOR signaling drives early response of neoblast to amputation but regeneration 

occurs in the absence of blastema formation  
(A-B) TOR(RNAi) prevents blastema formation after two rounds of amputation or in cuts 20 days after 

first injection. Cephalic regeneration is shown (five independent experiments, n: >180, bars 500µm). (C) 

TOR(RNAi) restricts local growth -blastema (n:>32 animals). (D) Nervous tissue (arrows) that is normally 

regenerated within the blastema appears in pre-existing tissue after TOR(RNAi). Central nervous system 

(CNS, smed-pc2) and (E) visual neurons (anti-arresting antibody), 10 days after decapitation. Although 

the mechanism by which brain and visual neurons are regenerated after TOR(RNAi) is not necessarily 

clear, animals sense external stimuli, see text for details (n:>15, the animal outline is depicted). (F) In 

control animals two burst of mitoses (6 and >30 hours) are triggered after amputation but in TOR(RNAi) 

only one is observed at 20 hours post-amputation. The difference in the mitotic response in both groups 

is statistically significant p=1.43e-09 by Two-Way-Anova. Each data point represents mean  s.e. of two 

independent experiments with n>10 animals. Red dotted line represents plane of amputation. 
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To investigate the roles of TOR in planarian regeneration, the response to 

amputation was evaluated in worms subjected to TOR(RNAi). Upon amputation, neoblasts 

proliferate to form a specialized structure called the regenerating blastema, which is the 

new tissue from which missing structures are regenerated [29, 94]. After two rounds of 

amputation, controls (water injected, n>40) regenerated both head and tail within a week, 

whereas TOR(RNAi)-treated fragments failed to form recognizable blastemas (Fig 4.12 A). 

A similar response was also observed after single longitudinal cuts, indicating that this 

phenotype was not restricted to the number or the type of amputation (Fig 4.12 B). 

Quantification of the size of blastema formed indicated that 100% of the animals did not 

form blastema (Fig 4.12 C).  

Although neoblasts continue to proliferate after TOR(RNAi), they were unable to 

form blastema, indicating that TOR signaling is required for blastema formation. 

Nonetheless, TOR(RNAi) fragments without blastemas survived for >40 days after the first 

injection. Surprisingly, these fragments became sensitive to light and responded to other 

external stimuli, suggesting that the sensory system was somewhat functional. Over 

time, TOR(RNAi) fragments without blastema developed characteristic photoreceptor 

pigmentation close to the anterior wound (Fig 4.12 E). A closer evaluation with nervous 

system markers revealed an unexpected result: nervous system structures (e.g. brain, visual 

neurons) removed during amputation was to some extent regenerated in TOR(RNAi) 

animals, but within pre-existing tissue (Fig. 4.12 D). These observations indicate that, 

despite the absence of blastema formation, regeneration in TOR(RNAi) fragments is not 

completely suppressed, revealing an intriguing process of regeneration in which nervous 

tissue is regenerated within pre-existing tissue. 

Our data suggest that down regulation of TOR signaling provides an excellent 

model for identifying mechanisms of injury-induced stem cell response as it specifically 

prevents blastema formation but does not completely abrogate regeneration. Therefore, we 

sought to better understand the cellular response to amputation after TOR(RNAi). The 

initial response of neoblasts to amputation involves two waves of mitoses that are required 

for blastema formation [72, 95]. Although the molecular signals driving these mitotic 

waves are unknown, it has recently been shown that the first mitotic peak is a system-wide 

neoblast response triggered by mechanical injury. This initial wave peaks as early as 6 

hours after wounding. The second mitotic peak, however, is an amputation-induced 

neoblast response, localized near the wounded area, and is evident ~48 hours after injury 

[72]. 

Time course regeneration experiments confirmed the post-amputation bimodal 

mitotic waves that lead to blastema formation in control fragments (Fig 4.12 F). However, 

neoblasts in TOR(RNAi) worms failed to mount the early systemic mitotic response after 

amputation. Nonetheless, their widespread proliferative response gradually increased to 

peak 20 hours after amputation, which typically corresponds to the stage of neoblast 

recruitment and the onset of the local response to loss of tissue [72]. These results indicate 

that neoblasts in TOR(RNAi) planarians can sense and divide following injury but are 

unable to reach the proliferative levels required after amputation on time. Whether a second 

http://jcs.biologists.org/content/125/7/1657.long#F2
http://jcs.biologists.org/content/125/7/1657.long#F2
http://jcs.biologists.org/content/125/7/1657.long#F2
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mitotic peak in TOR(RNAi) animals occurs 48 hours post-amputation needs to be 

investigated, but it is unlikely that it affects the process of blastema formation because the 

initial decisions are made within the first 12–24 hours after injury [96]. Additional 

experiments are also needed to rule out the mechanism by which neoblasts regenerate 

missing parts within pre-existing tissues, and whether the lack of blastema is associated 

with an impaired migratory response to injury within the neoblast progeny. However, we 

propose that TOR is a crucial component for the signals driving the early widespread 

neoblast response after amputation (i.e. the first mitotic peak). We speculate that the lack 

of blastema formation in the absence of TOR signaling could be associated with multiple 

factors (intrinsic and non-intrinsic) that combine slow proliferative responses in neoblasts 

upon injury with an impaired migratory property in their progeny. 

 

4.2.9 - TOR signaling is required for proper tissue patterning post amputation 

Spatiotemporal synchronization between cell division and cell death is a 

requirement for animal regeneration [97-100]. In planarians, two waves of apoptosis 

remove differentiated cells after amputation [100]. Significantly, the time period between 

the apoptotic peaks overlaps with the neoblast mitotic response. The first apoptotic wave 

precedes neoblast response to injury and is localized near the wound site. By contrast, the 

second peak is a systemic cell death response detectable 48 hours post-injury [100, 101]. 

Apoptosis was evaluated in regenerating fragments by the whole-mount TUNEL method 

[100]. Control fragments regenerated and displayed a characteristic apoptotic response 

pattern similar to that of an uncut animal (i.e. randomly distributed through the body) 7 

days post-amputation (Fig 4.13A). By contrast, TOR(RNAi) fragments consistently 

displayed an increased and localized cell death response closely associated with the wound 

surface, even one week post-injury (Fig 4.13 A). This apoptotic response resembled the 

distribution pattern of the first wave of apoptosis seen early during regeneration [100] 

Furthermore, amputated TOR(RNAi) worms displayed an unexpected six-fold increase in 

TUNEL-positive nuclei after a week post-amputation (4.13 B). These results suggest that 

cell death induced by regeneration, at least in late stages, takes place independently of TOR 

signaling. However, the effects of prolonged apoptosis near the wound are unknown. 

Cell death post amputation is required for proper tissue patterning. Time course 

analysis of cell death in planaria control and TOR(RNAi) contains differences. During the 

first two days control animals maintain higher levels of cell death compared to 

TOR(RNAi), and post the 5th day TOR(RNAi) animals have elevated levels of cell death 

with control animals containing down regulated apoptosis. The changes in cell death might 

further explain the lack of proper regeneration patterns in TOR(RNAi). The elevated levels 

of cell death post Day 6 could be involved with some level of tissue patterning resulting in 

the rearrangement of the existing tissue to form CNS and photoreceptors.  

 

http://jcs.biologists.org/content/125/7/1657.long#F2
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In 1901, Thomas Hunt Morgan classified animal regeneration into two broad 

categories: (1) epimorphosis, which requires cell proliferation, and (2) morphallaxis, which 

proceeds through remodeling of pre-existing tissues and does not entail cellular 

proliferation (Morgan, 1901). However, after more than a century, the mechanisms 

regulating each type of tissue repair remain largely unknown [102-104]. Our results show 

that TOR forms part of the endogenous signals essential for blastema formation during 

 
 

Figure 4.13 – TOR signaling is required for proper tissue patterning post amputation  
(A,B) Apoptosis takes place in absence of functional TOR signaling. The pattern of apoptotic cells 

remains close to the wounded area and is abnormally increased. TUNEL-positive nuclei: green signal. 

In controls, signal is randomly distributed whereas in TOR(RNAi) apoptotic cells is increased (6-fold) 

and accumulated near the cut surfaces (arrows). Bar 200µm, Student’s t-test p <0.0005. One of two 

independent experiments (n=5 animals) is shown. (C) TOR(RNAi) animals do not show the same 

patterns of cell death post amputation. Post day 5 control animals decrease cell death while 

TOR(RNAi) maintains high levels of cell death. One experiment performed with at least n=4 animals 

per time point. 

http://jcs.biologists.org/content/125/7/1657.long#ref-17
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epimorphic regeneration. However, in the absence of functional TOR signaling, part of the 

nervous system regenerates within pre-existing tissues by a process that is not entirely 

clear. We speculate that it might involve both epimorphosis and morphallaxis. 

Nevertheless, it reveals TOR signaling to be a key molecular regulator of animal 

regeneration. 

 

4.2.10 - TOR requirement for organismal growth and long-term tissue maintenance, 

and its functions are mediated through RAPTOR, a component of the TOR 

Complex-1 

Raptor is a crucial component that maintains structure and function mediated by 

the TORC1 complex. A search through the genome database discovered a homolog for 

Raptor while Rictor has been previously identified [68]. In order to understand whether the 

imbalance in cell proliferation and cell death is due to TORC1 mediated signaling, Raptor 

was cloned similar to the cloning method performed for TOR. Post cloning ribo probes 

against Raptor was synthesized and ISH was performed on control animals to assess the 

Raptor expression in the planaria. Raptor thus is ubiquitously expressed in the planaria (Fig 

4.14 A).  

 
 

Figure 4. 14 - Functional disruption of TOR Complex-1 affects neoblast proliferation 
 (A) Whole mount ISH shows widespread distribution of RAPTOR expression similar to TOR. (B) A 

planarian RAPTOR homolog (RAPTOR) restricts neoblast division (Student’s t-test p <0.001): 



46 
 

Raptor was down regulated using an injection regime similar to TOR(RNAi) and 

mitosis and the neoblast marker expression was assessed. Similar to TOR (RNAi), H3p+ 

cells were down regulated in the Raptor(RNAi) (Fig 4.14B). H3p+ cells in Rictor(RNAi) 

did not show the same down regulation levels [68]. Further analysis using neoblast markers 

(Fig 4.15 A-B) were down regulation in the Raptor(RNAi) similar to TOR(RNAi). Thus 

the neoblast restriction is possibly associated with the TORC1 complex in the planaria.  

TOR(RNAi) restricts blastema formation, but however is capable of patterning the 

existing tissue to form a CNS and photoreceptors. To investigate whether this process 

requires the TORC1 complex, Raptor was down regulated and 30 days later was amputated. 

Similar to TOR(RNAi), amputated Raptor(RNAi) animals were not capable of forming a 

  
 

Figure 4.15 - Functional disruption of TOR Complex-1 affects neoblast gene expression 
(A) RNA-interference of the planarian RAPTOR homolog (RAPTOR) restricts the expression of neoblast 

markers associated with proliferation and early and late division post-mitotic division progeny. Whole mount 

ISH performed 40 days after first injection with smedwi-1 , NB.21.11 and  smed-Agat1 respectively.  Data is 

representative of two independent experiments with ~ 6 animals per condition. Scale bar 200µm.  (B) The 

expression of smedwi-1 (proliferative, 5 fold), NB.21.11 (early progeny, 3.2 fold) and Smed-Agat-1 (late 

progeny, 1.9 fold) Student’s t-test p <0.001. (C) RAPTOR(RNAi) prevents blastema formation but induces 

regeneration of nervous structures within pre-existing tissue. In each case two or more experiments with n>6 

animals, bar = 200µm. 
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blastema (Fig 4.15 C) (n=12). Moreover, RAPTOR(RNAi) amputated worms responded 

to light stimuli and regenerated visual neurons within pre-existing tissue, resembling the 

TOR(RNAi) phenotype. Rictor(RNAi) animals were capable of forming a blastema and 

did not show similar regenerative responses as TOR(RNAi) and Raptor(RNAi) (data not 

shown and [68]. This data implies that the neoblast restriction and regenerative deficiencies 

observed with TOR(RNAi) is possibly mediated through the TORC1 complex in the 

planaria. 

 

Figure 4.16 - Functional disruption of TOR Complex-1 affects neoblast gene expression 

and proliferation 
(A) Daily injections with rapamycin (60-80 nM solution) mediate significant reduction in mitosis 

(Student’s t-test p <0.0002). The experiment was performed for 30 days and represent average  s.d. 

of n: 5 to 7 animals. (B) Rapamycin treatment down regulates expression of smedwi-1 (proliferative, 5 

fold), NB.21.11 (early progeny, 3 fold), and Smed-AGAT-1 (late progeny, 8 fold), (Student’s t-test p 

<0.001). qRT-PCR analyses are from triplicated experiments: values represent average and error bars 

s.d. Gene expressions are relative to the ubiquitously expressed clone H.55.12e. 
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The macrolide rapamycin inhibits TOR function through TORC1 [48, 88]. We 

found that continuous treatment with rapamycin at .60 nM considerably reduced neoblast 

division (Fig 4.16 A) and the expression of neoblast associated genes (smedwi-1, 

NB.21.11e and Smed-Agat-1) in a similar fashion to TOR and RAPTOR(RNAi) (Fig 4.16 

B). This result suggests that TOR signaling inhibition can be partially recapitulated by 

targeting TORC1 complex. Furthermore, RAPTOR(RNAi) consistently prevented 

regeneration in a way that is consistent with both the proposed TOR-protein turnover and 

the TOR(RNAi) phenotype.  

Altogether, aspects of the TOR(RNAi) phenotype in planarians can be recapitulated 

by targeting RAPTOR with either RNAi or treatment with rapamycin, suggesting that the 

TOR deficient phenotype described here is likely to be mediated through TORC1. 

Additional characterization of up- or downstream targets, including AKT, 4E-BP and S6K, 

present in Schmidtea mediterranea will provide insights into TOR regulation in adult 

tissues. Furthermore, analysis using novel TOR inhibitors targeting members of the 

TORC1 and TORC2 complexes [105-108] has the potential to identify new drug targets to 

control the behavior of stem cells and to induce tissue-specific regeneration. 

 

 

Figure 4.17 - Working model 
Working model illustrating the possibility of following a population of neoblasts that 

remain proliferating after TOR(RNAi) during tissue maintenance and regeneration. TOR 

is an essential component for maintaining homeostasis and regeneration. 
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4.3  - Conclusion 

Taken together, our results reveal that it is possible to perform analysis of TOR 

function at the systemic level in adult organisms. Furthermore, by applying this paradigm 

we revealed roles for TOR in controlling adult stem cells during tissue turnover and 

regeneration that are consistent with effects observed in mammals [80, 88]. TOR has been 

a well characterized serine threonine kinase in connection with cell growth and 

metabolism. It is capable of sensing its environment depending on nutritional cues and 

helps to maintain proliferation or initiate autophagy. Therefore whether TOR is expressed 

in all proliferative neoblasts or its successive progeny post feeding remains to be clarified. 

Mammalian cells do not display a uniform response to TOR inhibition but studies 

on planarians could provide additional opportunities for dissecting complex cell regulation 

by this pathway in adult tissues. The phenotype described here provides simplified grounds 

by which the systemic effect resulting from manipulation of ubiquitous signaling pathways 

could be translated to the complexity of the whole organism. Our results reveal that TOR 

signaling components are conserved in planarians and that TORC1 probably mediates TOR 

function during early regenerative response and organismal growth. These findings could 

enable studies to further characterize epimorphic regeneration without blastema formation. 

This is of particular interest given that not all regenerative processes involve blastema 

formation and in some organisms (including humans), tissue repair can take place without 

the formation of this specialized structure. Our model provides the opportunity to 

investigate TOR signaling in the whole organism. As the TOR signaling pathway has been 

the focus of current anticancer therapy, inhibition of TOR function in planarians could also 

provide unique insights into the consequences of long-term inhibition of this pathway. 
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Chapter 5 

AKT regulates stem cell behavior during tissue renewal and 

regeneration in planarians 

 

5.1 – Introduction 

5.1.1 - AKT Structure  

AKT (PKB or RAC-alpha serine/threonine-protein kinase or v-akt murine 

thymoma viral oncogene homolog 1) is a serine threonine protein kinase in the 

PI3K/PTEN/AKT pathway that is known to control and regulate multitude of functions 

such as cell proliferation, metabolism, cell growth, cell death in adult tissue. Recent studies 

have implicated AKT as a regulator during stem cell proliferation, cellular differentiation, 

dedifferentiation and embryo development. Factors such as insulin, IGF, EGF binding to 

receptors activate PI3k which in turn activates AKT. Once AKT has been activated it will 

activate a myriad of pathways. AKT has been established as a promoter of tumor survival, 

and hence development of therapies towards controlling the function of AKT has been a 

focus in cancer research.  

AKT protein contains 3 conserved domains: pH domain, catalytic domain, AGC-

kinase C terminal extension. The catalytic domain contains the highest conservation (90%) 

while the PH domain also contains ~80% homology across species (Fig 5.1A). The C 

terminal extension maintains 60-70% identities across species. Suggestions regarding the 

3D structure of AKT has been documented which will provide us in the future about their 

capability to be active and 

promote signaling [109]. 

This classification can also 

help us to discover AKT 

activators and inhibitors 

and discover targeted drugs 

towards therapeutic 

approaches. 

 

 

5.1.2 - AKT Regulation and function 

Three homologous AKT isoforms have been identified in mammals and these are 

expressed in different types of tissue in human: AKT1(PKBα) is the most ubiquitous form 

but is not expressed in kidney liver or spleen, AKT2 (PKBβ) mostly expressed in skeletal 

 

Figure 5.1 – Domain structure of AKT  
AKT contains 3 domains PH domain, kinase domain and a regulatory 

domain. 
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muscle, digestive and reproductive organs, AKT3 (PKBɤ) is mostly expressed in brain and 

testis. While single isoform down regulation only carries defects during mammalian 

embryonic development, double mutants are embryonically lethal or will die post natal. 

AKT is a protein (kinase) that has the capability to activate several key molecules in 

living cells and could act as a master regulator and a convergence node for several signaling 

pathways such as TORC1 pathway, Wnt/β catenin pathway (Figure 5.2). AKT pathway is 

triggered by the activation of phosphoinositide 3-kinase (PI3K) and by the decreased 

expression of phosphatase and tensin homolog (PTEN), which is a molecule highly 

associated with cancer [110]. Thus AKT function is suppressed by the tumor suppressor 

PTEN. Activated PI3K triggers a protein cascade that aids the activation of AKT, which in  

turn will alter the function of several proteins and will mediate specific cellular functions 

as indicated in figure 5.1 [111]. Thus AKT is essential for activation of several important 

proteins that regulate cell cycle progression, survival, metabolism, protein synthesis, and 

 

Figure 5.2 – AKT function  

AKT is activated by PI3K and this pathway is inhibited by PTEN tumor suppressor. Activated AKT will 

regulate myriad of signaling pathways. Therefore AKT is a master regulator and an intracellular 

convergence point for many signaling pathways. 
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cell growth.  Defects in the AKT pathway have known to induce and enhance cancer 

progression, tissue degeneration (cell death), metabolic and neurological diseases [111, 

112]. Although AKT has been studied in various animal models, it is unknown how AKT 

systemically regulates SCs. As part of my PhD thesis in Dr. Oviedo’s lab I am interested 

in studying how the AKT pathway regulates stem cells. The planarian model system 

contains abundant and accessible adult SCs, known as neoblasts. These flatworms are well 

known for their extraordinaire regenerative capacities and for their molecular and 

functional conservation of the AKT signaling pathway [35, 113]. Furthermore, classical 

experiments have demonstrated that mammalian chemically-induced diseases such as 

cancer and degenerative pathologies can be modeled in these animals [37, 38]. 

 Maintenance of tissue homeostasis, tissue repair and regeneration require proper 

coordination of signaling networks that mediate stem cell proliferation, differentiation and 

death. PI3K/AKT/TOR signaling networks mediate cell proliferation, cell growth and 

differentiation, metabolic functions and tissue remodeling [113]. In order to understand 

this tightly knit signaling cascades and how they coordinate and interact with each other, 

we need to understand how molecules affect the system as a whole.  But how this occurs 

has been poorly understood. Previous studies have characterized TOR and PTEN in the 

PI3K-AKT pathway in the planaria [35, 114]. These studies have validated the importance 

of this pathway towards stem cell proliferation, regeneration, repair and maintenance of 

systemic homeostasis. AKT activates TOR and its role in regulating stem cells has also 

been documented in several model organisms. TOR has an important role in regulating 

protein expression and therefore the maintenance of cell proliferation might be linked with 

this requirement. Further this pathway has been implicated in several disease status such 

as cancer, Parkinson’s and diabetes. Understanding AKT function within the planarian 

system will provide insights into the PI3K-AKT pathway and how it regulates cells in vivo 

and this approach might aid to enhance and create better therapeutic approaches.   

 

5.2 Results 

5.2.1 - Planaria possess a single AKT homolog that is evolutionarily conserved 

Protein kinases perform multitude of regulatory functions by phosphorylating 

target proteins. These functions ranging from cell proliferation, metabolism cell growth, 

cell death are highly conserved across yeast, invertebrate and vertebrate kinomes. The 

eukaryotic protein kinases (ePK) are thought to have evolved from ePK like Kinases 

(ELKs) in bacteria [115, 116]. Thus these proteins have evolutionarily conserved their 

structure and function specially in their catalytic domains. Human AKT contains a plecstrin 

homology domain (PH), a protein kinase domain and an AGC kinase C terminal region 

(Fig 5.1). I compared the previously identified and cloned full length S. mediterranea AKT 

homolog [35] to the human AKT2 and the analysis revealed 72% identities between the 

two sequences. The identified AKT planarian sequence contains the AKT catalytic domain.  
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Previous studies have described PTEN and TOR protein function in the planaria, 

which is conserved with mammalian and other species [35, 113]. PTEN down regulation 

increases AKT expression which is responsible for abnormal proliferative responses. 

Down regulation of AKT by RNAi has shown to decrease the proliferative capacity, 

however AKT and PTEN simultaneous downregulation by RNAi did not result in a 

massive down regulation of mitotic cells, indicating that there are other key players 

initiating cell proliferation in the absence of PTEN [35]. Previous studies have also shown 

that AKT is expressed in the three characterized planarian stem cell and progenitor 

populations: neoblasts (X1), early division progeny (X2), late division progeny (Xins). 

With these preliminary data at hand I sought to further characterize the role AKT plays 

during maintenance of tissue homeostasis, repair and regeneration. 

 
 

Figure 5.3 - AKT is down regulated upon AKT (RNAi).  
(A) AKT RNAi micro injection schedule. (B) ISH shows that AKT is expressed ubiquitously (C) Upon 

AKT(RNAi) AKT is down regulated  (D) Quantitative PCR indicates that 30 days post first injection, 

AKT expression is down regulated. 
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AKT is expressed ubiquitously in neoblasts, early division progeny and the late 

division progeny [35]. In order to understand the importance of AKT for planarian tissue 

maintenance, repair and regeneration, I down regulated AKT using RNAi by injection (Fig 

5.3 A-D) and or RNAi by feeding as described before [35, 117]. RNAi is a well-established 

mode of eliminating S. mediterranea mRNA expression and protein over time. We were 

successfully able to down regulate AKT utilizing AKT(RNAi) injection schedule and 

AKT(RNAi) by feeding (Data not 

shown). Qpcr and ISH performed 

confirmed successful abrogation of 

AKT expression in the planaria 

(Figure 5.3 B-D). 

10 days post first injection the 

AKT(RNAi) animals showed 

elongation of the whole body and 

deformed movement. These 

phenotypes persevered over 50 days 

post first injection coupled with a 

reduction in size. Starved 

AKT(RNAi) animals measured 

0.23mm2 (±0.08) compared to the 

control 0.72mm2 (±0.07) 30 days 

post first injection which represents a 

~3 fold reduction in size (Fig 5.4). 

We attempted to feed these animals 

after AKT(RNAi), however the 

animals 21 days post first injection or 

28 days post first feeding failed to respond to food or ingest food (data not shown). 

Reduction in size coupled with the incapability to ingest food implies the importance of 

AKT for systemic tissue homeostasis and function. 

 

5.2.2 - Planarian AKT is important for stem cell proliferation and progression 

through the cell cycle 

Systemic tissue homeostasis requires correct regulation and maintenance of cellular 

proliferation and cell death. The down regulation of AKT in planaria resulted in reduction 

in size, tissue degradation, movement impairment and incapability to respond to food 

stimulus in intact animals. Further PI3K-AKT pathway has been implicated to perform a 

pro survival and pro proliferative roles in other model organisms. Recent studies have 

implicated PI3K-AKT-mTOR coupled with the wnt pathway to be important for G1-S 

phase transition [118, 119]. Studies have also shown that AKT/mTOR inhibition arrests 

HepG2 cells at S phase in vitro [120]. Further PI3K/AKT pathway down regulation affects 

the G2/M transition [121].  

  
 

Figure 5. 4 - AKT down regulation reduces body size.  
Area measurement of the body size over 40 days shows that 

the starved AKT(RNAi) reduces body size faster than the 

starved controls.  
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Figure 5.5 - AKT(RNAi) down regulates proliferative cells.  
(A) AKT(RNAi) down regulates mitosis AKT(RNAi) (54 cells/mm2, ±33.7), compared to the control (240 

cells/mm2, ±14.5) (P=0.000016). (3 separate experiments, n=16). (B) AKT(RNAi) down regulates mitosis 

early as day 20 and maintains equal down regulation 30-40 days. (C) AKT(RNAi) by feeding shows down 

regulation of proliferation compared to fed controls.  



56 
 

 

Therefore to first understand the effects of AKT on stem cell function and 

proliferation, we down regulated AKT using AKT(RNAi) by injection and feeding and 

fixed the animals using Carnoy fixationmethod. To measure cells that have proliferated 

and are in the mitotic phase, we performed immunostaining using histone 3 phosphorylated 

on serine 3 (H3p) antibody on intact whole animals. Quantification of H3p positive cells 

30 days post first AKT(RNAi) injection indicated a ~4.4 fold significant (P=0.000016) 

reduction in mitotic cells in the AKT(RNAi) (54 cells/mm2, ±33.7), compared to the 

control (240 cells/mm2, ±14.5) (Fig 5.5A). To further assess changes in cell proliferation, 

we quantified mitosis 20, 30, and 40 post first AKT(RNAi) injection. This time course 

RNAi down regulation over 40 days shows gradual mitotic down regulation in starved 

animals. We see a ~2 fold down regulation of mitotic cells 20 days post first injection 

compared to the ~4.4 fold down regulation observed by day 30 and 5 fold down regulation 

by day 40. (Figure 5.5B). Further AKT down regulation by feeding RNAi also significantly 

down regulated mitosis by ~3 fold (Fig 5.5C). This down regulation was observed across 

a 40 day span. Comparing the mitotic cell numbers across an area between the starved and 

AKT(RNAi) injected and AKT(RNAi) fed animals indicate an increase in cell proliferation 

in the fed animals compared to starved animals. This implies that upon AKT down 

regulation, the animals are still responding to food, and the stem cells are responding to 

metabolic cues.  

 
Figure 5.6 - AKT(RNAi) decreases Brdu in cooperation  
(A) 12 hour Brdu In cooperated control worm (B) 12 hour Brdu in cooperated AKT(RNAI) animal.  Error 

bar = 200um (C) Brdu is in cooperated into controls and not AKT (RNAi). Controls 321.019mm2 and 

AKT(RNAi) 9.55mm2 Brdu+ cells. (Two separate experiments, n = 14) (p= 0.001 by Student T test). Double 

staining with H3p and Brdu shows an overlap of H3p+Brdu+ cells in the control, but no overlaps were found 

in the AKT(RNAi). (One experiment analyzed, therefore no error bars are shown) 
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Brdu is a thymidine analog that can be incorporated into DNA as a substitution for 

thymidine during S phase of the cell cycle and is commonly used to assess cell 

proliferation. Brdu pulse chase analysis will detect cells that are in the S phase or was able 

to successfully complete cell cycle. Duration of the mammalian normal cell, cell cycle is 

implicated to be between 16 – 24 hours. However long Brdu pulse chases by the soaking 

method was toxic for the AKT(RNAi) animals, and therefore the pulse chase was 

performed for 12 hours. 30 days post first AKT(RNAi) injection  we performed 

immunostaining for 12 hour pulsed Brdu labeled intact whole worms. 12 hours post Brdu 

in cooperation, control animals contained 321.019mm2 Brdu positive cells while 

AKT(RNAi) animals had 9.55mm2 Brdu+ cells (Fig 5.6 A-C)). This implies that 

AKT(RNAi) animals maintains slow and down regulated proliferation levels.  

An attempt to double stain Brdu with H3p mitotic marker provided the number of 

cells that entered or completed S phase and G2/M phases of the cell cycle during the 12 

hours of Brdu pulse chase. Control animals double stained for Brdu and H3p at a rate of 

18.38mm2 post 12 hour Brdu pulse chase while AKT(RNAi) animals did not have any cells 

with Brdu and H3p over lapped stain (Fig 5.6 C). Since AKT function has been implicated 

in all phases of the cell cycle I hypothesize that the inhibition of AKT might increase the 

duration of the different phases of the cell cycle and thereby will contain lower Brdu in 

cooperation and less mitotic cells.  

 
 

C 

 G 1 phase S phase G2/M phase 

Control 62.7 ± 0.4 7.46 ± 0.7 30.47 ± 0.6 

Smed-TOR(RNAi) 70.3 ± 0.5 0 ± 0.4 29.7 ± 0.8 
 

Figure 5.7 - AKT down regulates impairs cell cycle progression.  
Compared to control, AKT(RNAi) arrests cells at G1. Frequency percentages indicate 

that there is an overall impairment in cell cycle progression. (C) Table representing 

data obtained by two independent representati  

shown. 
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Fluorescence-activated cell sorting (FACS) methods can be utilized to assess the abundant 

stem cells present in planaria. We used DAPI or Draq5 DNA markers to assess cells at 

different phases of the cell cycle. 30 days post RNAi injection AKT(RNAi) exhibited a 

slight up regulation of cells at G1 phase and  0% cells at S phase compared to the controls 

(Fig 5.7). This data together with the H3p and Brdu data reveals the possibility of cell cycle 

impairment in the absence of AKT. Since neoblasts are the only proliferative cells present 

in the planaria, we can hypothesize that AKT is important for stem cell proliferation.  

 

5.2.3 - Planarian AKT affects neoblast markers and their function 

Neoblasts are the only proliferative cells in the planaria. An array of published data 

has confirms the existence and conservation of cell cycle genes and these can be utilized 

to understand the levels of cell proliferation. Further stem cell markers characterizing 

planarian neoblast populations have also been characterized: Smedwi-1, Bruli-1, nanos. In 

order to understand stem cells and their function in the absence of AKT, we performed 

  

Figure 5.8 - Neoblast markers are down regulated upon AKT(RNAi).  
(A) Control Smedwi-1 shows ubiquitous expression (B) AKT(RNAi) animals do not show any smedwi-1 

expression (C) Smedwi-1 expression (D) Cyclin B expression (E) Bruli expression (F) Nanos expression is 

down regulated upon AKT RNAi. Error bars = 200um. Each experiment have been performed at least 2 

times. 
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gene expression analysis on several neoblast, early division progeny and late division 

progeny markers.  

ISH (in situ hybridization) analysis of Smedwi-1, a neoblast marker showed near 

complete elimination of its mRNA expression upon AKT down regulation (Fig 5.8 A-B) 

(3 separate experiments, n=12). Quantification analysis by quantitative pcr showed a 5.5 

fold down regulation of the Smedwi-1 gene expression 40 days post first AKT(RNAi) 

Injection (Fig 5.8 C) (3 separate experiments). Since Smedwi-1 is only implicated as a 

neoblast marker we assessed Cyclin B which is also a neoblast marker, a cell cycle 

regulator and is known to be up regulated in response to AKT activation [122]. Cyclin B 

maintained a ~9.6 fold down regulation in its gene expression with the perturbation of AKT 

(Fig 5.8 D). Down regulation of bruli in planaria has shown to eradicate all mitotic cells 

implying that it is required for stem cell proliferation and maintenance in the S. 

mediterranea [71]. Quantitative analysis of bruli in AKT(RNAi) indicated a 6 fold down 

regulation compared to the control and this was comparable with the Smedwi-1 gene 

expression down regulation (Fig 5.8 E). Smed-nanos a nanos like gene expressed primarily 

in planarian germ cells however was not compromised by AKT(RNAi) [123] (Fig Fig 5.8 

 
 

Figure 5.9 – Neoblast progeny markers are down regulated upon AKT(RNAi) 
(A) Control NB.21.11e shows ubiquitous expression (B) Control AGAT-1shows ubiquitous expression 

(C) AKT(RNAi) NB.21.11e expression is completely down regulated (D) (C) AKT(RNAi) AGAT-1 

expression is completely down regulated Cyclin B expression (E) NB.21.11e and (F) Agat-1 expression 

measured by quantitative pcr is down regulated upon AKT RNAi. Error bars = 200um. 
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F). This data with the H3p , Brdu and DAPI stains indicates that AKT down regulation 

impacts the gene expression and thereby the progression of the cell cycle in planaria.   

Planarian cell populations post the proliferative stem cell stage can be characterized 

based on the radiation sensitivity: early division progeny and late division progeny. The 

early division progeny marker NB.21.11e was decreased in the AKT(RNAi) completely as 

seen by ISH staining (Figure 5.9 A & C) and quantitative pcr  (Figure 5.9 E). Further the 

late division progeny marker AGAT-1 was completely eliminated by AKT suppression. 

ISH staining and qpcr both portray complete elimination of the Agat-1 expression (Figure 

5.9 B, D, F). Whether this suppression in stem cell and progeny markers is due to a down 

regulation in neoblast proliferation and differentiation or whether AKT is involved with 

regulating the expression of these specific genes needs further investigation. AKT is also 

known as a pro survival gene and is involved with suppressing cell death. Thus we could 

also assume that AKT down regulation might be increasing cell death and eliminating 

neoblasts and their successive progeny. 

 

5.2.4 - Planarian AKT down regulation increases cell death 

AKT plays a pro survival role, and down regulation of AKT activates various death 

pathways in vivo and in vitro. Apart from programmed cell death, AKT could initiate 

necrosis, mitotic catastrophe and anoikis. Thus in order to understand the level of 

survivability of the planaria in the absence of AKT(RNAi), 30 day injected animals were 

  
 

Figure 5.10 – Neoblast progeny markers are down regulated upon AKT(RNAi) 
(A) Control NB.21.11e shows ubiquitous expression (B) Control AGAT-1shows ubiquitous expression (C) 

AKT(RNAi) NB.21.11e expression is completely down regulated (D) (C) AKT(RNAi) AGAT-1 expression 

is completely down regulated Cyclin B expression (E) NB.21.11e and (F) Agat-1 expression measured by 

quantitative pcr is down regulated upon AKT RNAi. Error bars = 200um. 
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fixed and stained for TUNEL positive cells. Conferring the AKT cell survivability and anti-

apoptotic nature, the animals lacking AKT contained massive cell death: Control 220.67 ± 

15 mm2 , AKT(RNAi) 1613.15 ± 672 mm2 (Fig 5.10 A-C). Thus the lack of proliferative 

cells and the successive progeny also could be due to the massive cell death encountered. 

Due to the nature of TUNEL positive cells, we can assume that all cells in the system are 

probably affected. To assess whether the cells are dying due to programmed cell death or 

apoptosis, I plan to perform caspase 3 and annexin V staining. 

 

5.2.5 - AKT regulates cell proliferation probably via the TORC1 pathway 

Studies had previously shown that TOR mediate pathways has implications towards 

cell death and cell proliferation [114]. Since AKT has regulatory functions with the TORC1 

and TORC2 pathways, I assessed the combinatory effects of AKT with molecules 

belonging to the TORC1 and TORC2 pathway (Figure 5.11). Mitotic analysis revealed that 

TOR and AKT RNAi combination down regulated cell division implying synergistic 

events for both molecules. In particular down regulation with Raptor revealed that some of 

these regulatory functions are mediated by the TORC1 pathway. Whether this down 

 
 

Figure 5.11 – AKT regulates cell proliferation via the TORC1 pathway. Down regulation of AKT with 

and without the TORC1 complex (TOR and Raptor) down regulates cell proliferation. Rictor down regulation 

increases cell proliferation. Each experiment has been performed at least two times with n>10 animals. 

Significance measured by student T test p > 0.0001 in each case) 
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regulation is due to cell cycle arrest or whether it’s due to increased cell death needs further 

investigation. 

Interestingly Rictor down regulation increase cell proliferation even more than 

control animals. Synergistic down regulation of AKT and Rictor which impacts the TORC2 

pathway up regulated the observed proliferative cell populations, implying in the absence 

of Rictor or the TORC2 pathway, AKT could be involved with mediating an increase in 

cell proliferation. However down regulation of Rictor might mediate bonding of Raptor 

with TOR initiate a possible up regulation in the TORC1 complex and it’s activities and 

this has been directly involved with cell cycle progression and cell growth. Whether the 

increase in cell proliferation is due to an increased activity of the TORC1 pathway or 

whether TORC2 pathway plays a role towards this function remains further investigation. 

 

5.3  - Conclusion 

AKT/TOR/PI3k pathway is an important signaling pathway garnered much 

attention due to cancer progression with the impairment of this pathway. PTEN tumor 

suppressor that controls this pathway is one of the highest mutated factors in human 

cancers. Thus understanding the in vivo effects of AKT remains fundamental. The 

embryonic lethality and the incapability to correctly assess the in vivo normal effects of 

AKT using mouse partial and tissue specific knock downs, mars our understanding about 

its regulation. Thus planaria provides an excellent model organism that could be utilized 

understand in vivo regulation of AKT. 

Conferring the pro apoptotic nature of AKT observed in other model organisms, 

AKT(RNAi) animals produced massive cell death. This further showed a decrease in 

proliferation down regulating the neoblast population. As a consequence the successive 

early division and late division progeny of the animal too was down regulated. The size 

reduction conferred with the down regulation in proliferation and increase in cell death. 

Thus I the absence of AKT impaired tissue homeostasis. Some of the proliferative and 

possibly cell death could be mediated together with the TORC1 and TORC2 pathway. How 

each of these pathways are involved to regulate AKT and promote cell proliferation and or 

cell death remains to be investigated.  
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Chapter 6 

Bioinformatics Analysis of the DNA Damage Reparative Mechanisms in 

Schmidtea mediterranea 

 

6.1 - Introduction 

6.1.1 – DNA damage is induced by various extrinsic and intrinsic factors 

DNA contains the genetic information essential for life and diversity. Therefore 

maintaining DNA integrity is fundamental for cellular functions in all living organisms. 

DNA is a chemical structure composed of nucleotides that contain phosphate groups, 

deoxyribose sugars and a nitrogen containing base. Thus this structure can be altered due 

to various extrinsic and intrinsic influences. All living species are at a risk of been 

continuously exposed to DNA damaging agents.  This can be attributed to the occupational, 

scientific, technical advancements humans have achieved over the centuries. Though these 

achievements have vastly changed our life style and health, they have caused various 

environmental changes increasing the rate of the DNA damage that occurs within our cells. 

Examples for external DNA damaging agents include chemicals, ultraviolet (UV) light, 

ionizing radiation (IR) and heavy metal ions [124-127] (Figure 6.1).  These damaging 

  

Figure 6. 1 – DNA damage and Repair pathways  
All living species are at risk of continuous DNA damage caused by intrinsic and extrinsic sources. UV 

light, Ionizing radiation, pesticides, chemicals and environmental conditions are examples for extrinsic 

sources. DNA damage can occur as Bulky adducts, alkylation of bases, mismatches due to insertions and 

deletions, single strand breaks and double strand breaks. Depending on the type of damage incurred, 

different repair mechanisms will be utilized to repair the damaged DNA. 
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agents cause an increase in the reactive oxygen species (ROS) within cells, attributing to 

the DNA damage, compromising the integrity and the stability of the DNA chemical 

structure [128]. Apart from external environmental assaults, DNA damage could occur due 

to internal factors such as errors caused during DNA replication and oxidative stress [129, 

130].  DNA alterations can be categorized into two types: (i) modifications of a single 

nucleotide sequence, also known as point mutations, and (ii) disruption of the DNA 

structure characterized by double stranded breaks (DSBs). The type and the severity of 

DNA damage can be based on whether it is caused by internal or external stimuli and the 

severity of the assault.  

Fortunately, there are cellular mechanisms that respond and attempt to repair DNA 

damage. The efficiency of these mechanisms are linked to the severity and amount of 

induced damage. Cells that have been damaged will first attempt to repair the alterations, 

and if unable will undergo senescence or programmed cell death [131]. Thus cell viability 

is greatly compromised during DNA damage. In certain instances, if the cell is incapable 

of repairing the DNA or remove itself through programmed cell death, it can incur 

mutations that can become malignant, inducing uncontrolled cell division. Consequences 

of damaged DNA can lead to development of various diseases such as cancer, Xeroderma 

pigmentosum, Cockayne's syndrome, ataxia telangiectasia, Fanconi anemia, and Bloom's 

syndrome[132]. Thus, understanding molecular mechanisms of the DNA damage response 

and repair is critical to identify the etiology of diseases, and to design effective therapeutic 

approaches.  

 

6.1.2 – DNA damage: Repair 

DNA damage can occur as double stranded breaks (DSBs), single stranded breaks 

(SSBs), DNA adducts, base alkylations, point mutations, substitutions and deletions [133]. 

Organisms have created Specific pathways to counteract these damages and utilize 

different pathways to repair the damaged DNA. The involved pathways are described in 

figure 1. 

The most severe and less understood form of DNA damage is the DSB pathway 

[134-137]. Though many studies have been done to understand the complexity of the 

Double stranded breaks (DSBs), the pathways related remain less understood. DSBs also 

cause severe DNA damage and due to these reasons, I will be focusing on understanding 

damage and repair mechanisms related with DSBs. DNA Double stranded breaks occur 

when both strands of the DNA double helix are broken in close proximity [127]. DSBs 

cause genetic instability that can lead to many disease causing malignancies such as cancer. 

Therefore the cell has devised various mechanisms to repair the damaged DNA. DNA 

damage response is triggered via a complex signal transduction pathway. First, when the 

DSBs occur, sensory proteins will recognize the sites. Then a signal transduction pathway 

activates transducer molecules, which will then activate effector proteins involved with a 

DNA repair mechanism (Figure 6.2). If the cell was unable to repair the error successfully, 
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the cell will go through apoptosis [138]. Therefore the pathway involved with DNA repair 

needs to rapidly recognize the error and repair it immediately in a highly coordinated 

manner. 

DSBs can be repaired via two main mechanisms: (I) homologous recombination 

(HR): and (II) non-homologous end joining (NHEJ). The NHEJ pathway is further divided 

into Classical NHEJ pathway (C-NHEJ) and alternative NHEJ pathway (A-NHEJ). The 

DNA repair mechanism of choice is dependent on the cell cycle phase and the complexity 

of the DSB. Between the two mechanisms, HR probably is the DNA repair mechanism of 

choice, since it is very efficient and less error prone. HR is activated in cells that are 

 

Figure 6. 2 – DNA damage response mediation  
In response to double stranded breaks, various molecules that act as sensors will be activated. These 

sensors will activate transducers, which are involved with the phosphorylation and the activation of 

effector molecules. Depending on the cellular stage and environment the cell will activate effector 

molecules belonging to HR or NHEJ pathways. 



66 
 

progressing through the cell cycle. During cell cycle, HR uses a homologous template to 

copy the damaged DNA region. The NHEJ pathway is activated when the cells cannot 

enter cell cycle and therefore do not require a homologous template to copy the damaged 

region. Thus this is an error prone repair mechanism [139]. Both mechanisms are complex 

and are operated by various transducers and effector proteins (Figure 6.2).  

 

6.1.3 -  Homologous Recombination Pathway 

 Homologous recombination (HR) is a pathway that is activated upon various 

genotoxic stresses that create double stranded breaks. Since HR requires undamaged 

chromosomes for a process known as strand invasion, this mechanism can only be activated 

during cell cycle progression. Thus the HR mediated repair is template dependent and 

confers high fidelity, error less DNA repair system, that is conserved across all living 

organisms. Studies in BRCA2, a crucial factor involved with HR, have established a 

prominent role for this pathway during diseases such as cancer and fanconi anemia. 

However specific in vivo studies providing roles for HR during systemic homeostasis, 

tissue repair and regeneration still needs characterization. Mutation or knock down studies 

in most curial HR pathway components has shown that compromisation of this pathway 

leads to embryonic lethality. Thus the lack of a model organism to decipher the HR 

pathway mechanism creates a barrier towards discerning the importance of this pathway.  

HR can be divided into 3 main phases: presynapsis, synapsis and postsynpasis. 

During pre-synapsis, DSB sensors such as the MRN complex will associate with the DSB 

sites, recognize and mediate signals to activate downstream repair pathways. Further 

specific endonucleases will cleave the ends of the damaged DNA and prepare the DNA to 

contain a 3’ overhangs or 5’ – end resections for a clean repair process. Once the sensors 

have detected breaks, several pathways could be activated and compete to repair the DSBs: 

HR, NHEJ, SSA. During this process RPA, a hetrotrimeric protein confers high affinity 

towards ssDNA at damaged DSB sites, ad binds to them. This binding of RPA to ssDNA 

minimizes degradation of DNA at the damaged sites. In vivo, several mediator proteins 

facilitate to form Rad51 nuclear filaments on the RPA coated ssDNA [140]. Rad52, Rad51 

paralog complexes and BRCA2 are known important mediator proteins that are vital to 

promote Rad51 foci formation during DNA damage. However this is a complex process 

and most studies have been performed in vitro. Since in vivo and in vitro studies do not 

necessarily co relate all the time, understanding this process in vivo requires more attention.  

BRCA2 is missing in yeast, it has been suggested Rad52 is more involved with HR 

mediator function in yeast and BRCA2 in other eukaryotes, BRCA2 function will be 

detailed in another section. Further Rad54 which does not confer embryonic lethality is 

required to load and stabilize Rad51 on to the ssDNA and is important for chromatin 

remodeling and HJ resolution during HR. The complexes formed by Rad51 paralogs, 

BCDX2 is also known to be important to mediate Rad51 stabilization and acts upstream of 

Rad51 function and downstream of BRCA2. It has an epistatic function with BRCA2. Thus 
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these mediators help to displace RPA from ssDNA and help replace it with Rad51 

filaments.  

Synapsis phase consists of search for the homology strand and subsequent strand 

invasion. The key player during this phase is Rad51. The process of homology search and 

strand invasion is complex and still under investigation. During this phase Rad51 filaments 

are loaded on to the ssDNA and could span over several thousand base pairs of DNA. 

Rad51 has the capability to bind to ssDNA and dsDNA, however in vivo it prefers the 

binding of ssDNA. This process requires ATP and studies have demonstrated that ADP 

presence condenses the Rad51 filaments and eventually results in its dissociation. Rad51 

contains two walker motifs which contains ATP or GTP and could necessarily initiate the 

hydrolysis of ATP for the filament formation. The formed Rad51 nucleoprotein filament 

will now search for homologous DNA strands. To understand this process more Rad51 

crystal structure studies during the filament formation step is required. It is thought that the 

ability of two DNA strands to remain proximal to each other and bind could be important 

for the Rad51 filament mediated homology search and strand invasion. Further the 

invading strand has the capability to weakly bind ssDNA and dsDNA both based on 

homology and specificity. Post this binding, strand invasion by Rad51 filaments are 

initiated in order to repair the DNA. 

 

6.1.4   Non homologous end joining 

NHEJ pathway can be divided into two sub pathways: C-NHEJ (the classical or the 

canonical NHEJ pathway), A-NHEJ (the alternative NHEJ pathway) [141].  The ATM and 

MRN complex can activate the C-NHEJ and the A-NHEJ pathways [142]. The C-NHEJ 

pathway contains the Ku heterodimer, DNA-PK, Artemis, XRCC4, DNA ligase IV and 

XLF. Most of these components and the functions have been characterized in chapter 7. 

Ku70 and Ku80 heterodimer plays a crucial role during C-NHEJ pathway while these 

molecules are not required for the A-NHEJ pathway [142]. A-NHEJ pathway employs 

molecules such as MRE11, CtIP, Parp1 which also plays crucial role during homologous 

recombination. Further these two pathways differ in the required ssDNA resection sizes. 

C-NHEJ pathway requires only short ssDNA resection while A-NHEJ similar to HR 

requires a longer ssDNA resection to function. However A-NHEJ could also occur in the 

absence of homologous sequences and similar to C-NHEJ is error prone and can respond 

rapidly and repair the DNA quicker than the HR pathway. 

 



68 
 

 

 

Table 6.1 – DNA damage responders and repair mechanisms 
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6.2 Results 

6.2.1 – DNA damage pathway sensors 

Planarians are described as masters of regeneration. Their remarkable power of 

regeneration is attributed to the abundance and the plasticity of the planarian stem cells 

(neoblasts). Planarians also have the capability to withstand high doses of radiation with 

the sub lethal irradiation dosage ranging between 0 – 1750 rads. This range is remarkable 

since 850-900 rads is usually lethal to mice [143]. This implies that planarians possess 

remarkable recovery post induced DNA damage and is evidence to the existence of 

possible DNA repair machinery. In this thesis, particular interest were given to the DNA 

repair machinery involved with double stranded break (DSB) repair: Homologous 

recombination pathway (HR), Non homologous end joining pathway (NHEJ).  

With possible conservation of signaling pathways in mind, I delved into the 

planarian genome sequence database [67] to find various molecules belonging to the DNA 

repair machinery. The major sensors post DNA damage is the MRN complex consisting of 

MRE11, Rad50 and NBS-1 (Xrs2 in yeast). This complex has been highly characterized to 

be involved with DNA damage sensing and associate with each other to perform DNA 

damage DSB sensing. Once sensed the appropriate HR and NHEJ pathways could be 

activated by various pathways and checkpoint kinases.   

MRE11 is highly conserved across species and contains phosphodiester domains 

and DNA binding domains. These domains are important for DNA binding [144, 145] and 

endo-exo nuclease activities at the presence of ssDNA or dsDNA [146]. MRE11 in vivo 

exist as a complex where one molecule of MRE11 binds to Rad50 protein and forms a 

complex. Nbs1 is recruited to form the final MRN complex which has been shown to be 

important for proper DNA repair. Analysis into the planarian genome discovered a region 

that could be predicted to be planarian MRE11. Pfam and Blast analysis performed showed 

a calcineurin like phosphoesterase and MRE11 DNA binding domain next to each other 

(Figure 6.3 A). This sequence contains 70% identities and positivities to the human MRE11 

segment. This sequence has since been cloned and some basic studies have been performed 

(Chapter 10).  

Rad50 is a large 150kDa protein that contains ATPase and DNA binding walker 

domains. Most functions associated with this protein involves DNA binding and unwinding 

dsDNA [147-149]. Analysis into the planarian genome predicted several ATP binding sites 

and walker domains that contained ~70% identities and positivities to the human Rad50 

protein sequence (Figure 6.3 B and D). Analysis did not yet discover an Nsb1 counterpart 

within the planarian genome. Rad50 has since been cloned. 

Several key molecules belonging to the PIKK family of proteins have been 

implicated in DNA DSB damage sensor functions: ATM, ATR, DNA-PK. All these 

proteins contain similar structural domains such as heat repeats, an FAT domain, Kinase 
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domain and an FATC domain. These proteins could function to activate HR or NHEJ or 

both. 

 

 

Figure 6.3 – Planarian homologs for MRE11 and Rad50  
MRE11 and Rad50 are major components of the MRN complex. (A) Predicted planarian MRE11 sequence 

contains MRE11 specific calceneurin-like phosphoesterase and a MRE11 DNA binding domain. (B) 

Predicted planarian Rad50 sequence contains a Rad50 specific AAA domain. (C) Conserved homology for 

the MRE11, Rad50 and DNA-PKc compared to human sequences. 
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ATM (Ataxia- telangiectasia mutated) belongs to the PIKK family of proteins and 

is a protein kinase. Absence of ATM has been implicated with ataxia telangiectasia a 

neurodegenerative disorder and cancer in humans. Studies have also implicated ATM as 

an important factor during damaged DSB repair. ATM contains all the landmark domains 

belonging to the PIKK family of proteins such as mTOR, ATR, SMG1 and DNA-PKc. The 

N terminal region of ATM contains a region where several heat repeats and nuclear 

localization signals can be found. This is followed by a FAT domain, the kinase domain 

and the FATC domain. Investigation into the planarian genome discovered a PI3K (PI3K) 

domain and an FATC domain that has 68% homology to the human ATM PI3K and ATM 

FATC domains. These domains did not contain significant homology to the planarian and 

human TOR and ATR counterparts. The homology of the discovered PI3k and FATC 

domains to the human sequence has been depicted in figure 11.1. 

DNA damage responses can be mediated by ATM or ATR. Undamaged cells 

contains homodimerized ATM and which is the inactive form [150]. In response to double 

stranded breaks, ATM gets activated and becomes monomerized and recruited to the 

nucleus. The process of ATM activation is an area currently under investigation and is 

greatly debated [150-153]. However in vivo and in vitro studies have shown that the MRN 

complex is crucial for ATM activation. ATM binding to the NSB1 counterpart helps to 

retain ATM at the DSB sites [154, 155]. After recruitment, ATM gets auto-phosphorylated, 

occupies DSB sites and initiates DNA repair responses [156-158].  

 ATR also belongs to the same PIKK family of proteins similar to ATM and TOR. 

As depicted in Figure 11.2, ATR shows similar domains as ATM. Genomic analysis using 

the planarian genome database, a sequence with an FAT and PI3k domain was discovered. 

Alignment of this sequence to planarian ATM and TOR counterparts did not show 

significant homology. This sequence had 62% homology to the human ATR PI3k and FAT 

domains. Compared to the human TOR and ATM, FAT and PI3k domains this sequence 

did not show significant homology (mk4.015073.00.01). 

Absence of ATR renders embryonic lethality. Studies performed in C. elegans have 

shown that ATR presence is crucial for cell cycle progression [159]. Mei41 an ATR 

homolog in Drosophila has also shown to be important for cell cycle progression during 

embryonic development [160]. Kinase dead ATR overexpression however decreases G2/M 

arrest post DNA damage [161]. The same study also showed that ATR has the capability 

to compensate ATM-/- condition. While ATM response is primarily towards DSBs caused 

by IR and intrinsic occurrences such as VDJ recombination, ATR response can be more 

varying. ATR has the capability to respond to radiation, various chemicals and agents that 

can damage DNA and recognize intrinsic replication errors. ATR mostly senses DNA 

damage at stalled replication forks and functions primarily during cell cycle progression. 

This could indicate that ATR not ATM could be playing a major role during HR mediated 

DNA repair. In some literature ATM and ATR is also categorized as signal transducers 

rather than sensors [162]. Either way these two molecules have a major role in the decision 

of DNA repair. 
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DNA-PK in contrast has been implicated with NHEJ mediated DSB repair. DNA-

PK contains DNA binding capability which is stabilized by the Ku70-Ku80 heterodimer 

[163, 164].  Thus the main function of DNA-PK is to repair DSBs during NHEJ mediated 

repair mechanism. Mutation or silencing DNA-PK results in defective DSB repair and 

V(D)J recombination [165]. How DNA-PK could contribute towards HR still needs to be 

investigated [166, 167]. The contig mk4.021130.00.01 though with low similarities and 

identities (~42%) contains a NUC194 domain which is typically found in DNA dependent 

protein kinases. Another contig mk4.001198.00.01 maintains higher positives and 

identities to the human DNA-PK (~56%) and contains the possible kinase domain of the 

planarian DNA-PK (Figure 6.4 A & B).  

 
 

Figure 6.4  – Planarian homologs for DNA-PKc  
DNA-PKc has been implicated with NHEJ mediated DSB repair. (A) Predicted planarian DNA-PKc 

containing a typical PI3/PI4 kinase domain. (B) Second predicted planarian DNA-PKc sequence 

containing a typical NUC194 domain. (C) Conserved homology for the DNA-PKc sequence in comparison 

with the human sequence shows 56% similarities. 
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PARP family is a large family of proteins consisting of 18 proteins with a common 

PARP catalytic domain. This family has been highly implicated for the use of DNA damage 

sensing by its N terminal Zn finger domain and repair. PARP-1 (poly(ADP-ribose) 

polymerase-1) at the presence of DNA damage will mediate accessibility and recruit 

important repair based molecules such as XRCC1 [168, 169]. Sirtuins such as SIRT6 

promote DSB repair and is involved with this mechanism with PARP-1 [170]. PARP-1 

acetylation is mediated by p300 and is important for its function. However SUMO1 and 

SUMO3 have known to inhibit PARP-1 acetylation thereby mediating genomic stability 

  
 

Figure 6.5 – Planarian homolog for PARP-1  
PARP-1 is a DNA damage sensor (A) Predicted planarian PARP-1 containing a WGR domain, PARP 

regulatory domain and a PARP catalytic domain. (C) Conserved homology for the PARP-1 sequence 

in comparison with the human sequence shows 69% similarities. 
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by inducing cell death. However, in higher eukaryotes PARP-1 does not play a major role 

towards DSB repair but more towards single strand DNA repair [171]. Analysis into the 

planaria genome has revealed a PARP-1 homolog with high homology (mk4.003135.10.01 

and mk4.003135.10.02 - ~69% similarities) to the human counterpart (Figure 6.5 A & B). 

Whether this homolog is functionally conserved with the mammalian PARP-1 remains to 

be investigated.  Further Sirtuin homologs for Sirtuin 2,3,4,5 and 6 have been discovered. 

 

6.2.2 – DNA damage mediators 

Post DNA damage sensor recruitment, mediators play a crucial role towards DNA 

damage responses and repair. They are checkpoint proteins and will transduce DNA 

damage signals and will usually function post phosphorylation by kinases [172] . Mediator 

proteins also function to act as a bridge between proteins and mediate protein-protein 

interactions [173]. Thus activated mediators play crucial roles during cell cycle arrest and 

decisions in DNA repair pathways [162]. Most of these mediators are activated by ATM 

and or ATR and contains BRCT domains. The best known mediator is Rad9 in yeast. 

However a homolog for Rad9 is absent in human and a homology search in planaria too 

did not retrieve a Rad9 homolog. Thus mediators found mainly in mammals can be 

categorized as those mediated and phosphorylated by ATM or ATR checkpoint kinases. 

ATM phosphorylated mediators: γH2AX, MDC1, BRCA1, 53BP1. ATR phosphorylated 

mediators: γH2AX, TOPBP1, Claspin.  

H2Ax is a variant of the H2A histone protein family. Histones play a crucial role 

to form the core nucleosome around the DNA. Upon DNA damage, H2Ax gets 

phosphorylated by ATM and or ATR and forms γH2Ax foci [162]. The formed foci 

formation can be utilized to identify damaged DNA and cells. But importantly, 

phosphorylation of H2Ax is a signal to recruit DNA repair based molecules to the damaged 

sites to begin efficient repair. This further helps to retain mediator proteins such as BRCA1, 

MDC1, NBS1 and 53BP1 [174-176]. Human H2Ax gets phosphorylated at Ser139 and 

therefore it will be interesting to find whether this phosphorylation site is conserved within 

the planarian genome. Planarian sequences genome contained two sequences that 

contained significant homology to the H2Ax in other species (Figure 6.6A). However the 

planarian predicted H2Ax sequence did not contain a serine at position 139, and therefore 

more analysis and functional studies needs to be performed to understand the planarian 

H2Ax phosphorylation and function during DNA damage. 

MDC1 (DNA damage mediator-1) has two BRCT repeats in the C terminal, a PST 

domain and an FHA domain in the N terminal region [177]. The FHA domain also exists 

in chk2, Rad53 and Nbs1 [176]. MDC1 gets phosphorylated by both ATM and ATR and 

rapidly gets recruited to the DNA damage sites [175]. In vitro studies have demonstrated 

that γH2Ax gets recruited to the damaged sites within a few minutes while MDC1 gets 

recruited post this time line by 15 minutes after damage occurs. The foci formed by MDC1 

seem to overlap with γH2Ax and studies suggest that it exist as a complex at the damaged 
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sites. [176] The MDC1 at this point is involved with recruiting proteins such as BRCA1 

and TOPBP1 to help mediate DNA damage responses. Planarian genome contains a 

sequence that shows homology (~51%) to the human MDC-1 protein (Figure 6.6 B).  How 

this protein is involved during DNA damage response and repair still needs investigation.  

Claspin is an ATR phosphorylated DNA repair mediator and is important to 

phosphorylate and activate chk1 [178, 179]. Studies have shown that activated Claspin 

 

 

Figure 6. 6 – Planarian homologs for H2Ax and MDC-1 
H2Ax and MDC-1 are important DNA damage mediators (A) Predicted planarian H2Ax sequence contains 

high homology, however the ser139 phosphorylation site does not seem to be conserved. (B) Predicted 

planarian MDC-1 sequence contains 51% homology to the human MDC-1.  
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down regulates cell proliferation and its function for G/M DNA damage checkpoint [180]. 

Since ATR functions during cell cycle progression, Claspin essentially would be an 

important mediator during HR. Claspin proteins has several domains crucial for the above 

function. At the N terminal end, a replication for interaction domain and a Cdc45 binding 

domain has been recognized. At the C terminal a Chk1 binding domain (CBD) has been 

recognized and this is crucial for its chk1 activation [181]. A sequence with ~59% 

similarities to human Claspin was retrieved (Figure 6.7 A). However whether this is the 

true Planarian Claspin, and is functionally conserved remains to be answered. With its 

 

 

Figure 6. 7 – Planarian homologs for Claspin and TOPBP1  
Claspin and TOPBP1 are important DNA damage mediators (A) Predicted planarian claspin sequence 

contains 59% homology to the human Claspin (B) Predicted planarian TOPBP1 sequence contains 50% 

homology to the human counterpart. The identified BRCT domains are conserved with the human TOPBP1. 
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connection to ATR and possibly the HR pathway this might hold valuable clues towards 

HR mediated DNA damage repair, maintenance of homeostasis, tissue repair and 

regeneration.  

TOPBP1 (DNA topoisomerase II-binding protein 1) N terminal mainly contains 

BRCT domains and analysis into the planarian genome retrieved a sequence with 5 BRCT 

domains and ~50% similarity to human TOPBP1 protein (Figure 6.7 B).  TOPBP1 

inhibition is known to create embryonic lethality indicating its importance during 

development and cell proliferation [182]. Similar to Rad51 embryonic lethality, TOPBP1 

deficient embryos at E7.5 seems to be resorbed. Further the cells contained an increase in 

γH2Ax formation indicating a decline in proper DNA repair. Whether the developmental 

defects are because of the increase in DSB damage remains to be investigated. However 

comparing the functional roles between Rad51 and TOPBP1 in studies done prior, identify 

a link between TOPBP1 and Rad51. The planarian model system provided an in vivo 

system to study Rad51 down regulation in an adult organism. Thus this model organism 

could provide valuable clues towards our understanding regarding TOPBP1. Further 

TOPBP1 impacts proper V(D)J recombination in pro B and thymocytes during 

development [183]. 

Analysis into the planarian genome still did not retrieve homologs for DNA damage 

mediators BRCA1 and 53BP1. 

 

6.2.3 – DNA repair and Cell cycle control 

DNA damage could induce DNA repair post cell cycle arrest, or initiate cell cycle 

progression in spite of DNA damage or induce programmed cell death. Cell cycle arrest 

involves “checkpoints” that helps to monitor proper cell growth and genomic stability. 

G1/S checkpoint restricts cell cycle progression from the restriction point (R). The crucial 

component during this pathway is Rb tumor suppressor that inhibits E2F transcription 

factor. In response to DNA damage, ATM and or ATR can activate Chk1 and Chk2 which 

blocks the CDK activity and arrests the cells at the G1/S phase. At this position, the cell 

could attempt to repair the DNA, probably through NHEJ pathway or program the cell to 

death.  

The G2/M checkpoint occurs post the DNA synthesis phase and thus prevent cells 

with damaged DNA from progressing into the mitosis phase. Therefore the preferred 

pathway to repair damaged DNA would be the HR pathway, though NHEJ pathway could 

potentially participate as well. However whether there is a competition between HR and 

NHEJ during this phase remains an open ended question. Upon DNA damage wee1 and 

Myt1 inhibits CDK1 and prevents the CDK1/Cyclin B formation inhibiting cell entry into 

the M phase. Further Cdc25 dephosphorylates CDKs in order to inhibit their function. 

Further ATM, ATR, Chk1 and Chk2 all have been shown to phosphorylate p53 which 

prevents Mdm2 binding to p53 and increases its protein half-life and stabilizes it. p53 
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accumulation then is involved with transcribing genes important for DNA repair and or 

apoptosis [184]. 

p53, chk1 and chk2 homologs have been discovered in the planaria previously [36]. 

Further cyclin A,B and D also have been characterized in the planaria [185]. Thus I 

  

Figure 6. 8 – Planarian homologs for Wee1 and Myt1  
Wee1 and Myt1 are important cell cycle regulators (A) Predicted planarian Wee1 sequence contains 48% 

homology to the human Wee1 sequence (B) Predicted planarian Myt1 sequence contains 72% homology 

to the human counterpart. The identified sequence contained typical zf-C2HC domains. 
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proceeded to look for wee1 and Cdc25 homologs important for G2/M cell cycle checkpoint 

arrest. A possible Myt1 homolog containing two repeats of zf-C2CH domains were 

discovered in the planarian genome. These domains contained ~72% similarities to the 

human Myt1 C2CH domains (Figure 6.8 B). Wee1 is a protein kinase with a distinct protein 

kinase domain at the C terminal of the protein. A homolog with 48% similarity to the 

human Wee1 protein kinase domain was found in the planaria (Figure 6.8A). Cdc25b and 

Cdc25c homologs were also found with ~50% conservation containing significant domains 

found in human Cdc25 proteins (mk4.000159.09.01, mk4.001222.02.01 and 

mk4.000437.06.01). Finding the functional conservation of these protein relative to the 

G2/M arrest and it’s connection to the HR pathway might provide better understanding 

about DNA damage response in the planaria.  

 

6.2.4 – DNA repair through homologous recombination 

DNA repair pathways contain varying amounts of structural conservation across 

species. The amount of sequence identity of key major players in DNA repair pathways, 

and the number of genes in proper pathway function varies based on the complexity of the 

organism. Even though the sequence identity is not always conserved, the function initiated 

by the pathways seems to be highly conserved across species. One pathway that maintains 

high degree of functional conservation is the homologous recombination pathway since 

components of this pathway have been known to repair DSB efficiently across bacteria, 

fungi, plant and animals. HR possesses high fidelity DNA repair capabilities and is the 

chosen pathway during cell cycle progression.  

Several Rad51 related proteins are embryonically lethal and therefore 

understanding their in vivo function remains a challenge. Other molecules of high relevance 

are BRCA2 and RPA. These molecules are highly conserved structurally and functionally 

across species. Understanding their functions remains higher relevance in my thesis. Thus 

I focus on explaining these molecules and their function in chapters 7 and 8.  

Upon DNA damage the exposed ssDNA are coated by RPA in an attempt to 

stabilize and prevent exonuclease degradation and formation of secondary structures [186]. 

In order to repair the DNA, Rad51 needs to replace RPA and perform strand invasion and 

homologous search. Rad52 in Saccharomyces cerevisiae plays a major role to repair DSBs 

through homologous recombination by helping to displace RPA and further aiding the 

Rad51 nucelofilament formation [186-188]. Rad52 is a key player and is involved with 

further forming a heptameric ring with Rad59 to facilitate HR mediated repair [189]. 

However no homolog for Rad52 could be found in the planaria. Rad52 unlike Rad51 and 

BRCA2 is not embryonically lethal and how this protein mediates Rad51 function in 

mammalian systems remains an open question. However it is believed that BRCA2 might 
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be playing a crucial role in the place of Rad52 in mammals [190]. Which seems to be 

similar to planarian BRCA2-Rad51 mediated HR repair as described in chapters 7 and 8. 

Whether the lack of Rad52 in the planaria is due to efficient BRCA2 function needs further 

investigation. However, in vitro BRCA2 deficient human cells still mediate HR repair with 

the help of Rad52. Whether the additional Rad52 function in the absence of BRCA2 is the 

 

Figure 6. 9 – Planarian homolog for Rad54 
Rad54 is an important component of the HR pathway (A) Predicted planarian Rad54 sequence contains 

80% homology to the human Rad54 sequence and contains typical helicase domains. 
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missing link towards tumor progression in vertebrate cells remains a perplexing open ended 

question. 

Rad54 proteins first identified in Saccharomyces cerevisiae belongs to the snf2-

family of SF2 helicases. These helicases has the capability to modify chromatin which is 

crucial for DNA repair mechanisms[191]. Rad54 knockout mice are not embryonically 

lethal, however the germline of these mice are compromised [192]. Further in mice Rad54 

deficiency lowers the HR repair, and activity is closely linked towards telomere length 

maintenance [193]. Yeast studies further shed light clearly demonstrating increased IR 

sensitivity in Rad54 deficient cells [194, 195]. Rad54 has known to be involved during 

several phases of the HR repair pathway: Rad54 ATP hydrolysis initiates DNA remodeling 

and helps Rad51 to efficiently form D loop structure [196], stabilizes Rad51 bound to the 

ssDNA or dsDNA during filament formation process and then helps to disassemble Rad51 

filaments from dsDNA [197, 198], and chromatin remodeling [199, 200]. Available 

 

Figure 6. 10 - Planarian homolog for Fen1  
Fen1 is an important components of the NHEJ pathway (A) Predicted planarian Fen1 sequence contains 

84% homology to the human Fen1 sequence and contains typical XPG-N and XPG-I domains. 
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sequenced planarian genome provided a highly homologous sequence to human Rad54 

(~80%) (Figure 6.9). Cloning of this gene might help us to unravel important HR mediated 

repair mechanisms in vivo in the planaria. 

 Fen 1 protein has high homology to human counterpart and can facilitate NHEJ and 

HR. See section 6.2.5 and figure 6.10 for more details.  

 

6.2.5 – DNA repair through non-homologous recombination 

 Cells that are not dividing, or lacks the S phase progression capability could initiate 

DNA repair via the NHEJ pathway. NHEJ repairs cells when there is no homology donor 

to provide the correct sequence strand information, thus compared to HR, NHEJ is more 

error prone. However NHEJ pathway maintains remarkable flexibility with the various 

DNA overhangs it accepts upon DNA damage and the biochemistry of  the protein-

substrate association towards joining fragmented DNA still remains a mystery [141]. Thus 

this is a survival mechanism that is initiated when genomic instability could compromise 

the homeostasis and viability of an organism.  During NHEJ pathway, the occurred DSB 

damage will first be recognized, then the nucleases will perform exo- and endo- nuclease 

activity to cleave the 5’ and 3’ overhangs and get the damaged edges ready for joining. 

Next the polymerases will synthesize and add nucleotides to the broken ends and the ligases 

will help to bind the broken strands together. The following passages demonstrate some of 

the key players involved with this pathway and the possible homologs found the in the 

planaria. Based on homology and availability of specific proteins, NHEJ pathway at the 

structural levels remains conserved in the planaria. 

 

Damage recognition 

Ku70 and Ku80 proteins in response to DSB damage binds to the ends of the 

damaged DNA and help to recruit other important factors involved with NHEJ pathway. 

Thus ku70/80 heterodimer is vital for the NHEJ pathway. Mice lacking ku70 and or ku80 

do not show embryonic lethality and are fertile. However they show immunodeficiency 

and growth defects at the adult stages. This might imply that the NHEJ pathway though 

not important during developmental stages might be important for homeostasis at adult 

stages in mice [201]. Homologs for Ku70 and Ku80 were discovered in the planaria and 

these will be characterized more in chapter 10. Further the MRN complex also could 

mediate to process the DSB break regions and help recruit molecules involved with DNA 

repair [202]. 
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Endo-Exo nuclease activity and DNA end processing 

Ku complex recruits nucleases, polymerases and ligases in order to perform DNA 

repair. Artemis protein is a nuclease that gets activated by phosphorylation by DNA-PKc 

and complexes with it to form the Artemis:DNA-PKc complex. [203]. This complex 

cleaves 5” and 3” overhangs and further nicks hair pins and gets the broken DNA strands 

ready for the ligation process which is mediated by XRCC4:DNA IV ligase complex [203, 

204].  This complex possesses flexibility with the site of cleavage performing 5’ to 3’ and 

3’ to 5’ cleavage and therefore is versatile [203, 205]. Analysis into the planaria genome 

did not retrieve an Artemis homolog, but a DNA-PKc homolog exists. Details about this 

homolog have been described in section 6.2.1 DNA damage pathway sensors. Thus, DNA-

PKc could have a homolog or an ortholog for Artemis in planaria and this needs further 

investigation.   

Other than the Artemis-DNA-PKc pathway, Fen1 ((Flap structure specific 

endonuclease 1 or Rad27) could also be involved with nuclease activity performing 5’ to 

3’ exonuclease activity. Fen1 has the capability to bind to PCNA, and PCNA activates the 

nucleatic activity rendered by Fen1 [206]. However Fen1 also could have other roles in 

other pathways such as HR and BER [207, 208]. Very interestingly a FEN1 homolog with 

a remarkable 73% homology was detected in the planaria genome. The discovered 

sequence contained an XPG-N domain and an XPG-I domain as seen in the human Fen1 

counterpart (Figure 6.10). How this molecule could impact the NHEJ and HR individual 

pathways or how it impacts the overall homeostasis of the planaria remains to be 

investigated.  

 

Ligation 

  Post polymerase activity, the ligases will aid the end joining of the broken strands. 

Several ligases have been suggested as crucial ligases during the NHEJ pathway. The most 

flexible ligase is DNA ligase IV and it has the capability to effectively ligate double 

stranded DNA and to some efficiency the single stranded DNA [141, 209]. In order for 

efficient ligase activity, XRCC4:XLF complex needs to aid DNA ligase IV interaction with 

the damaged ends [210]. However lack of XRCC4 still enables Ligase Iv activity implying 

other proteins not yet identified could play an important role [211]. Analysis into the 

planarian genome retrieved a homolog for DNA ligase IV with 60% similarities containing 

particular domains found in Ligases (Figure 6.11). Whether this is the Ligase IV and 

whether it’s functionally conserved in the planaria remains to be found. However XRCC4 

and XLF homologs have not been retrieved. This is also significant since XRCC4 

deficiency causes embryonic lethality. Studies have further demonstrated that deletion of 

ku70 rescues the XRCC4 lethality [212]. This could imply that XRCC4 is important for 

other functions than NHEJ ligation mediation. How ku70 knockdown changes the XRCC4 

lethality could provide valuable clues towards development, tissue repair and regeneration. 



84 
 

Studies performed in yeast and mice have demonstrated that NHEJ ligation could 

occur in the absence of Ligase IV [213]. Thus there has to be other components to perform 

Ligase IV independent joining. Whether such molecules are present in the planaria will 

remain for the future. 

 

Figure 6. 11 – Planarian homolog for DNA Ligase IV  
DNA Ligase IV is important components for the NHEJ pathway (A) Predicted planarian Ligase IV 

sequence contains 60% homology to the human Ligase IV sequence. This particular sequence contains 

a DNA ligase N terminus, and an ATP dependent ligase domain and an ATP dependent ligase domain 

C terminus. 
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Figure 6. 12 – Planarian homolog for Caspase 2 and Cathepsin B  
Caspase 2 and Cathepsin B are important for DNA damage induced cell death pathways. (A) Predicted 

planarian Caspase 2 sequence contains 44% homology to the human Caspase 2. This particular sequence 

contains a CARD domain and a Peptidase domain typical for caspase 2 proteins. (B) Predicted planarian 

Cathepsin B sequence contains 72% homology to the human Cathepsin 2. This particular sequence contains 

a Peptidase C1 domain typical for Cathepsins. 
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6.2.6 – DNA damage induced cell death 

Post DNA damage, the cell attempts DNA repair by chromosome rearrangement or 

by elimination the cell via cell death. Therefore the activation of cell death pathways post 

DNA damage has been observed and is important for reducing pathology and to maintain 

normal homeostasis. The major mode of activation of cell death post DNA damage is 

apoptosis. This has been demonstrated by DNA repair deficient cells which show increased 

cell death induced by apoptosis [214, 215]. TUNEL analysis between amputated control 

and lethally irradiated planarian fragments has not shown a difference. This might imply 

that planarians might not induce extra cellular death post IR and during amputation. 

However performance of caspase 3 antibody over a IR time course have indicated a 

constant up regulation of caspase 3 which might mean that there is an increase in apoptosis 

post IR . (data not shown) 

DSB DNA damage can trigger death receptor associated apoptosis pathway or the 

mitochondrial damage pathway. Both these pathways lead to the activation of caspase 3. 

Further, UV radiation can also block transcription of RNA, down regulation other modes 

of cellular activities, providing apoptosis as the as the preferred damage elimination mode. 

The main pathway of apoptosis activation is through p53 mediation, which is activated by 

the DNA damage sensors. p53 will in turn activate p21 which induces cell cycle arrest and 

trigger apoptosis by activating PUMA, Bax, Bak, Noxa which in turn induces cytochrome 

c release. Cytochrome release activates caspase 9 and caspase 3 respectively programming 

the cell to die through apoptosis. Planarian p21 or an ortholog for this protein has not yet 

been discovered. However the Planarian mitochondrial apoptosis pathway is conserved 

[216]. Thus analysis into the pathway has retrieved a homolog for Bak and this has been 

implicated to be important for cell death induction through the mitochondrial apoptosis 

pathway [216]. Further analysis into the genome did not retrieve Bax, PUMA or Noxa. 

Thus Bak might play an important role during DNA damage to initiate the decision for  cell 

death progression. 

AKT has been implied as an inhibitor of apoptosis by inactivating BAD and caspase 

9. In the Rad51(RNAi), AKT gene expression is slightly higher in the posterior (data not 

shown). Thus the decision to induce cell death more in the posterior than the anterior, and 

allow a few cells to divide could be made by AKT. Double head (DT) and double head 

(DH) animals injected with Rad51 and AKT combos might shed further light into the 

matter,  

Apoptosis can also occur independent of p53 [217]. p53 family of proteins contains 

p63 and p73 which also can activate apoptosis independent of p53 [218]. In fact the 

identified smed-p53 sequence is similar to human p63, except the lack of a SAM domain 

categorizes it as smed-p53 [36]. Another pathway is mediated by Caspase 2. Caspase 2 can 

activate cytochrome c or the mitochondrial apoptotic pathway [219]. Caspase 2 has been 

implicated in DNA damage induced apoptosis as well [220]. Planarian genome contains a 

homolog for caspase 2 with a 44% homology (Fig 6.12A). Whether this molecule plays a 

role during DNA damage responses or whether it is recruited during HR or NHEJ pathways 
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remains to be resolved. Further there are caspase independent cell death pathways, induced 

due to death receptor stimulation. While cellular stress and death receptor stimulation 

might stay equal in both modes of cell death, caspase independent pathway is activated by 

lysosomal stress and continuous activation of cathepsins. A cathepsin B homolog with 72% 

identity and similarities to the human counterpart was recognized in the planarian genome 

(Fig 6.12 B). This further could illustrate how much different death pathways could be 

involved and activated upon DNA damage.  

Post Rad51(RNAi) the posterior region increases TUNEL expression compared to 

controls and anterior region of the Rad51(RNAi). However the amount of cell death is 

relatively higher when stained by TUNEL versus the annexin V or caspase 3 staining. 

TUNEL assay could stain cells that have died by modes other than apoptosis, implying 

Rad51 down regulation could trigger more than apoptosis.  

 

6.3 – Conclusion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 - DNA damage repair pathways are conserved in the planaria  

DSB sensors, mediators and DSB specific repair genes are conserved and found in the 
planaria. This figure illustrates a summary of some of the molecules based on 
mammalian models.  
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Planaria can retain higher rate of DNA damage induced by IR. This implies that 

these animals maintain efficient DNA repair mechanisms. Bioinformatics analysis revealed 

a number of conserved genes related to sensors, mediators, transducers and DSB repair 

pathways. Understanding the functions of these genes utilizing planaria as a model 

organism will give an edge to understanding DNA repair pathways and how they are 

regulated in vivo in the complexity of the whole organism. The conservation of each 

pathway indicate that planaria could be utilizing HR and NHEJ pathways to help repair 

DNA. How efficiently these pathways function, and which is the prioritized DNA repair 

mechanism upon DNA damage has not been elucidated. Thus I will delve more into 

understanding how these pathways function to mediate DSB repair in the planaria in the 

subsequent chapters. 
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Chapter 7 

Rad51 is important for DNA Repair, tissue homeostasis and 

tissue repair and regeneration 

 

7.1 – Introduction 

7.1.1 – Rad Related Proteins  

Unicellular and multicellular eukaryotic organisms are frequently at risk of DNA 

damage that can be induced due to extrinsic and intrinsic causes. Therefore cells have 

evolved several DNA damage induced defensive mechanisms to mitigate the damage and 

maintain stability. These pathways could; (1) mediate cell cycle arrest until the damage has 

been restored, (2) activate cell cycle repair mechanisms to repair the damage (3) mediate 

programmed cell death to eliminate the damaged cell from the cellular pool. Some of the 

major players during DNA repair belongs to the Rad (Radiation sensitive) related proteins. 

Rad proteins were initially discovered in yeast as proteins that were extremely sensitive to 

DNA damaging reagents, specifically to heat and gamma irradiation [221-223]. Since then 

homologous genes to different Rad related proteins have been discovered in other species 

[224, 225] . All these proteins are commonly sensitive to DNA damaging agents and are 

involved with DNA repair. Bioinformatics analysis have confirmed that these genes are 

highly evolutionarily conserved. As of August 2014, UniProt protein database contains 

several entries for Rad or radiation sensitivity related proteins and the number of genes 

present in each organism shown in table 1. 

 

Table 7. 1 - Rad related proteins across eukaryotes (August 2014) 

Species Number of entries for Rad related Proteins in 

UniProt 

Homo sapiens 33 

Arabidopsis thaliana 16 

Saccharomyces cerevisiae 458 

Mus musculus 61 

Drosophila melanogaster 32 

Caenorhabditis elegans 15 

Danio rerio 18 

 

Several Rad related proteins are embryonically lethal and therefore understanding 

their in vivo function remains a challenge. The idea that NHEJ, not HR, is the pre dominant 
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DNA repair mechanism in the mammalian system has taken the focus away from 

understanding the function of HR and the Rad related proteins involved with this pathway. 

Mammalian tissue containing the hematopoietic stem cell compartment maintains low 

cellular turnover and therefore probably utilizes the NHEJ mechanism rather than the 

energy consuming HR pathway that requires constant cellular turnover  [226]. However 

different mammalian tissues contains different rates of cellular turnover and therefore we 

still cannot eliminate the importance of HR towards DNA repair in higher eukaryotes. In 

this particular chapter I will focus on an important Rad related protein, Rad51. This protein 

is termed Rad51, Rad51A or RecA through this thesis. 

 

7.1.2 - Rad51 family of proteins and Rad51/RecA structure and function 

DNA repair pathways contain varying amounts of structural conservation across 

species. The percentage of sequence identity of key major players in DNA repair pathways 

and genes involved, could vary based on the complexity of the organism. Even though the 

sequence identity is not always conserved, the function initiated by the pathways seems to 

be highly conserved across species. One pathway that maintains high degree of functional 

conservation is the homologous recombination pathway since components of these 

pathways have been known to repair DSB efficiently across bacteria, fungi, plant and 

animals. HR possesses high fidelity DNA repair capabilities and is the chosen pathway 

during cell cycle progression. One of the key players in the pathway, Rad51, mediates 

homologous search and strand invasion. This key protein is conserved in the bacteria where 

it is known as RecA and forms nucleoprotein filaments and homologous DNA search and 

strand transfer [227]. Unlike most other proteins that diverged based on sequence 

similarity, Rad51 homologs have maintained remarkable sequence conservation (figure 

7.2). The evolutionary relationship or the emergence of this protein remains unclear. 

However eukaryotes contain Rad51 (RecA) and several Rad51 paralogs, though these 

paralogs cannot replace Rad51 function in vivo [228]. Most eubacteria contain one RecA, 

however studies confirm that several archeal species contain two RecA homologs (RadA 

 

 

  

 

Figure 7. 1 -  Human Rad51A structure  
Human Rad51 contains an HhH and two walker domains. All these domains are important for DNA 

binding and ATP hydrolysis. Binding of Rad51 to form nucleoprotein filaments requires energy and 

thus these domains may play a vital role during filament formation. 
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and RadB)[227]. Further in eukaryotes, a separate Rad51 paralog Dmc1 evolved to mediate 

recombination during meiosis, whereas Rad51 is involved with meiotic recombination 

[229, 230].  

Rad51 or Rad51A is the eukaryotic ortholog of bacterial RecA protein. Similar to 

the bacterial homolog, eukaryotic Rad51 proteins are also involved with DNA double 

strand break repair via the homologous recombination pathway [231-233]. One crucial 

difference between RecA and human Rad51 is the lack of an N terminal domain in the 

RecA proteins. This N terminal of human Rad51 harbors an endonuclease III like region, 

which could be involved with nuclease activity. However the exact function of this domain 

has not been clarified [234]. Mammalian Rad51 is a 339 amino acid protein that contains 

an HhH domain (helix-hairpin-helix) which is a DNA binding motif and two walker 

domains which also is important for DNA binding and ATP hydrolysis (Figure 7.1). Since 

the functions of Rad51 involves homology search and DNA strand exchange, these 

domains are vital for the function.  Further analysis into the Rad51 sequence structure 

shows that Rad51 possess binding regions for p53, BRCA2, Chek1, PALB2, Rad51C, 

Rad52, XRCC3, Rad51AP1 [235-239].  

Rad51-/- confers embryonic lethality by E7.5, and seems to arrest cell cycle 

progression as early as E5.5 [240]. These embryos showed decreased Brdu in cooperation 

and increased TUNEL staining at E7.5 [240]. Whether the disruption in proliferation in 

Rad51 null mice is due to arrested cell cycle progression, or due to increase in cell death 

needs further investigation. Thus understanding Rad51 in vivo function in adults remains a 

challenge.  

RecA protein structure was described to form nucleo-protein filamentous structures 

[241] The 3D crystal structure of Rad51 which differs in some respect to the RecA structure 

has been reported and confirms a filamentous structure that loops as a helix. The Rad51 

filament in eukaryotes contains a longer pitch than RecA and this could help effective 

homology search and strand exchange [242]. It has also been suggested that Rad51 

oligomerizes and changes the filamentous structure during DNA binding. During DNA 

binding, oligomerized Rad51 protein filaments fits into the DNA with 19 base pairs per 

helical turn and helps to unwind and stretch the DNA strand [243, 244]. 3D crystal structure 

analysis to characterize Rad51 function and structure has provided valuable insights. How 

Rad51 initially binds to the DNA, displace RPA, and performs homology search requires 

further research. 

 

7.1.3 - Rad51 is controlled by tumor suppressors and is activated during Cell cycle 

progression 

Rad51 expression is mainly cell cycle dependent. In mice, Rad51 is primarily 

expressed transcriptionally starting from late G1 phase through the M phase in the nucleus 

[245]. The observed Rad51 at the G0 phase was primarily localized to the cytoplasm and 

some to the nuclei [245].  Mammalian Rad51 seems to be controlled by E2F family of 
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transcription factors where E2F4 activates the early onset of Rad51 protein expression, and 

E2F1 and E2F2 maintains the expression during the G1/S phases of the cell cycle. [246] 

Since Rb sequesters E2F transcriptional activators and inhibits cell cycle progression, 

Rad51 expression is probably controlled in quiescence cells by Rb [247]. However in cells 

where cyclin dependent kinase is hyper activated or Rb inactivated, Rad51 is known to be 

over expressed. Thus Rb negatively regulates Rad51 expression and function. However, 

Rb and Rad51 functional interaction to mediate DNA repair, homeostasis, tissue repair and 

regeneration and during ageing remains unanswered. 

Analysis based on Rad51 sequence structure indicates that the WT (wild type) p53 

tumor suppressor could directly bind to Rad51 [248]. P53 is activated upon DNA damage 

and helps to regulate many DNA repair processes (NER, BER, MMR, NHEJ, HR)[249]. 

Like Rb, p53 is known to negatively regulate Rad51 by suppressing Rad51 expression 

transcriptionally or functionally by inhibiting Rad51 nucleoprotein filament formation 

[249]. Rad51 has the capability to interact with p53 and this process is known to occur 

during several different steps during HR. Thus p53 activation could facilitate impaired HR 

repair processes. Studies performed in p53 deficient mice shows increased HR activity 

[250, 251]. In fact early studies have demonstrated that Rad51-/- embryos were capable of 

progressing beyond E7.5 in a p53 null background [240]. 

Implications of Rad51 overexpression towards cancer progression could correlate 

with the above observed tumor suppressor activity. A mutation or a loss of function in Rb 

and p53 could lead towards Rad51 overexpression, which in turn could increase 

homologous recombination and disrupt cell cycle progression. Further, cells could resist 

DNA damaging agents and confer drug resistance, specifically resistance to anti-cancer 

drugs, which can contribute towards cancer progression. The idea that in adult animals, 

Rad51 gets over expressed in response to disruptions in normal cell cycle behavior, is a 

clear indication about its regulatory role during adult cell division. 

7.1.4 - Rad51 repairs DNA damage and is involved with cell death 

Cell death is a homeostatic mechanism that is utilized by living systems to 

compensate and balance the cellular proliferation. This mechanism is also vital during 

DNA damage, tissue repair/regeneration and aging. Upon DNA damage, a cell can utilize 

several decisions; cell cycle arrest and DNA repair, senescence, cell death to eliminate the 

damaged cell. Yeast Rad51 mutants show an increase in cell death and with an 

accumulation of cells at G2/M phase prior to cell death [252]. p53 plays a central role 

towards the decision towards apoptosis, and p53 is also known to control Rad51 expression 

and function in vivo [248]. In fact Rad51 promoter region contains a p53 response element 

and increase in p53 expression is known to down regulate Rad51 expression and function 

[248, 253]. This implies that down regulation of Rad51 could mediate p53 modulated 

increase in apoptosis. Thus, Rad51 could be directly or indirectly involved with mediating 

cell death. 
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Studies in bovine and mouse oocytes have shown an increased sensitivity to UV Table 7. 2  – Rad51 family paralogs 

Name Viability Function  

DNA Repair 

Protein XRCC3, X-

ray repair cross 

complementing 

protein 3 

Embryonically 

lethal 

Involved with HR 

DSB repair. Holiday 

junction resolution 

Functions downstream of 

Rad51 and directly binds 

to Rad51, BRCA1 and 

BRCA2 dependent 

XRCC2 Embryonically 

lethal 

Involved with HR 

DSB repair. Together 

with Rad51D 

stimulate Holiday 

junction resolution 

Forms the BCDX2 

complex and a BCDX2 

sub complex with 

Rad51D. 

Rad51B, DNA 

repair protein 

Rad51 homolog 2, 

Rad51L2 

Embryonically 

lethal 

Forms BCDX2 

complex and is 

involved with HR 

DSB repair, Senses 

DNA damage 

Forms a stable 

heterodimer with Rad51C, 

overexpression stalls cell 

cycle progression and 

increases cell apoptosis, 

BRCA1 and BRCA2 

dependent, may promote 

the assembly of 

presynaptic Rad51 

nucleoprotein filaments. 

Rad51C, DNA 

repair protein 

Rad51 homolog 3, 

Rad51L2 

Embryonically 

lethal 

Involved with HR 

DSB repair, 

Resolution of Holiday 

Junctions [2] 

Forms the BCDX2 

complex. Interacts with 

Rad51B and XRCC3, 

important during early and 

late phases of HR 

Rad51D, DNA 

repair protein 

Rad51 homolog 4, 

Rad51L3 

Embryonically 

lethal 

Involved with HR 

DSB repair. Together 

with XRCC2 

stimulate Holiday 

junction resolution 

Forms the BCDX2 

complex and a BCDX2 

sub complex with XRCC2. 

Dmc1, disrupted 

meiotic DNA, 

LIM15 homolog 

Viable Important for meiotic 

recombination and 

resolution of meiotic 

double strand breaks 
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radiation. Mouse oocytes showed increased cell death and cellular fragmentation, while 

bovine oocytes showed an increase in apoptosis but did not display massive cellular 

fragmentation. Rad51 down regulation however resulted in massive cell death which was 

partially rescued by microinjecting recombinant human Rad51 [254]. This study implies 

that Rad51 could be vital for DNA repair during bovine developmental stages and the 

mediated cell death could be due to accumulation of cells with damaged DNA.  

 

7.1.5 - Rad51 paralogs 

Rad51 paralogs or Rad51 like genes have been characterized first in Saccharomyces 

cerevisiae and later in other eukaryotic model organisms. All Rad51 paralogs mediate 

DNA repair and most of them are embryonically lethal. In Saccharomyces cerevisiae 

Rad51 like genes are represented by Rad55, Rad57 and Dmc1. In humans these are Dmc1, 

XRCC2, XRCC3, Rad51B, Rad51C, and Rad51D. XRCC2, XRCC3, Rad51B, Rad51C 

and Rad51D paralogs share 20 – 30% homology with Rad51A, while Dmc1 contains 50% 

homology to Rad51A. All paralogs contain walker A and walker B domains, however the 

HhH domain is only found in Rad51 and Dmc1 proteins [255]. All these homologs are 

involved with DNA repair, but does have distinct functions and cannot function in place of 

Rad51A (meaning replace it) (Table 7.2). This is evident with the Rad51deficient 

embryonic lethality. These paralogs forms two complex in vivo; BCDX2 and CX3 [256]. 

BCDX2 complex contains Rad51B-Rad51C-Rad51D-XRCC2 and CX3 complex is formed 

by Rad51C-XRCC3. BCDX2 is known to function upstream of Rad51 and downstream 

from BRCA2 [257]. Therefore it is suggested that the BCDX2 complex is important to 

recruit Rad51 to the DSB sites and binds to branched DNA [2, 258, 259]. In contrast CX3 

is known to function downstream from Rad51 but is crucial for the proper DSB repair. 

Further BCDX2 complex is dependent on BRCA2 but not Rad52 during homologous 

recombination. 

  

 

7.2 - Results 

7.2.1 - Schmidtea mediterranea Rad51 homolog maintains remarkable conservation 

in structure 

Schmidtea mediterranea possess remarkable recovery under X-ray radiation 

exposure. >600 rad of radiation exposure could be lethal for mice, while Schmidtea 

mediterranea are capable of withstanding up to 1750 radiation [79]. Since X-ray radiation 

creates DSBs, planaria must possess effective DSB repair mechanisms to tolerate high 

levels of radiation. Thus, I proceeded to investigate the well-known and conserved DSB 

repair mechanisms conserved across species; HR and NHEJ. The NHEJ pathway will be 

described in a later chapter and this chapter will focus more on the HR pathway and 

specifically the key player in HR mediated repair, Rad51. 
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Investigation into the sequenced planaria genome revealed one planarian homolog 

for Rad51 (or RecA). The homolog was identified using Schmidtea mediterranea genome 

database[67]. A 6 frame translation was performed on the identified mRNA sequence and 

 
 

Figure 7. 2  - Schmidtea mediterranea Rad51 homolog is structurally conserved  
(A) Alignment with the smed-Rad51 sequence with human Rad51 using CLUSTALW, implied sequence 

homology to be ~90% (B) Phylogenetic relationship among Primates and invertebrates based on the 

protein sequences of Rad51. Alignment of the 12 sequences was done in Clustal X.  Maximum 

Likelihood method was based on the JTT matrix-based model. The percentage of trees in which the 

associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search 

were obtained automatically as follows. When the number of common sites was < 100 or less than one 

fourth of the total number of sites, the maximum parsimony method was used; otherwise BIONJ method 

with MCL distance matrix was used. A discrete Gamma distribution was used to model evolutionary 

rate differences among sites (5 categories (+G, parameter = 4.1754). The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. Branch support is under 5000 Bootstrap 

replicas. Evolutionary analyses were conducted in MEGA5. 
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protein domain predictions were obtained by pfam, BLAST and HHMER. Alignment of 

the smed-Rad51 sequence with human Rad51 using CLUSTALW, implied sequence 

homology to be ~90% (Figure 7.2A). Align ment of several Rad51 homologs from different 

species have confirmed high degree of sequence similarity and conservation with the 

Schmidtea mediterranea Rad51 (data not shown). The identified sequence maintained 

some sequence dissimilarities in the N terminal region, however was more conserved at 

the C terminal region. Since the amino acid sequence determines the protein structure and 

its 3D confirmation, investigating whether the amino acid changes in the N terminal region 

possibly play a role to increase endurance post IR could prove to be valuable for the DNA 

repair field. The 3D crystal structure of human Rad51 has already been characterized and 

its filament formation capability with DNA has been investigated. Whether the planarian 

Rad51 protein maintains this capability remains to be characterized. Efficient Rad51 

loading on to the DSB ends and unloading is important for proper HR mediated DNA 

repair. Whether the kinetics of this remains the same between the two species remains 

further investigation. 

 
 

Figure 7. 3  – Schmidtea mediterranea Rad51 is expressed in neoblasts   
 (A) Rad51 was primarily expressed in the X1 population (proliferative neoblasts) (N=4) (B) RNA 

extracted from whole worm fragments indicate equal distribution of Rad51 in the anterior and 

posterior fragments. (n=20) 
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To analyze the evolutionary relationship, 12 sequences from different eukaryotic 

species were aligned together using Clustal X. Maximum Likelihood method was based on 

the JTT matrix-based model to construct the phylogenetic tree. The percentage of the trees 

is displayed on the branches. The tree has been drawn to scale and evolutionary analysis 

was performed using MEGA5 using 1000 Bootsrap replicas (Fig 7.2 B). The phylogenetic 

scaling provides a closer relationship for planarian Rad51 homolog with mammalian and 

other vertebrate counterparts.  

 

7.2.2 - Schmidtea mediterranea Rad51 is expressed in proliferative cells and is down 

regulated upon Rad51(RNAi) 

Homologous recombination pathway where Rad51 plays a crucial role repairs DNA 

damage only [260] during cell cycle progression. Therefore Rad51 is known to be 

expressed primarily in dividing cells. Rad51 expression was mostly localized to the 

cytoplasm in quiescent cells or was not expressed at all. With the progression of cell cycle, 

Rad51 localizes to the nucleus around G1/S phase of the cell cycle. Quantitative pcr on 

 
 

Figure 7. 4 – Rad51 is down regulated upon Rad51 RNAI microinjections  
(A) Intact animals received microinjections with water (control) or Rad51 dsRNA as illustrated. (B) 

Rad51 is down regulated equally across anterior posterior axis in the Rad51(RNAi) (C) Rad51 

protein expression is down regulated by Rad51 dsRNA administration. 
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RNA extracted from anterior and posterior fragments of whole worm control planarians 

showed no changes in the gene expression along the anterior posterior axis (Fig 7.3 B) 

(Four independent experiments).  

To understand Rad51 expression in different cell populations in the planaria, 7 day 

starved planarians (n=20) were amputated into anterior and posterior fragments and FACS 

sorted to isolate X1 (neoblast), X2 (early division progeny) and Xins (late division 

progeny) populations. Draq5 as a DNA content marker and calcein as a viability marker 

was used to identify the above populations and AriaII flow cytometer was used to sort 

them. The sorted cells were immersed in trizol to extract RNA and cDNA was synthesized. 

The quantitative pcr analysis indicated that Rad51 was primarily expressed in the X1 

population (proliferative neoblasts) (Fig 7.3A) (n=20). X2 and Xins populations in the 

anterior and posterior segments maintained similar Rad51 levels. Since X2 and Xins cells 

represent post mitotic cell populations, Rad51 expression might be maintained at low levels 

in these cells  

Neoblasts are the only dividing cells in the planaria and therefore HR probably 

occurs only in the planarian neoblasts. Rad51 gene expression at the quantitative level 

maintains some differences along the anterior posterior axis. Compared to the posterior, 

anterior X1 population maintained higher Rad51 expression (Fig 7.3 A). This implies, in 

intact planaria, during homeostasis an anterior neoblast probably express more Rad51 than 

a posterior neoblast. 

To understand the functional relevance of the planarian homologous recombination 

pathway, a ~500bp Rad51 fragment was cloned into pBluescript plasmid. This was used to 

synthesize Rad51 dsRNA which was injected into the animals using the microinjection 

schedule in figure 7.4 A.  Please note that the control set of animals and the injected animals 

were starved for the duration of the injection schedule. The Rad51(RNAi) animals were 

processed 30 days post first injection and RNA extracted for quantitative pcr (qpcr). 

Quantitative analysis of Rad51 gene expression by qpcr confirmed down regulation of 

Rad51 equally in the Rad51(RNAi) anterior and posterior fragments (Fig 7.4 B) (Three 

separate experiment). Stability of proteins in vivo differs based on the half-life. In order to 

confirm Rad51 protein expression, control and Rad51(RNAi) animal protein extracts were 

analyzed by western blot assay using α-Rad51 antibody. This data validated down 

regulation of Rad51 at the protein level 30 days post first injection (Fig 7.4C) (N=3). This 

system that maintains down regulation of Rad51 at the gene and protein level can now be 

utilized to understand Rad51 function in the Schmidtea mediterranea 

 

7.2.3 - Schmidtea mediterranea Rad51 maintains functional conservation 

Irradiation induces DNA damage in the planaria (Figure 7.16). However the 

animals are capable of recovering from the induced damage post sub-lethal irradiation and 

maintain proliferation. Thus I hypothesize that there are DSB repair mechanisms conserved 
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in the planaria. Schmidtea mediterranea Rad51 homolog maintains remarkable structural 

conservation and therefore could also be conserved functionally. To investigate the 

 
 

Figure 7. 5 - Schmidtea mediterranea Rad51 maintains functional conservation    
(A) Control (31.5 ± 6.4) and Rad51(RNAi) (0.006 ± 0.17) indicates a significant down regulation of 

mitotic cells post sub-lethal IR (Student T test p = 1.5x109 (N=3, n= 12). (B) mitotic cells are severely 

down regulated 24 hours post irradiation, and gradually increases over time (C) Rad51 at protein level 

is down regulated 24 hours after IR and gradually increases at 3 days, peaking at day 5 post sub lethal 

IR 
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functional conservation of Rad51, Rad51 expression was down regulated using the RNAi 

microinjection schedule in Figure 7.4A. 25 days post first injection, control and 

Rad51(RNAi) animals were provided a sub-lethal dosage of irradiation (1000 Rads). 7 days 

post irradiation and 32 days post first Rad51(RNAi) injection, animals were fixed using 

Carnoy fixation method and was stained for mitosis using the mitotic marker histone 3 

phosphorylation (H3p). Compared to the control Rad51(RNAi) animals contained no 

mitotic cells (Fig 7.5 A). Control (31.5 ± 6.4) and Rad51(RNAi) (0.006 ± 0.17) indicates a 

significant down regulation of mitotic cells (Student T test p = 1.5x109 (3 separate 

experiments, n= 12). Thus Rad51 expression is required to recover cell proliferation post 

sub-lethal irradiation.  

A time course quantification of control WT planaria post sub-lethal irradiation 

(1000 rads) confirmed that mitotic cells are severely down regulated 24 hours post 

irradiation. The cell proliferation levels increase 5-7 days post irradiation (Fig 7.5 B). To 

investigate whether Rad51 could be playing a role towards this recovery, Rad51 gene 

expression and protein expression in irradiated worms were evaluated. Control WT animals 

were sub lethally irradiated and fixed and RNA or protein extracts were isolated at days 1, 

3, 5, 7 post sub lethal IR. Western blot analysis indicated that Rad51 at protein level is 

down regulated 24 hours after IR and gradually increases at 3 days, peaking at day 5 post 

sub lethal IR (Fig 7.5 C) (3 separate experiments). Gene expression analysis using qpcr 

also indicated an increase in Rad51 gene expression 5 days post IR which coincide with 

the protein expression (Fig 7.5 D). This expression further coincides with the mitotic cell 

recovery seen 5 days post IR (Figure 7.5 B). Thus I hypothesize that Rad51 mediated HR 

could be involved with DSB repair 3-5 days post sub lethal IR. This expression is essential 

for the neoblasts to recovery and to maintain proliferation. This set of data further suggests 

that Rad51 mediated DSB repair is conserved in the Schmidtea mediterranea. 

 

7.2.4 - Rad51 down regulation disrupts cell proliferation during normal homeostasis 

Rad51 is primarily expressed in dividing cells, and E2F family of proteins and 

tumor suppressors, Rb and p53, has known to mediate some regulatory role towards Rad51 

expression and function [247, 248]. Planaria possesses a pool of proliferative neoblasts that 

maintain homeostasis, tissue repair and regeneration. Thus understanding the relevance of 

Rad51 during maintenance of planarian homeostasis, tissue repair and regeneration 

remains to be characterized. NHEJ has been described as the primary mammalian DSB 

repair mechanism and these studies have been mainly performed using hematopoietic stem 

cells, which is a quiescent population. Lack of proliferative prowess and a focus to 

conserve energy, might have rendered the hematopoietic stem cell population to choose 

NHEJ pathway as the main DNA repair mechanism.  

However, most HR pathway molecules, not NHEJ pathway molecule down 

regulation confer embryonic lethality. Thus during development where proliferation is at 

its peak, the choice of the error less HR pathway seems more appropriate. Due to the fact 

that Rad51 is embryonically lethal and its expression is possibly limited to a few 
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proliferative cells in various mammalian tissues could be a barrier to understand the 

function and relevance in mammals in vivo.  

Down regulation of Rad51 gene and protein expression in the planaria was achieved 

by 30 days post Rad51(RNAi) (Figure 7.4). However since these animals did not show any 

lethality around this time, they provide a platform to study Rad51 function in vivo during 

maintenance of homeostasis in the complexity of the whole organism. Rad51 usually 

expressed in the cytoplasm localizes to the nucleus around the G1 phase of the cell cycle 

and maintains expression until the M phase, probably to sustain genomic stability in case 

genomic stress is induced during the S phase of the cell cycle  [260].Yeast studies have 

demonstrated that Rad51 over expression mediates a G2/M arrest which is not seen in HR 

deficient mutants [261]. Further studies performed in vitro using cancer cell lines indicate 

that Rad51 is not important for cell cycle progression [262]. But embryonic lethality 

observed in the absence of Rad51 and lack of in vivo studies creates a gap and poses many 

questions regarding the intrinsic roles mediated by Rad51, in vivo, in the complexity of the 

whole organism.  

Striving to understand Rad51 function during cell cycle progression, Rad51(RNAi) 

and control cohorts 30 days post first injection (PFI) were fixed in carnoy and stained with 

H3p. Opposing the in vitro studies mentioned above, Rad51(RNAi) contained severer 

down regulation in H3p positive cells compared to the controls 30 days post first injection 

(Figure 7.6). Strikingly the down regulation was more dramatic in the posterior region 

where no proliferative cells were observed. The anterior region maintained few 

proliferative cells, but still maintained a significant ~5.5 fold down regulation compared to 

controls (Figure 7.6 A-B). Quantification of the mitotic cell counts over an area mm2 

provided the following results for anterior mitotic quantification; Control anterior 260.8 ± 

98.9, Rad51(RNAi) anterior 47 ± 19.5 (n=21, p=0.00001). The posterior mitotic analysis: 

Control posterior 227.7 ± 99.8, Rad51(RNAi) posterior 3.02 ± 3.3 (n=21, p=0.00001) 

(Figure 7.6 C). This data clearly shows a marked down regulation in proliferation with the 

impairment of the homologous recombination pathway in the planaria that tries to maintain 

a large proliferative stem cell pool during normal homeostasis. 

The Rad51 dsRNA micro injections were provided at the anterior region of the 

animal. Studies have confirmed that wounding induces proliferative response in the 

planaria [263]. To eliminate that the injection performed in the anterior region is the cause 

for the proliferation observed, animals were either injected anterior only or posterior only 

and fixed 35 days post first injection. Note that these animals were fixed at least 4 days 

post last injection. Following this experimental procedure, H3p analysis showed no 

differences between the anterior only or posterior only injected animals. Further these 

animals still maintained regional differences in cell proliferation (Figure 7.6 D). Anterior 

injected; Rad51(RNAi) anterior region 15.43 260.8 ± 7.6, Rad51(RNAi) posterior region 

1.16 ± 1 (N=2, n=9). Posterior injected: Rad51(RNAi) anterior region 13.24 ± 11.39, 

Rad51(RNAi) posterior region 2.41 ± 2.9 (N=2, n=9) Thus the regional differences 
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observed based on H3p positive cells were not due to the wounding introduced during 

dsRNA administration.  

 
 

Figure 7. 6 – Rad51(RNAi) down regulates mitosis 
(A-B) Compared to controls, Rad51(RNAi) down regulated H3p positive cells. Further regional 

differences were observed where cells only divided in the anterior. (C) Control anterior 260.8 ± 98.9, 

Rad51(RNAi) anterior 47 ± 19.5 (N=3, n=21, p=0.00001). The posterior mitotic analysis; Control 

posterior 227.7 ± 99.8, Rad51(RNAi) posterior 3.02 ± 3.3 (N=3, n=21, p=0.00001) (D) Animals 

injected anterior or posterior still maintained regional differences. Anterior injected; Rad51(RNAi) 

anterior region 15.43 260.8 ± 7.6, Rad51(RNAi) posterior region 1.16 ± 1 (N=2, n=9). Posterior 

injected; Rad51(RNAi) anterior region 13.24 ± 11.39, Rad51(RNAi) posterior region 2.41 ± 2.9 (N=2, 

n=9) (E) Rad51 RNAi by feeding with the lack of a microinjection still maintained regional differences. 

Control anterior 499.38 ± 171.8, Rad51(RNAi) anterior 163.81 ± 102 (p= 0.00001), Control posterior 

408.36 ± 112.67, Rad51(RNAi) posterior 65.24 ± 38.07 (p=0.0000001) (N=2, n=11). 
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To further confirm that the observed regional difference is not due to constant 

wounding at the anterior region, Rad51 dsRNA was synthesized using the in vitro dsRNA 

synthesize method and mixed with calf liver and fed to a cohort of planarians [264]. The 

Rad51 dsRNA feeding was administered 3 times a week for 30 days and fixed accordingly. 

Staining these animals with the H3p mitotic marker showed that the animals still maintain 

anterior posterior differences in cell proliferation (Figure 7.6 E). Thus this data validates 

that Rad51(RNAi) causes regional differences in cell proliferation and stem cell 

maintenance. Rad51(RNAi) by feeding with the lack of a microinjection still maintained 

regional differences. Control anterior 499.38 ± 171.8, Rad51(RNAi) anterior 163.81 ± 102 

(p = 0.00001), Control posterior 408.36 ± 112.67, Rad51(RNAi) posterior 65.24 ± 38.07 

(p =0.0000001) (n=11). 

Bromodeoxyuridine (5-bromo-2'-deoxyuridine or BrdU) is commonly used to 

assess rates of cell proliferation. BrdU is a synthetic thymidine analog that is in-cooperated 

into newly synthesized DNA during the S phase of the cell cycle. Thus BrdU positive DNA 

gets passed into the replicating daughter cells, and cells that stain positive for α-BrdU 

antibody can now we be utilized to assess rates of cell proliferation [265]. Therefore, to 

confirm changes in the proliferative status, whole animals were in cooperated with BrdU 

and stained with α-BrdU antibody. Animals were injected with Rad51(RNAi) and post 30 

days of RNAi, BrdU was in cooperated for 12 hours using the BrdU soaking method [266]. 

Since the Rad51(RNAi) animals showed toxicity towards BrdU soaking, I was only able 

to keep animals alive for 12 hours post BrdU soaking. Injecting BrdU into the control and 

Rad51(RNAi) cohorts might induce wounding induced cell proliferation and therefore this 

method of BrdU in cooperation was avoided. The animals were then fixed in Carnoy and 

stained for BrdU as described in chapter 3 [266]. Similar to H3p staining, BrdU in 

cooperation was severely decreased in the Rad51(RNAi) compared to controls, and the 

animals contained more BrdU positive cells in the anterior than the posterior region: 

Control anterior 6150.3 ± 772.3, Rad51(RNAi) posterior 2171.1 ± 1091.3, Control 

posterior 3508.6 ± 590, Rad51(RNAi) posterior 1057.1 ± 590 (n=5, p=0.01) (Figure 7.7 A-

B & M).  

Quantification and analysis of the H3p+BrdU+ double positive cells in the intact 

animal showed that both markers are mostly concentrated to the anterior region in the 

Rad51(RNAi) (Figure 7.7A-E). Further control animals contain more H3p+BrdU+ double 

positive cells than the Rad51(RNAi) (Figure 7.7 G-L). However cells in the posterior 

region possessed BrdU positive cells which could imply either the following; (1) 

Proliferative cells incorporated BrdU at the posterior region, but arrested at the S phase or 

G2/M cell cycle checkpoints and could not proceed to the mitosis phase. (2) Cells migrated 

to the posterior region from the anterior region, but the cellular environment in the posterior 

prevented cell cycle progression.  This result implies that the cells might be attempting to 

proliferate but is incapable of proceeding to the mitosis phase, specifically in the posterior 

region of the Rad51(RNAi).  



104 
 

  

 
 

Figure 7. 7 – Rad51(RNAi) maintains regional differences in proliferation – 
 (A-B) Compared to controls, Rad51(RNAi) down regulated BrdU positive cells. (C-D) The same BrdU 

positive animals were later stained for H3p mitotic marker. (E-F) H3p+BrdU+ double positive cells are 

found in the anterior region of the animals than the posterior region. (G-L) Enlarging the above 

H3p+BrdU+ double stained animals indicate that cells that overlap for both BrdU and H3p is found in the 

control animals. (D) BrdU in cooperation was severely decreased in the Rad51(RNAi) compared to 

controls and the animals contained more BrdU positive cells in the anterior than the posterior region; 

Control anterior 6150.3 ± 772.3, Rad51(RNAi) posterior 2171.1 ± 1091.3, Control posterior 3508.6 ± 

590, Rad51(RNAi) posterior 1057.1 ± 590 ( n=5, p=0.01). scale bar = 200um. 
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 G1 phase S phase G2/M phase 

Control anterior 58.3 ± 0.5 14.8 ± 0.3 27.7 ± 0.4 

Control posterior 69.1 ± 0.4 12.3 ± 0.3 18.5 ± 0.2 

Ead51(RNAi) anterior 69.4 ± 0.7 23 ± 0.4 5.86 ± 0.5 

Ead51(RNAi) posterior 69.2 ± 0.2 30.3 ± 0.8 0 ± 0.2 

 

Figure 7. 8  – Rad51(RNAi) induced cell cycle arrest  

Rad51(RNAi) animals show more cell frequency at the S phase implying possible cell cycle 

arrest at the S phase. G2/M phase frequency was severely decreased indicating that cells fail to 

progress from the S phase into the mitosis phase. Rad51(RNAi) anterior showed the possibility 

of a few cells progressing towards the mitosis phase, while the posterior Rad51(RNAi) 

contained very little to no cells. Table represents 3 individual experiments and the standard 

error across the experiments. 



106 
 

To test the hypothesis that cell cycle progression is impaired in the Rad51(RNAi), 

I performed cell cycle analysis using FACS. After amputating the animals post pharyngeal 

and dissociating the anterior and posterior fragments separately, the cells were stained 

using either DAPI or Draq5 DNA content marker. This data was analyzed using LSRII 

flow cytometer. The data indicates a clear down regulation in proliferative cells in the 

Rad51(RNAi) and there seems to be cell cycle arrest at the S phase in the Rad51(RNAi) 

anterior and posterior fragments; Control S phase -12.3-14.8%, Rad51(RNAi) S phase - 

23-30.3% (Figure 7.8). But the most marked cell cycle arrest was observed during the 

G2/M phase implying that cells that entered S phase were not able to progress to the mitosis 

phase. This phenotype was more prominent in the anterior region further confirming the 

data obtained in figures 8.6 and 8.7; Control G2/M phase 18.5 – 27.7%, Rad51(RNAi) 

G2/M phase – 0-5.86%. The results portrayed is of N=1 experiment. Similar results with 

minimal to no G2/M progression in the posterior region was obtained by 3 separate 

experiments.  

Cell cycle mechanism is 

conserved and highly regulated. A 

network of proteins which includes 

cyclins, cyclin dependent kinases 

(CDK) and tumor suppressors 

govern cell cycle progression. Thus 

this process is tightly regulated by 

several cell cycle positive and 

negative regulators. In order to 

understand the gene expression 

level of several cell cycle 

regulators I performed quantitative 

PCR using RNA extracted from 

control and Rad51(RNAi) anterior 

and posterior fragments. The gene 

expression levels of each fragment 

was analyzed relative to UDP 

glucose (clone H.55.12e [117]) 

which was distributed equally 

across the control and 

Rad51(RNAi) anterior and 

posterior fragments. 

 
 

Figure 7.9 – Cell cycle genes are down regulated in 

the Rad51(RNAi).  
Cell cycle regulators are down regulated in the 

Rad51(RNAi) compared to the controls. Posterior 

Rad51(RNAi) fragments contain less gene expression than 

the anterior fragments. The heat map indicates down 

regulation of each gene relative to the control anterior or the 

control posterior. 
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Figure 7. 10 - Neoblast markers confer regional differences upon Rad51(RNAi).  
Compared to control (A) neoblast marker Smedwi-1 was down regulated in the Rad51(RNAi) (D). This 

is further validated by qpcr (G). Compared to control (B) early division progeny marker NB.21.11e was 

down regulated in the Rad51(RNAi) (E). This is further validated by qpcr (H). Compared to control (C) 

late division progeny marker Agat-1 was down regulated in the Rad51(RNAi) (E). This is further 

validated by qpcr (I). All these markers maintain regional differences. scale bar = 200um. 
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Rb (retinoblastoma protein) a tumor suppressor, tightly controls cell cycle at the G1 

phase by inhibiting E2F. E2F transcription factors initiates transcription of components 

necessary for the progression of cell cycle. Upon Rb hypo phosphorylation, E2F gets 

activated and G1 phase of the cell cycle proceeds with the aid of Cyclin D and CDK4/6.  

Initial gene expression analysis indicate a down regulation of the G1 phase regulators Rb 

and E2F, specifically in the posterior Rad51(RNAi) fragment. Interestingly Rb gene 

expression is ~5.6 fold up regulated in the anterior Rad51(RNAi) compared to the posterior 

Rad51(RNAi) implying possible Rb regulation in the anterior. p53 is another tumor 

suppressor expressed during cell cycle progression. In the presence of DNA damage or 

cellular stress, cell cycle progression is halted at cell cycle checkpoints, where p53 might 

modulate a decision of cell cycle arrest, repair, progression or death. p53 is down regulated 

in the Rad51(RNAi), but is relatively, equally distributed across the anterior and posterior 

axis. Interestingly Cyclins and CDKs are up regulated in the anterior region implying that 

cells are possibly attempting to progress through the cell cycle. Indeed FACS analysis 

 
Figure 7. 11  – Neoblasts and successive progeny are down regulated upon Rad51(RNAi)  
Anterior control 12.6 ± 1.9 and anterior Rad51(RNAi) 5.6 ± 1.5 frequency distribution over 3 separate 

experiments, (p=0.01). The posterior control 12.17 ± 0.4 and Rad51(RNAi) 5.7 ± 1.6 frequency 

distribution over 3 separate experiments. 
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indicates that the anterior S phase maintains 23% and G2/M 5.86% frequency of cells, 

which could be due to such an attempt (Figure 7.8). The absence of these genes in the 

posterior completely down regulates cells progressing through the cell cycle. Cyclin B 

which is required during the M phase of the cell cycle is highly down regulated specially 

in the posterior Rad51(RNAi) fragment expression. Thus lack of Cyclin B could play a role 

towards the number of cells progressing to the M phase. This further validates the mitotic 

analysis and FACS cell cycle analysis indicating lack of cell cycle progression in the 

anterior region. Relative to the posterior, the anterior Rad51(RNAi) fragment contains 

slight cyclin B levels enough to help a few cells to progress through the cell cycle.  

 

7.2.5 – Rad51 down regulation impacts neoblast and progeny markers 

 Several genes expressed in neoblasts, the early division progeny (X2) and late 

division progeny (Xins) has been extensively studied and characterized by several groups 

in the planaria field [33, 79]. Therefore I proceeded to assess neoblasts and their successive 

progeny gene expression using well know markers in the literature. Thus ISH and 

quantitative PCR was performed for markers specific to planarian; Smedwi-1, PCNA, 

Cyclin B, D. ISH performed on control and Rad51(RNAi) showed an overall down 

regulation of Smedwi-1 expression and the gene expression was mostly concentrated to the 

anterior region of the animal. (Figure 7.10 A&D). (n=5). This was confirmed by 

quantitative PCR analysis which coincided with the ISH data (Figure 7.10 G, N=3). 

Smedwi-1 gene expression levels thus also impose regional differences in the 

Rad51(RNAi). This further validates the regional differences observed with H3p stain in 

the Rad51(RNAi) (Figure 7.6). 

 The X2 population expresses NB.21.11e gene expression. Therefore to 

analyze the fate of the early division progeny, animals were either fixed for ISH or RNA 

was extracted for quantitative PCR. NB.21.11e was overall down regulated in expression 

in the Rad51(RNAi). Similar to the regional differences observed, the NB.21.11e was 

expressed in more cells in the anterior region in the Rad51(RNAi) (Figure 7.10 B & E. 

N=3, n=11). This was further validated by quantitative PCR which showed NB.21.11e 

expression more in the anterior fragment than the posterior fragment (Figure 7.10 H). 

Agat-1 expression marks the more differentiated late division progeny. Compared 

to control, Rad51(RNAi) contained marked down regulation of Agat-1 expression by ISH 

and quantitative PCR (Figure 7.10 C, F, I). Specifically Agat-1 down regulation was 

marked in the posterior region compared to the anterior region in Rad51(RNAi). This could 

be due to the overall down regulation of proliferative cells and hence the lack of cell 

attempting to differentiate and maintain tissue homeostasis. This also could imply defects 

in differentiation capability upon Rad51 down regulation which requires further 

investigation. 
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Figure 7. 12 - Sigma, Zeta and Gamma neoblast populations are down regulated in the 

Rad51(RNAi).   
(A-C) Cyclin B gene expression is down regulated in the Rad51(RNAi). The posterior Rad51(RNAi) 

contained minimal levels of Cyclin B expression. (D) Neoblast markers expressed in all neoblasts (general 

neoblast markers), sigma class , Gamma class and Zeta class are down regulated in Rad51(RNAi) anterior 

and posterior fragments. The down regulation is markedly higher in the posterior fragment compared to 

the anterior fragment. (N=1, n=20). 
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Flow cytometry analysis using DNA content marker Draq5 and Calcien as a 

viability marker to isolate X1, X2, Xins populations has been characterized before [113]. 

Thus cells isolated from anterior posterior regions of control cohorts and Rad51(RNAi) 

was stained and analyzed using LSRII flow cytometer. In comparison with the controls, 

Rad51(RNAi) showed ~50% down regulation in X1 frequency. In particular, the anterior 

region of the controls had an average of 12.6 ± 1.9 frequency distribution over 3 separate 

experiments, while Rad51(RNAi) contained a decrease with a 5.6 ± 1.5 frequency 

distribution (p=0.01). The control posterior had a 12.17 ± 0.4 frequency distribution, and 

the Rad51(RNAi) had 5.7 ± 1.6 frequency distribution over 3 separate experiments (Figure 

7.11). This data validates the reduction in neoblast population with the compromisation of 

Rad51 expression. The anterior and posterior Rad51(RNAi) did not have a difference in 

the X1 progeny frequency, since this population represents the S/G2/M phases of the cell 

cycle. However the data validates an overall down regulation in cell proliferation and 

neoblasts and their successive progeny. 

 

Cyclin B is a well characterized neoblast and cell cycle marker. Cyclin B at the 

protein level is important for maintaining the M phase of the cell cycle. Qpcr performed 

showed a down regulation in cyclin B gene expression 30 days post injection in the 

Rad51(RNAi) compared to the control (Figure 7.12 A). Quantification of the anterior and 

posterior fragments of the Rad51(RNAi) indicated regional differences in the cyclin B 

relative expression similar to neoblast markers described in Figure 7.6 and Figure 7.10.   

(N=3). This was further confirmed by ISH staining using cyclin B specific ribo probes. The 

ISH results clearly shows decreased cyclin B expression relative to controls, with slight 

expression levels only in the anterior regions of the Rad51(RNAi) (n ~ 5). 

 

Neoblasts are a heterogeneous population and these can be further categorized as 

sigma, gamma and zeta  neoblasts based on their differentiation capabilities and gene 

expression patterns [34]. Genes expressed in these groups of neoblasts were further utilized 

to assess the existence of a particular neoblast population in the Rad51(RNAi). Sigma 

neoblast class is represented by Soxp-1, Fgfr-1, Soxp-2 and Inx13 and the zeta neoblast 

class by Zfp-1, p53 and Soxp-3. Gamma class which is a subset of the sigma class is 

expressed by Nkx2.2 neoblast marker. RNA extracted from control and Rad51(RNAi) 

anterior and posterior fragments was used to perform qpcr using these neoblast specific 

markers. Anterior Rad51(RNAi) was compared to anterior controls and there was a down 

regulation in all these neoblast markers (Figure 7.12 D). Similarly Rad51(RNAi) posterior 

was compared to control posterior data where the down regulation of these neoblast 

markers were greater (Figure 7.12D).  

 

The Sigma neoblast class is suggested to be wound responsive and is involved with 

differentiating into nephridia, muscle, CNS (central nervous system), eyes and intestine. 

The Zeta class is characterized as a neoblast population that maintains the cells in the 

epidermis [34]. Based on the gene expression patterns the Zeta class genes are more up 

regulated than the Sigma class, while the most down regulation was seen in the gamma 

class. This data suggests that neoblasts that divide in the Rad51(RNAi) is not equally 

distributed and is probably making Zeta class neoblasts over Sigma and gamma neoblasts 
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which are required for wound response and differentiation into specific tissue. This down 

regulation in possible sigma class neoblasts could further explain the lack of regeneration 

and differentiation potential portrayed by Rad51(RNAi) (later explained in this chapter). 

 

7.2.6 – Rad51(RNAi) increases cell death and promotes regional differences in cell 

death 

 Upon DNA damage, a cell can utilize several decisions depending on the severity: 

(1) cell cycle arrest and DNA repair, (2) Senescence, (3) Cell death to eliminate the 

damaged cell. Mutations in yeast Rad51 promotes an accumulation of cells at G2/M phase 

and subsequently cell death [252]. p53 plays a central role during maintenance of the above 

 
 

Figure 7. 13  – Rad51(RNAi) cell death promoting regional differences in cell death levels.   
(A-B) Down regulation of Rad51 increase cell death in the posterior region compared to the controls. (C) 

Compared to controls Rad51(RNAi) contains 0.45  ± 0.21 fold down regulation (p=0.00095). Compared 

to controls, the Rad51(RNAi) posterior contains a 1.8  ± 0.4 up regulation in TUNEL positive cells (N=4, 

n~12, p=0.009). (D) The site of injection does not impact the number of cell death in the anterior or the 

posterior region of Rad51(RNAi) (N=1, n~= 4) 
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cellular decisions post DNA damage, specifically cell death. p53 is known to control Rad51 

expression and function in vivo [248]. In fact Rad51 promoter region contains a p53 

response element and increase in p53 expression is known to down regulate Rad51 

expression and function [248, 253]. This implies that down regulation of Rad51 could 

mediate p53 modulated increase in apoptosis and suggests a direct or an indirect mode of 

cell death regulation mediated by Rad51 and the HR pathway.  

 

 
 

 Live cells Dead cells 

Control anterior 60.3 ± 3.7 39.1 ± 1.9 

Control posterior 64.5 ± 4.4 35.1 ± 4.2 

Ead51(RNAi) anterior 67.8 ± 1.7 32.07 ± 2.3 

Ead51(RNAi) posterior 48.4 ± 1.2 50.66 ± 2.9 

 

Figure 7. 14  – Apoptosis is up regulated in the Rad51(RNAi).  
Annexin V stain concludes apoptosis is up regulated in the anterior and posterior regions of Rad51(RNAi). 

The posterior region contains more apoptotic cells than the anterior region. The frequency distribution of 

live and dead cells have been summarized in the table below. Three independent experiments. ± represents 

standard error. 
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Post 25 days of Rad51(RNAi) injections, the live animals were seen to contain 

thinning of the posterior/tail region. Post 30 days the tail region was replaced by a stumped 

tail end possibly by the loss of the tail region. This phenotype suggests tissue degeneration 

and possibly cell death. Therefore, to understand the role of Rad51(RNAi) towards cell 

death, TUNEL assay was performed on control and Rad51(RNAi) whole worms. 

Compared to the control, Rad51(RNAi) contained massive cell death, and further analysis 

showed that the increase in cell death was mostly found in the posterior region of the animal 

(Figure 7.13 A-C).  Quantification of the data was achieved by normalizing the cell death 

to control anterior and achieving the fold differences. Compared to anterior region of the 

controls, Rad51(RNAi) anterior region had 0.45  ± 0.21 cell down regulation (N=4, n~12, 

p=0.00095). Further, compared to controls, the Rad51(RNAi) posterior contains a 1.8  ± 

0.4 up regulation in TUNEL positive cells (N=4, n~12, p=0.009). This set of data suggests 

two important facts: (1) Cell death is increased in the posterior and decreased in the 

anterior. (2) The cells arrested at the posterior region is probably programmed to cell death 

but not in the anterior.  

Analysis of the cell cycle progression and proliferation study clearly provides that 

most cells are halted at S phase in the posterior, which is probably the reason for the 

increase in cell death. The lack of capability and signaling to promote cell cycle progression 

probably marks these cells to death. p53 expressed in the posterior region probably plays a 

major role towards this decision. However the cells in the anterior although also arrested 

at the S phase manages to progress through the cell cycle probably due to the presence of 

elevated cell cycle genes relative to the posterior region (Figure 7.9). Since TUNEL 

positive cell death is down regulated in the anterior Rad51(RNAi) region: (1) The decline 

in neoblasts in this region could be due to a mode other than programmed cell death, such 

as cellular senescence (2) Modes of cell death other than apoptosis could be operating along 

the anterior posterior axis and therefore further analysis is required to understand cell death 

mechanisms along the anterior posterior axis. However the reason for the decision to target 

most cells in the posterior region for cell death and bypass a few cells in the anterior region 

for cell division remains further characterization. 

Annexin V can be utilized to detect phosphatidylserine (PS) and 

phosphatidylethanolamine (PE) which is usually expressed on the surface of cells 

progressing through apoptosis. Therefore Annexin V can be used to estimate apoptotic 

cells more specifically than TUNEL staining. Thus control and Rad51(RNAi) animals were 

amputated pre-pharyngeal and each fragment was dissociated separately and stained for 

Annexin V and 7AAD viability marker that excludes dead cells. These stains were 

analyzed using LSRII flow cytometer and the frequency of the data was quantified. 

Quantification of three separate experiments provides an overall increase in Annexin V 

positive populations in the Rad51(RNAi) anterior and posterior fragments. Overall ~10-

12% increase in cell death frequency was observed in the posterior Rad51(RNAi) 

compared to control and anterior Rad51(RNAi) (Figure 7.14). This increase in cell death 

observed in the Rad51(RNAi) was significant compared to the control (p=0.001).  
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Opposed to TUNEL assay, annexin V positive cells were increased in the anterior 

Rad51(RNAi) frament. However this increase was not significant. FACS procedure 

requires cell dissociation and mechanical manipulations that could initiate cell death 

randomly. Whether the differences in the TUNEL staining and Annexin V is due to this 

technical errors remains to be clarified. Studies have indicated that DNA damage mediated 

cell death could occur due to apoptosis, necrosis, autophagy or mitotic catastrophe [267]. 

Therefore characterization of specific cell death mechanisms is required to understand 

regional differences imposed by cell death. TUNEL positivity could also imply increased 

DNA damage, and therefore to understand the regional differences observed in the planaria 

during normal homeostasis the amount of DNA damage accumulated in the anterior and 

posterior region upon Rad51 down regulation needs to be investigated.  

 

 

 

Figure 7. 15 – Planarian Rad51 localizes to the nucleus upon sub lethal IR.   
(A-B) Rad51 expression is relatively low in undamaged cells and is concentrated mostly in the cytoplasm. 

Upon IR Rad51 levels increase and is translocated to the nucleus. On Day 5 most Rad51 protein is 

localized to the nucleus and the levels fall back to normal 7 days post IR. 
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7.2.7 – Rad51(RNAi) increases DNA damage equally in the anterior and posterior 

regions 

DSB DNA damage repair induced by IR requires Rad51 mediated HR repair 

mechanism in the planaria (Figure 7.5). Rad51 is primarily expressed in the planarian 

neoblasts and upon DNA damage Rad51 is down regulated in the planaria possibly due to 

 
 

Figure 7. 16 – DNA is damaged upon Rad51 down regulation.   
(A) COMET assay scores shows more cells with a score of 2 (most damaged) in the Rad51(RNAi). The 

damage distribution is equal across the anterior posterior fragments. (N=4, significance indicated on the 

image) (B) Dissociated control and Rad51(RNAi) chromosomes were analyzed and more dicentric 

chromosomes, fused chromosomes, acentric chromosomes, double centromeres and chromosome two are 

deletions were observed in the Rad51(RNAi). 
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the elimination of neoblasts post IR. Rad51 at the gene and protein levels increase 3 days 

post IR peaking on the 5th day. Rad51 is known to localize to the nucleus to be activated 

and repair DNA post DNA damage. Therefore in order to understand Rad51 localization 

post IR in the planaria, WT planarians were sub lethally irradiated and fixed with 70% 

ethanol and stained with α-Rad51 antibody. The cells and the nucleus were distinguished 

by DAPI staining. Based on the obtained results, Rad51 protein expression is mostly 

cytoplasmic up to 3 days post IR, and localizes to the nucleus at day 5 (Figure 7.15 A-B). 

These data and the data obtained in figure 7.5 indicates that HR mediated DNA repair 

might be occurring 5 days post sub lethal IR. This coincides with the increase in cell 

 
 

Figure 7. 17– Post DNA damage X1 population is severely compromised in the planaria 

equally along the anterior posterior axis.  
Post 7 days of sub lethal IR, Control anterior posterior X1 frequencies remain similar. X1 populations 

is heterogeneous. Compared to no IR FACS plot, the number and the type of cells in the control IR is 

severely decreased. This is further compromised in the Rad51(RNAi) However X1 frequency is equally 

distributed across the anterior posterior axis. 
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proliferation observed 5 days post sub lethal IR. Thus it is safe to assume that Rad51 is 

important for DNA repair and HR might play a crucial role to repair the DNA and recover 

proliferative cells post DNA damage in planaria.  

Rad51(RNAi) imposes more cell death in the posterior region as observed by 

TUNEL staining. Further Cell proliferation is slightly maintained in the anterior region of 

the animals. This could occur due to differential levels of DNA damage imposed along the 

anterior posterior axis. To measure DSB damage imposed by Rad51(RNAi), and to 

investigate whether the absence of Rad51 mediates DNA damage equally along the anterior 

posterior axis, COMET assay was performed. COMET assay involves dissociated cells 

that have been run across an agarose gel using gel electrophoresis [268]. If the DNA is 

damaged, the broken pieces of DNA will run across the gel resembling a COMET. If the 

DNA is intact, the nucleus will be observed with no fragmented DNA.  

COMET assay was performed separately on obtained anterior and posterior regions 

from the planarian control cohorts and Rad51(RNAi) 30 days PFI. COMET scores were 

obtained on a scale that ranges from 0 – 2 with zero score given to the undamaged intact 

nucleus and 2 to the most damaged dissociated nuclei with the longest COMET tail. 

Overall, compared to the controls, Rad51(RNAi) had a significantly higher percentage of 

cell nuclei with a score of 2 and a significantly lower percentage with a score of zero 

(Figure 7.16 A). However comparison between the Rad51(RNAi) anterior and posterior 

COMET scores did not show significant difference. This result indicates that the level of 

damaged DNA post Rad51(RNAi) does not differ across the anterior posterior axis. 

To further confirm this result, karyotyping was performed to understand the level 

of DNA damage. Dissociated control and Rad51(RNAi) chromosomes were analyzed and 

more dicentric chromosomes, fused chromosomes, acentric chromosomes, double 

centromeres and chromosome two arm deletions were observed in the Rad51(RNAi). The 

types of chromosomal abnormalities were equally distributed in the Rad51(RNAi) (Figure 

7.16 B). This further provides that in the absence of homologous recombination pathway, 

DNA damage is accumulated in the planaria.  

 

 

7.2.8 – Animals with disrupted polarity provides antero-posterior differences in cell 

proliferation and death 

 Rad51 down regulation mediates cell proliferation in the anterior and not the 

posterior, while increasing cell death in the posterior. This type of regional differences 

along the anterior posterior axis during maintenance of homeostasis implies that, pathways 

belonging to DNA repair are crucial for systemic homeostasis. This concept identifies with 

a group of studies performed previously in mice, where cell proliferation, tumor growth, 

tissue engraftment, wound healing and even aging is more aggressively displayed in the 

anterior region compared to the posterior [269]. Thus in mice during maintenance of 

homeostasis there seem to be regional differences in cell proliferation. This is probably 
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created due to specific pathways active in specific tissue in the anterior half of the animal 

or influences by the microenvironment in different regions of the body. Rb and p19Ink4d 

are tumor suppressors that seem to control cell proliferation primarily in the anterior region 

in mice [270]. ATR is a transducer involved with DNA repair and specifically homologous 

 
 

Figure 7. 18  – Rad51 Mediated HR Pathway Regulates Cell Proliferation Along the AP Axis in 

Planaria.  
Double head (DH) and double tail (DT) animals were successfully produced. (A) normal live (B) DH live 

(C) DH animals stained with α-synapsin (CNS marker) show brain formation on both axis. (D) TH live (C) 

DT animals stained with α-synapsin show no brain formation. (F-I) H3p  and  α-synapsin stain on DH and 

DT animals. DH Rad51(RNAi) maintain few proliferative cells while DT Rad51(RNAi) does not. (P) 

Quantification of H3p stainings on DH animals; Control 319.8  ± 143.6, Rad51(RNAi) 145  ± 98.8, p=0.002 

(N= 3, n=11). (Q) Quantification of H3p stainings on DT animals; Control  52.5  ± 19.3, Rad51(RNAi)  3.6  

± 4.3. (p=0.0000003) (N=3, n=15). scale bar = 200um. 
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recombination pathways. ATR hypomorphic mice contain stunted growth with less 

developed forehead regions and stunted posterior regions. Tissue analysis showed an 

increase in cell death and damage compared to controls [271]. This might indicate some 

differential regulation along the anterior posterior axis posed during embryonic 

development and further during adulthood. Overall studies based on embryonic 

development confirm anterior posterior specification, and different gradients of factors and 

pathways that maintain and regulate each axis. However levels of cell proliferation during 

embryonic development seems to remain equal along the A-P axis [272]. 

Alterations in the wnt/β-catenin pathways disrupt polarity and specification in the 

planaria. Down regulation of β-catenin disrupts the polarity and upon amputation and post 

7 days forms a two headed planaria [273]. Further, silencing of smed-APC, and successive 

amputations results in two tailed animals 7 days post amputation [274]. Thus by using the 

feeding dsRNA method β-catenin or APC was down regulated in animals and double 

headed (DH) and double tail (DT) animals were obtained. Few animals were then injected 

with Rad51(RNAi). 30 days later the mitotic cell population was analyzed using H3p 

mitotic staining. Please note that β-catenin and APC gene levels stabilize back to normal 

by the time Rad51(RNAi) injections were administered. 

β-catenin(RNAi) (DH) animals contained significant ~2.2 fold down regulation in 

cell proliferation upon Rad51(RNAi); Control 319.8  ± 143.6, Rad51(RNAi) 145  ± 98.8, 

p=0.002 (N= 3, n=11). The mitotic cell population was expressed in both anterior segments 

of the animal. APC(RNAi) (DT) animals had overall down regulated cell proliferation even 

in the control animals 52.5  ± 19.3. However the Rad51(RNAi) injected DT animals had 

little to no proliferative cells; 3.6  ± 4.3. This ~15 fold down regulation was significant 

(p=0.0000003) and reproducible (N=3, n=15). This data was reproduced using smed-axin 

RNAi animals which also maintain posterior polarity (data not shown). 

 

Certain DT animals due to 

manipulations during Rad51 dsRNA 

administration proceeded to produce a 

head. This is expected since during 

Rad51(RNAi) injection regime, the smed-

APC levels would have returned to normal 

systemic levels in the double tail animals. 

Thus upon amputation, these animals 

probably could regenerate a head. DT 

animals that thus produced heads during 

injection routine were fixed in Carnoy 

fixation and stained for H3p mitosis 

marker. Thus stained H3p positive cells 

were only observed in the region that 

contains the brain and the photoreceptors 

(Figure 7.19) (n=5). This data further 

could imply the existence of regional 

 
 

Figure 7. 19 – Mitotic cells are concentrates 

to the anterior region probably by 

proliferation.  
Mitotic cells in this double tail and single headed 

animal is only seen in the head region. (n=5) 
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differences during systemic homeostasis. The impairment of the HR pathway mediates cell 

proliferation imbalance promoting cell division possibly near the brain region.  

 

 

7.2.9 – Rad51(RNAi) animals responds to feeding 

  

Planarians respond to feeding by increasing cell proliferation [93]. During 

starvation planaria reduce their metabolic functions, limits cell proliferation and is capable 

of resizing the whole body to maintain homeostasis. This indicates that the metabolic cues 

and decisions to progress through cell cycle is intricately connected within the organism. 

In fact down regulation of smed-TOR has known to decrease cell proliferation, and the 

smed-TOR(RNAi) animal do not increase in size post feeding. TOR inhibitor rapamycin 

impairs HR and NHEJ pathway and suppressors DSB repair [275] . This causes cell cycle 

arrest and hence a down regulation in cell proliferation and an increase in cell death.  

To investigate maintenance of metabolic functions post Rad51(RNAi), planarians 

injected with Rad51 dsRNA were fed with calf liver over a time course. Compared to the 

controls, Rad51(RNAi) contained marked down regulation in proliferative cells. However, 

the proliferative cell counts were increased compared to starved Rad51(RNAi). Very 

interestingly, animals contained some dividing cells in the posterior region, implying that 

metabolic cues though not dramatic impose an increase in proliferation in the anterior and 

posterior region of the animals. How these cells proliferate in the absence of Rad51(RNAi) 

and which signals regulate this process remains to be identified.  

 

 
 

Figure 7. 20  – Metabolic cues are impacted by Rad51 down regulation.   
Rad51(RNAi) contain marked down regulation in cell proliferation upon feeding. However the levels of 

cell proliferation is slightly increased compared to starving Rad51(RNAi) animals. 
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Figure 7. 21 – Rad51 down regulation impairs regeneration in planaria.  
(A) Control animals form a blastema while  (B) Rad51(RNAi) animals fail to form a regenerative blastema.  

(C) Control animals for photorecpetors7 days post amputation while (D) Rad51(RNAi) do not. (E-M) 

Regenerating animals post 0, 6, 24 and 48 hours post amputations stained with H3p marker and CNS marker 

α-synapsin. (N) Control animals maintain bi modal cellular peaks necessary for regeneration. However 

Rad51(RNAi) animals are incapable of maintaining proliferation. 



123 
 

7.2.10 – Rad51(RNAi) animals do not regenerate  

 Planarians are masters of regeneration capable of regenerating any missing tissue 

in a short period of time. The regenerative responses require proper proliferative responses 

and cell death to pattern the missing tissue. Regeneration also requires proper maintenance 

of metabolic functions and DNA repair mechanisms to mitigate damaged DNA along the 

process. Thus Regeneration requires a number of signaling networks to mediate its proper 

function. Correct synchronization of spatial and temporal factors and responses thus is for 

regeneration and repair. 

Proliferative and cell death responses required for regeneration has been 

characterized (Figure 4.14 and [263]) Upon amputation two proliferative peaks at 6 hours 

and 48 hours post amputations are observed and it is suggested that these cellular responses 

are required for regeneration. Smed-TOR down regulation prevents blastema formation 

and we hypothesize the lack of proliferative responses the likely cause for this phenomenon 

(Figure 4.13). Therefore to investigate Rad51 mediation during regeneration, 

Rad51(RNAi) was amputated and 7 days post amputation the 100% of the Rad51(RNAi) 

animals compared to controls did not contain blastema (Figure 7.21 A-B) (N=3, n=~20). 

Further unlike TOR(RNAi) these animals were not capable of rearranging the existing 

tissue to regenerate missing tissue such as photoreceptors (VC-1 antibody) (Figure 7.21 C-

D). Time course amputation comparing control and Rad51(RNAi) proved that the lack of 

regeneration is probably likely due to a down regulation in proliferative cells. As observed 

in the quantified data provided in figure 7.21 N, the animals were not capable of mounting 

any proliferative peaks. Images 7.21 E-M further visualizes the lack of proliferative 

responses in comparison with the controls. Thus the impaired regeneration could be 

coupled with the lack of proliferative responses and lack of proper synchronization of 

spatial and temporal factors. 

 

 

7.3 - Conclusions 

Rad51 a major player in the HR pathway is important to maintain systemic 

homeostasis. Down regulation of this pathway impairs systemic homeostasis creating 

regional differences in cell proliferation (Figure 7.6, 7.7, 7.8) and cell death (Figure 7.13, 

7.14). Further neoblast populations and their successive progeny is also impaired possibly 

related to lack of proliferation and differentiation potential (Figure 7.11, 7.12).   
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The observed regional differences could be mediated by three different outcomes: 

(1) Potential of stem cells and their heterogeneity in the anterior region and the posterior 

region as depicted by the schematic (Figure 7.22) could be different. (2) Differences in 

local signals in the anterior and posterior region (3) Systemic decisions that promotes 

regional differences along the anterior posterior axis. Quantitative PCR analysis of cell 

cycle markers have portrayed possible differences in their gene expression levels in the 

anterior and posterior regions of the Rad51(RNAi). The proliferative signals at the mRNA 

level is elevated in the anterior compared to the posterior implying that within the planarian 

system, there are possibly local signals that maintain function. The relative increase in Rb 

expression in the anterior fragment could imply possible regulation by Rb, where cell cycle 

progression could be halted by repressing E2F. Further Rb has been implicated repressing 

E2F mainly during senescence, implying that Rb mediated senescence as a possible 

outcome in the anterior region. This further could explain the relatively low cellular death 

observed in the anterior region. Rb is down regulated in the posterior, implying that the 

posterior local environment is possibly attempting cell cycle progression, but is halted at a 

cell cycle checkpoint (Figure 7.7) and possibly programmed to cell death. p53 which is 

equally distributed along the anterior posterior axis (Figure 7.8) could be a likely candidate 

that imposes cell death in the posterior region. These data supports the possible outcome 

#2 which supports the hypothesis that the anterior posterior axis is differentially regulated 

during maintenance of normal homeostasis, and therefore could likely mediate its own 

 

Figure 7. 22 - Working model.  
Rad51 down regulation mediates regional differences in cell proliferation and cell death. This could be 

due to (1) Potential and differences in stem cells in the anterior region and the posterior region as 

depicted by the schematic. (2) Differences in local signals in the anterior and posterior region (3) 

Systemic decisions that promotes regional differences. 
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positional cues and decisions. Identifying how tumor suppressors Rb and p53 could 

regulate regional differences is explored more in chapter 10.  

Animals with disrupted polarity also provide proof for outcome #2. The 

anteriorized animals maintain proliferation throughout, while double tailed animals did not 

contain proliferation. Whether this is due to signals emanating from the brain, or by the 

specific anterior or posterior environments remains to be clarified. However, figure 7.19 

containing an animal with two tails and a head with proliferative cells only around the head 

area could help to demonstrate the above hypothesis.  

Neoblasts are a heterogeneous population and is further categorized into Sigma, 

Gamma and zeta classes.  Quantitative pcr analysis for genes specifically expressed by 

each class portray regional differences in the Rad51(RNAi). The anterior region contains 

higher expression of these neoblast markers compared to the posterior. This once again 

indicates that anterior and posterior environments mediate and maintain specific 

differences once again proving outcome #2. Control animals contain about 50% of the 

sigma class and about 35% of the zeta class. However analysis in figure 7.12 D indicates 

that the genes of the zeta class is expressed more than the sigma class. Thus with the 

differential gene expression and the increase in zeta gene expression, I hypothesize that 

there is a shift in the type of neoblasts expressed in the Rad51(RNAi). Sigma neoblasts are 

more wound responsive and down regulation of this population in the Rad51(RNAi) could 

further be responsible for the lack of regenerative potential. 

Feeding and Regeneration generates proliferative responses in planaria (ref). Upon 

Rad51 down regulation, these responses are slightly elevated compared to intact starving 

Rad51(RNAi). This is specially portrayed by the relative increase in cell proliferation in 

the posterior region upon feeding (Figure 7.20) and the systemic distribution of neoblasts 

upon amputation observed specially 6 and 48 hours post amputation (Figure 7.21). These 

results could suggest possible systemic cues operating to mediate decisions within the 

planaria and this supports outcome #3. 

Thus this chapter focuses on Rad51(RNAi) mediated regional differences and the 

data obtained indicate that differences in local signals in the anterior and posterior region 

and systemic decisions could be promoting the observed regional differences. 
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Chapter 8 

BRCA2 and RPA are important to maintains Planarian tissue 

homeostasis 

 

8.1 – Introduction 

8.1.1 - BRCA1, BRCA2 and RPA proteins 

This chapter focuses on two molecules that play a central role in the HR pathway: 

BRCA2 and RPA. I aim to understand the functions mediated by these molecules in a 

Rad51 dependent and independent manner.  

Mutations in and related with BRCA1 (Breast cancer type 1 susceptibility protein) 

and BRCA2 (Breast cancer type 2 susceptibility protein) proteins have high disposition 

towards initiation of cancer. Therefore, attempts to study the functions and regulation of 

these proteins have been a major focus in cancer research. BRCA1 and BRCA2 mutations 

or defects in their regulatory pathways are linked primarily with breast and ovarian cancers 

in women. 5-10% of all breast cancers and about 15% of ovarian cancers contain either the 

BRCA1 or the BRCA2 mutation [1, 2]. Cancer progression due to BRCA1 and BRCA2 

mutation rate is high: ~50% of the women containing a BRCA1 or BRCA2 mutation will 

develop cancer [3].  

 BRCA1 and BRCA2 are tumor suppressors, and in humans these genes are 

normally expressed in breast tissue. Its main function is to repair damaged DNA, and 

mutations in these genes can affect the genomic integrity, promoting and progressing 

towards tumor development and cancer initiation. The BRCA1 gene, which is located in 

human chromosome 17q was recorded by the King laboratory at UC Berkeley in 1992 [4]. 

BRCA2 was discovered a few years later and localized to chromosome 13 [5]. Since then, 

these molecules have been discovered in various other species.  

Soon after the discovery of BRCA1 and BRCA2, many attempts were made to 

create BRCA1 and BRCA2 null mouse models. However, though the heterozygous mice 

were viable, they did not show a strong phenotype and complete deficiency of these 

proteins result in embryonic lethality [6]. Conditional knockouts were created, but these do 

not provide a genetically normal background, and understanding mutations that arise in 

normal animals due to extrinsic or intrinsic changes cannot be properly investigated in 

these animals [7]. Thus understanding BRCA1 and BRCA2 function in vivo in the absence 

of pathology remains a challenge.  

 RPA (Replication protein A) is a single strand DNA (SSB) binding protein and 

plays major roles in DNA repair, replication, cell cycle progression [8]. Thus RPA has been 

implicated in almost all pathways involved with DNA metabolism. This protein was first 

characterized by Wold and Kelly from Johns Hopkins University, Baltimore [9]. RPA 
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inhibition has been linked with suppression of tumors and is currently explored to generate 

possible therapeutic approaches [10]. Further, RPA heterozygous mice are viable but are 

highly susceptibility to cancer and RPA-/- mice result in embryonic lethality [11]. This 

suggests that RPA is a haploinsufficient product essential for homeostasis. Therefore, using 

heterozygous or conditional KO mice might not provide a good system to understand in 

vivo RPA function. Similar to BRCA1 and BRCA2, understanding in vivo RPA function 

is crucial. Planaria with all the remarkable characteristics outlined in chapter 2 could 

provide an excellent in vivo model system to understand their cell intrinsic functions. 

 BRCA2 and RPA play a major role during HR and have direct interactions and 

functions with Rad51. Therefore, my focus in this chapter is to discover and understand 

the planarian BRCA2 and RPA homologs. Mainly their functions during maintenance of 

normal homeostasis with and without Rad51 will be explored.  

 

8.1.2 - BRCA1, Breast cancer type 1 susceptibility protein 

BRCA1 gene contains several conserved sequences including the BRCT and RING 

domains which are involved with activities related to tumor suppression (Fig 9.1A).  

Mutations in the RING and BRCT domains in addition to the BRCA2-PALB2 interaction 

domains, are the mostly studied mutations in a clinical setting [12]. Upon DNA damage 

ATM-ATR phosphorylates H2Ax forming ᵞH2Ax. Post recruitment of MDC1 and RNF8, 

BRCA1 is recruited to the site of damage. Thus BRCA1 responds and localizes to the site 

of DNA damage immediately in a BRCT domain dependent manner [13]. At this point, 

BRCA1 activates Chk1 by phosphorylation and the cell arrests at the G2/M checkpoint.  

The BRCA1 gene is conserved across various species and can be found in humans, 

chicken, mice, rats, dogs, primates and, C. elegans [14]. However, analysis of the planarian 

genome did not yet retrieve a highly homologous BRCT and RING domain containing 

sequences. 

 

8.1.3 - BRCA2, Breast cancer type 2 susceptibility protein 

The human BRCA2 is a 3418 amino acid protein and does not contain significant 

homology to any other protein in the human body [5, 15]. Further, the sequence identity 

between human and mouse BRCA2 gene is 58% with certain regions containing significant 

conservation [16]. BRCA2 protein contains a transactivation domain, several BRC repeats 

and a DNA binding domain (Fig 8.1B). The BRC repeats are required to bind Rad51 during 

HR activation. Out of the several BRC repeats found in human BRCA2, only the first 4 

seem to be crucial and more efficient at binding Rad51 [17]. These BRC repeats bind 

Rad51 with high affinity and recruits Rad51 to the damaged sites immediately upon 

damage [18]. Studies have demonstrated that BRCA1 and BRCA2 interact and directly 



128 
 

bind to the HR pathway key player, Rad51 [19]. The transactivation domain of BRCA2 

contains transcriptional activity. However, the in vivo transcriptional activity by BRCA2 

and its specific targets requires further characterization since most studies were performed 

in vitro in the presence of over expressed proteins [20]. The C terminal region is a DNA 

binding domain and mutations in this region and  the Rad51 binding BRC repeat region 

has shown to slow the rate of DSB repair and increases IR sensitivity [17, 21]. Deletion in 

the C terminal region around 3140-3328 aa also rendered cells IR sensitive ,further results 

in decreased Rad51 function and  decrease in cell growth leading towards senescence [22]. 

The mammalian BRCA2 mediated functions seem to correlate with the 

Saccharomyces cerevisea Rad52 protein. The main function of BRCA2 is to mediate DNA 

repair where BRCA2 interaction with Rad51 on its BRC repeats is critical for HR mediated 

DNA repair [17]. This has been demonstrated by in vitro and in vivo studies where lack of 

BRCA2 expression was linked with sensitivity to IR [19, 23, 24]. BRCA2 deficiency 

causes G1-S and G-2M checkpoint arrest, which suggests that the IR sensitivity is due to 

lack of proper DNA repair mechanisms to complete cell cycle progression  [21]. 

Expressing BRCA2 in vitro in BRCA2 deficient cell lines rescues the cells from IR 

sensitivity [17].   

BRCA2 deficiency creates embryonic lethality by E7.5 [23]. This implies the 

importance of BRCA2 for the proliferative cells in the embryo and towards proper 

embryonic development. BRCA2 is highly expressed in proliferative cells and is expressed 

mostly around the G1/S phase transition phase [25]. During embryonic development 

BRCA2 is highly expressed through the embryo in all the germ layers, especially during 

phases of rapid cellular proliferation [23]. Remarkably this period of developmental block 

correspond to the phenotype shown by Rad51 deficient embryos, where the animals show 

embryonic lethality at E7.5 (chapter 7) [26]. Truncated forms of BRCA2 results in a few 

viable mice and these mice show high sensitivity to DNA damage causing agents. Further, 

the mice lacked Rad51 foci post DNA damage, many DSBs, chromosome abnormalities, 

and increased propensity to progress towards cancer [27, 28].   

BRCA1, BRCA2 and Rad51 expression in embryos overlap spatially and 

temporally and these molecules interact with each other implying that these molecules 

function together during developmental stages [23, 29, 30]. Correlating to this fact, Rad51 

was rescued by the suppression of p53 in embryos, and this phenotype too was observed 

in embryos that lack BRCA2 and p53 [22, 26]. Since none of the embryos were exposed 

to any DNA damaging agent, the block in development and proliferation in the Rad51 and 

BRCA2 deficient embryos might imply the necessity of each of these molecules during 

cell cycle progression. Whether the cells require the presence of BRCA2 and Rad51, and 

stall in proliferation due to the lack of expression or whether these molecules physically 

mediate cellular proliferation remains unanswered. In fact truncated BRCA2 containing 

mouse strains have been generated and a few animals were able to survive. This could 

further imply that the presence of BRCA2 might be relevant for the cell’s decision to 

progress through the cell cycle [21, 31, 32].  Opposed to the developmental requirement of 

Rad51 and BRCA2, adult tumor cells with BRCA2 deficiency maintain rapid cellular 
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proliferation. How tumor cells lacking Rad51 or BRCA2 could overcome this aspect in 

vivo requires further attention.  

Valuable information regarding BRCA2 activity has been obtained by the fungus 

Ustilago maydis containing the BRCA2 ortholog Brh2. Brh2 possess a BRC motif which 

has been shown to be involved with Rad51 mediated strand exchange [33]. Brh2 helps to 

mediate the ATP based catalytic activity of Rad51 during RPA displacement and Rad51 

foci formation [33]. Further, Brh2 can promote D loop formation implying Rad51 loading 

on to the DSBs is possibly not the only retained function of BRCA2 [34]. During HR, 

 
 

Figure 8. 1 – Structures of Human BRCA2 and RPA structures 
 (A) BRCA2 contains a transactivation domain followed by BRC repeats which binds Rad51. The DNA 

binding domain and the nuclear localization signals are located towards the C terminal. The DNA binding 

domain contains a helical and a oligonucleotide/oligosaccharide-binding domain specific to BRCA2.  

(B) RPA protein can be found as RPA70, RPA32 and RPA 14. These proteins bind together to form the 

human RPA protein. Specific to these proteins are the DNA binding motifs. 
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Rad52 has been known to create second end capture in yeast and interestingly Brh2 also 

seems to mediate this function in the presence of Rad51. Thus Brh2 seems to be involved 

with several functions during HR, and due to its structural and functional similarities to 

BRCA2 investigating whether the mammalian counterparts too possess the characteristic 

Brh2 functions might help us to understand the relevance of BRCA2 in vivo. 

 

8.1.4 -  RPA (Replication Protein A) 

RPA (replication protein A) is a heteroretrameric protein known to bind to single 

stranded DNA (ssDNA). RPA exist as a 3 subunit complex: RPA70 (70KDa), RPA32 

(32KDa), RPA14 (14KDa). RPA has been linked with multiple functions in eukaryotic 

cell, primary function been DNA metabolism. Thus it can be involved with DNA 

replication, DNA damage repair, and checkpoint activation. The characteristic domains 

available in RPA are the OB (olgoneucleotide binding) domains which contain zinc finger 

motifs. These domains are essential for the DNA binding activity of RPA. RPA70 possess 

the major DNA binding activity while RPA14 mostly is involved with stability of the 

formed hetrotetrameric protein. Based on preliminary clustalW analysis RPA seems to be 

fairly conserved across various eukaryotic species that includes fungi, vertebrates, 

invertebrates and plants. Further E.coli contains a homoteratmeric SSB (Ecssb) which 

functions similar to RPA in eukaryotic, implying structural diversification and functional 

conservation of this protein.   

The affinity of RPA to ssDNA is high and thus upon DNA damage, the exposed 

DNA will be coated by RPA immediately. This binding stabilizes and protects the exposed 

DNA from nucleatic degradation. Therefore, these molecules are crucial for DNA repair 

especially during homologous recombination.  

 

8.2 - Results 

8.2.1- BRCA2 homolog is found in Planaria 

Planarian Rad51 homolog was obtained from the sequenced planarian genome [35] 

and has been characterized in chapter 7. Therefore, with the assumption that the Rad51 and 

HR mediated DSB repair pathway is conserved, I analyzed the planarian genome for other 

molecules belonging to the HR pathway. Bioinformatics analysis on some of the molecules 

belonging to the HR pathway has also been characterized in chapter 6. BRCA2 functions 

are tightly related with Rad51 and studies have identified BRCA2 as the Rad51 mediator 

during DSB damage and repair. Further RPA binds to the ssDNA and protect the damaged 

DNA ends from degradation, and maintains the stability until displaced by Rad51. This 

function is essential for proper DNA repair and further establishes connection with the HR 

pathway. With this evidence BRCA2 and RPA homologs were searched in the Schmidtea 
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mediterranea genome. Bioinformatics analysis thus revealed one BRCA2 homolog and 

one RPA homolog. 

  The identified BRCA2 homolog contains 52% similarity to the human BRCA2. A 

6quent pfam analysis identified two BRCA2 specific domain: BRCA2 helical and BRCA2 

oligonucleotide/oligosaccharide-binding domain (Fig 8.2). This observation was further 

confirmed using NCBI BLAST where the same domain predictions were obtained. 

Previous analysis has revealed that BRCA2 is not structurally conserved across various 

species. This is demonstrated by the 57% sequence identity between human and mouse 

[36] and the 69% sequence identity between rat and human BRCA2 sequences (Uniprot 

analysis, data not shown). However, functionally this protein seems to be highly conserved 

across species showing IR sensitivity in the absence of its expression. Therefore, I asked 

 
Figure 8. 2 – Genomic analysis of the Schmidtea mediterranea BRCA2 homolog. 
The identified BRCA2 homolog contains 52% similarity to the human BRCA2 pfam analysis identified 

two BRCA2 specific domain: BRCA2 helical and BRCA2 oligonucleotide/oligosaccharide-binding 

domain. 
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the question whether the identified planarian BRCA2 down regulation plays a major role 

towards IR sensitivity. 

 

8.2.2 - Schmidtea mediterranea BRCA2 is expressed in proliferative cells and is down 

regulated upon RNAi 

BRCA2 is phosphorylated during DNA damage and has been known to function 

together with Rad51 in mammalian model systems [37]. Chapter 7 focuses on Rad51 

expression in the planarian cell populations. If the function of BRCA2 is conserved, I 

hypothesize that the phenotype and the expression profiles of BRCA2(RNAi) should be 

similar to Rad51(RNAi). To assess the functional conservation of BRCA2, a ~600 bp 

fragment from the BRCA2 sequence was cloned into pBluescript plasmid and dsRNA was 

 
 

Figure 8. 3 - BRCA2 is down regulated by BRCA2(RNAi) 
 (A) BRCA2 specific dsRNA was synthesized and injected into the planaria on days 1,2,3,12 and 24. 

The animals were usually fixed on Day 30 post first injection. (B) Qpcr analysis shows that BRCA2 

gene expression is down regulated using the injection schedule from (A). 
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synthesized. The dsRNA was injected into the animals using an injection schedule 

described in Fig 8.3A. Note that the control set of animals were injected with water and 

each condition (control and RNAi) was starved during the injection schedule. Based on 

qpcr analysis the BRCA2 injected animals maintained down regulated BRCA2 expression 

levels. Thus we were able to conclude that our RNAi regime was capable of down 

regulating BRCA2 gene expression effectively (Fig 8.3B). To understand whether there is 

functional conservation post DNA damage, The BRCA2(RNAi) and control cohorts were 

irradiated (IR) with 1000 rads (sub lethal) on day 25 post first injection (PFI) and the 

animals were fixed 32 PFI 

using Carnoy fixation method. 

The animals were stained for 

H3p mitotic marker. 

Compared to controls that 

exhibited proliferative cells, 

BRCA2 animals did not 

contain any mitotic cells post 

sub lethal IR (Fig 8.4). This 

implies that upon sub lethal IR 

animals require BRCA2 in 

order to reinstate proliferative 

responses. This phenotype is 

similar to the Rad51(RNAi) IR 

sensitivity observed in chapter 

7. Therefore, we can assume 

that the Rad51 and BRCA2 

function is functionally 

conserved in the planaria and 

that these two molecules are essential for proper DNA repair upon induced DNA damage 

in the planaria. 

 

8.2.3 - Schmidtea mediterranea BRCA2 impacts cell proliferation similar to 

Rad51(RNAi) down regulation 

 BRCA1 and BRCA2 have functions during developmental stages and during cancer 

initiation where a constant proliferative status is maintained. BRCA2 down regulation 

confers embryonic lethality at E7.5 further providing evidence for its importance for 

proliferation and development. Identifying the spatial and temporal regulation of BRCA1 

and BRCA2 gene expression patterns have revealed that they are mostly expressed in 

rapidly dividing cells [37].  

To understand the functional relevance of BRCA2 down regulation in vivo, I 

stained control and BRCA2(RNAi) animals with α-H3p antibody marking the mitotic cell 

population. Analyzed data across 4 independent experiments (n=16), showed animals 

 
 

Figure 8. 4 – BRCA2(RNAi) are sensitive to Radiation 

 (A) Compared to controls, BRCA2(RNAi) animals did 

not contain any H3p positive cells post sub lethal 

irradiation (1000 rads) 
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containing a down regulation in proliferative cells. Strikingly, down regulation of H3p was 

similar to that of Rad51(RNAi) mediated down regulation. where only a few cells 

proliferated in the anterior region and down regulated cells proliferated in the posterior 

region of the animals [Control anterior 219.27 ± 37.15, Control posterior 192.92 ± 43.87 

BRCA2(RNAi) anterior 96 ± 57.2, BRCA2(RNAi) posterior 28.3 ± 24.1] (Fig 8.5 A-C). 

This further implies that BRCA2 and Rad51 functions are related in the planaria and the 

regional differences in cell proliferation are mediated by both molecules, probably 

synonymously acting together. 

The data observed shows slightly elevated cell proliferation in the BRCA2(RNAi), 

specifically in the posterior region: Rad51(RNAi) posterior 8.1 ± 7.71, BRCA2(RNAi) 

posterior 28.3 ± 24.1 (figure 8.5). Up regulation in the posterior regions of BRCA2(RNAi) 

animals compared to the Rad51(RNAi) was significant (p=0.049) This result could imply: 

(1) BRCA2 in a Rad51 independent manner regulates cell proliferation and or cell death in 

the posterior (2) BRCA2 could be differentially regulated by pathways in the posterior 

region that the lack of BRCA2 presence renders few cells to proliferate abnormally in the 

posterior region. The anterior regions of Rad51(RNAi) and BRCA2(RNAi) did not confer 

any significant differences: Rad51(RNAi) anterior 85.21± 30.47, BRCA2(RNAi) anterior 

96 ± 57.2.  

To further analyze the slight up regulation in the posterior region, I performed dual 

down regulation of Rad51 and BRCA2 using RNAi. The dsRNA for Rad51 and BRCA2 

was equally combined and injected based on the injection schedule in figure 8.3A. 30 days 

post first injection, animals were fixed and stained for proliferative marker H3p. The 

anterior of the Rad51+BRCA2 data showed no significant difference to the singly down 

regulated Rad51(RNAi) and BRCA2(RNAi): Rad51+BRCA2 anterior 113.75 ± 59.85. 

However, in the posterior region, BRCA2+Rad51(RNAi) animals maintained a slight in 

increase cell proliferation compared to Rad51(RNAi) alone, Rad51+BRCA2(RNAi) 

anterior contains 20.08 ± 15.11 (Fig 8.5). This however was not significant (p=0.5). But 

the slight increase in cell proliferation similar to the BRCA2(RNAi) alone result could 

imply that BRCA2 could be involved with regulating cell proliferation independent of 

Rad51. 

Quantitative PCR performed to understand the levels of Rad51 in a BRCA2(RNAi 

background and BRCA2 levels in a Rad51(RNAi) background show decreased gene 

expression levels of BRCA2 and Rad51. This further implies, not only the functional 

interplay and relation between the two molecules, but that they are possibly involved with 

regulating each other’s expression at the gene level. However, these genes are mostly 

expressed in the neoblasts and the down regulation of neoblasts in the Rad51(RNAi) and 

the BRCA2(RNAi) could also result in the down regulation observed in Figure 8.6. 
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Figure 8. 5 – BRCA2(RNAi) down regulates  mitosis  maintaining regional 

differences similar to Rad51(RNAi).   
(A-B) BRCA2(RNAi animals down regulate mitosis and portray regional differences similar 

to the Rad51(RNAi) animals observed in chapter 8. (C) Quantification of H3p positive cells: 

Control anterior 219.27 ± 37.15, Control posterior 192.92 ± 43.87 BRCA2(RNAi) anterior 

96 ± 57.2, BRCA2(RNAi) posterior 28.3 ± 24.1, Rad51(RNAi) anterior 85.21± 30.47, 

Rad51(RNAi) posterior 8.1 ± 7.71, Rad51+BRCA2(RNAi) posterior region maintains slight 

up regulation of cell proliferation compared to Rad51(RNAi) alone and similar to 

BRCA2(RNAi) alone. Rad51+BRCA2 anterior 113.75 ± 59.85. Rad51+BRCA2(RNAi) 

anterior 20.08 ± 15.11. 
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 Emerging studies have shown that BRCA1 and BRCA2 could be involved with 

transcriptional regulation and chromatin remodeling [38-41]. Whether similar to the 

BRCA2 ortholog Brh2 in the fungus Ustilago maydis, planarian BRCA2 could act in a 

Rad51 independent manner to perform other functions necessary for DNA repair and cell 

proliferation needs investigation. These studies will provide additional in vivo roles for 

BRCA2 and whether this molecule could important for maintenance of regional 

differences, homeostasis and tissue repair and regeneration still remains to be 

characterized. 

 

 

 
 

Figure 8. 6 – BRCA2 and Rad51 expression levels 
(A) BRCA2 gene expression is down regulated in the Rad51(RNAi) equally (N=1). (B) Rad51 gene 

expression is down regulated in BRCA2(RNAi) mostly in the posterior region (N=1). 



137 
 

8.2.4 - BRCA2(RNAi) down regulates neoblasts and successive progeny similar to 

Rad51(RNAi) 

 To assess whether BRCA2 down regulation plays a role in mediating regional 

differences based on the neoblast and successive progeny, Quantitative PCR analysis was 

performed using characterized Smedwi-1, Cyclin B and NB.21.11e. RNA extracted from 

BRCA2(RNAi) anterior posterior fragments compared to control anterior and posterior 

 
 

Figure 8. 7 – BRCA2(RNAi) down regulates neoblast marker expression.  
(A) Smedwi-1 (B) Cyclin B (C) NB.21.11e markers are down regulated in the BRCA2(RNAi). 

The neoblast and early division progeny down regulation pattern resembles Rad51(RNAi) 

neoblast down regulation. 
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fragments clearly showed regional differences in neoblast marker expression. Each 

representative marker retained some expression in the anterior fragment, however was 

down regulated in the posterior fragment (Fig 8.7 A-C). This further confirms regional 

differences associated with the impairment of the HR pathway.  

 

8.2.5  - Schmidtea mediterranea BRCA2 maintains regional differences in cell death 

similar to Rad51(RNAi) 

One of the decisions post DNA damage could be induction of cellular death to 

eliminate the damaged cell from the cellular population. BRCA2 is well known for 

mediating Rad51 during HR. BRCA2 embryonic lethality similar to Rad51 can be partially 

rescued by down regulating p53 [42]. Further BRCA2 is capable of forming complexes 

with Rad51 and the well-known tumor suppressor p53, which is involved with apoptosis 

[43]. This is further confirmed by studies demonstrating BRCA2 mediated tumor 

progression which requires disruptions in the p53 pathway [44]. Further similar to Rad51, 

BRCA2 mediated embryonic lethality could be partially rescued by down regulating p53 

[22]. Thus intrinsic BRCA2 functions could be associated with pathways associated with 

cellular death. Based on chapter 7 results, Rad51 down regulation in the planaria showed 

overall increase in cellular death with TUNEL positive cells mostly accumulating at the 

posterior region of the animal. Thus BRCA2(RNAi) animals 30 days post the first BRCA2 

dsRNA injection, were fixed using NAC fixation method for TUNEL, and stained for 

TUNEL positive cells. Overall, BRCA2(RNAi) contained increased cell death compared 

to controls: Control anterior 108.56 ± 27.2, BRCA2(anterior) 271.6 ± 113.9, Control 

posterior 145.5 ± 37.6, BRCA2(posterior) 704.9 ± 188.6. Interestingly, BRCA2 TUNEL 

positive cells showed the same phenotype shown by the Rad51(RNAi) where posterior 

TUNEL positivity was up regulated ~2.6 fold compared to the anterior (Fig 8.8 A-C) (two 

independent experiments, n=6). But interestingly, the BRCA2(RNAi) alone contained 

increased TUNEL positive cells in the anterior and the posterior region compared to 

Rad51(RNAi) alone (one independent experiment, n=5).  

 To understand whether the observed increase in TUNEL positive cells is due to 

Rad51, we down regulated Rad51 and BRCA2 together and analyzed cell death by TUNEL 

staining. Although there is a slight up regulation in cell death due to Rad51 down regulation 

simultaneous with BRCA2, compared to BRCA2(RNAi) alone, this increase is not 

significant: BRCA2+Rad51(RNAi) anterior 434.1 ± 52.4, BRCA2+Rad51(RNAi) 

posterior 775.75 ± 117 (fig 8.8D). Therefore, even with Rad51 down regulated, cell death 

counts equaled to that of BRCA2(RNAi) alone. This signifies that the down regulation of 

BRCA2 may play a more significant role towards cell death. Rad51 and p53 plays a role 

maintaining cell death along the anterior posterior axis (Chapter 9 fig 9.3). Therefore, 

analyzing cell proliferation and cell death post BRCA2 and p53 down regulation might 

provide insight into how these two molecules maintain homeostasis in the planaria.  
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Figure 8. 8 – BRCA2(RNAi) increases Cell death similar to Rad51(RNAi) 
(A) Compared to controls (B) BRCA2(RNAi) contains more cell death in the anterior region. (C) 

Simultaneous down regulation of Rad51 and BRCA2 increased cell death system wide. (D) Overall 

BRCA2(RNAi) contained increased cell death compared to controls: Control anterior 108.56 ± 27.2, 

BRCA2(anterior) 271.6 ± 113.9, Control posterior 145.5 ± 37.6, BRCA2(posterior) 704.9 ± 188.6. 

BRCA2+Rad51(RNAi) anterior 434.1 ± 52.4, BRCA2+Rad51(RNAi) posterior 775.75 ± 117. 
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8.2.6 - RPA homolog is found in Planaria 

The identified RPA homolog contains 58% similarity to the human RPA. A 6 frame 

translation and subsequent pfam analysis identified a RPA specific N terminal domain, a 

DNA binding domain and RPA specific C terminal domain (Fig 8.9). This observation was 

further confirmed using NCBI BLAST with the same domain predictions for RPA70 

protein. RPA is structurally conserved across species and therefore understanding the 

functional conservation of this protein in the planaria is relevant towards my thesis. In order 

to understand functional conservation, a 600bp fragment from RPA was cloned into 

pBluescript plasmid and RPA specific dsRNA was synthesized.  The dsRNA was injected 

into the animals similar to the injection regime employed for BRCA2 (Fig 8.3).  

 

 

 

Figure 8. 9 – Identification of RPA70 homolog in the planaria.  

The identified planarian RPA homolog contains RPA N terminal domain and a RPA C 

terminal domain. The structure has 58% similarities to the human RPA70. 
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8.2.7 - Schmidtea mediterranea RPA impacts cell proliferation  

 RPA is mainly involved with DNA metabolism. Due to its multiple roles in DNA 

repair, cell cycle arrest and checkpoints, RPA down regulation could impact the stem cell 

population. A screen provided previously have characterized RPA(RNAi) to contain head 

regression and confers a lethal phenotype with down regulation of mitotic cell population. 

Head regression is usually associated with the depletion of the neoblasts in the planaria. 

Thus to confirm this result, RPA(RNAi) and control cohorts were injected. 30 days post 

RNAi, the animals showed head regression developing into a more lethal phenotype. 

Mitotic cell analysis was performed on the RPA(RNAi), Based on preliminary data 

obtained animals that showed head regression did not contain any mitotic cells (data not 

shown). Thus the animals post the injection regime was fixed at day 25 post first injection. 

In this setting a few mitotic cells were still present, however more cells were observed in 

the posterior region of the animal: RPA(RNAi) anterior 5.3 ± 0.34, RPA(RNAi) posterior 

15 ± 3.4 (one independent experiment, n=5). This phenotype opposes the data observed for 

  
 

Figure 8. 10 -  RPA(RNAi) impairs neoblast proliferation. 

Mitotic cells are down regulated in the RPA(RNAi), but is slightly up regulated in the posterior 

compared to the anterior. Simultaneous down regulation of Rad51 and RPA results in regional 

differences observed with Rad51(RNAi). Please note that all statistical analysis was performed 

using the anterior or posterior controls from figure 8.5. 
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Rad51(RNAi) where cells divided more in the anterior than then posterior region (Fig 

8.10). Thus RPA confers regional differences albeit different from Rad51(RNAi) 

phenotype observed. To confirm this occurs independent of Rad51, animals injected with 

equal amounts of Rad51 and RPA dsRNA was fixed and stain with the mitotic marker H3p. 

Preliminary analysis on the Rad51+RPA(RNAi) showed similar phenotype observed in the 

Rad51(RNAi) alone animals: RPA+Rad51(RNAi) anterior 53.711 ± 18.5, 

RPA+Rad51(RNAi) posterior 4.67 ± 6.6 (one independent experiment, n=5). Thus Rad51 

absence pertained a dominant function over the absence of RPA. Rad51 displaces RPA to 

repair DSBs and thus disruption of HR mediated pathway destabilizes homeostasis and 

confers the anterior/posterior regional differences with cells mainly proliferating at the 

anterior. RPA singly down regulation confers neoblast down regulation probably due to its 

status as a DNA metabolizer and a DNA repair contributor. Thus Rad51 and RPA might 

provide cell cycle progression decisions independently from each other. However, 

analyzing the gene expression levels imply that Rad51 and RPA might have some 

regulatory roles with each other and is possibly co-expressed together in neoblasts (Fig 

8.11). 

 

 
 

Figure 8. 11 –  RPA and Rad51 expression levels 

 (A) RPA gene expression is down regulated in the Rad51(RNAi) equally (N=1). (B) 

Rad51 gene expression is down regulated in RPA(RNAi) mostly in the posterior region 

(N=1). 
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Figure 8. 12 - RPA(RNAi) down regulates neoblast marker expression 
 (A) Smedwi-1 (B) Cyclin B (C) NB.21.11e (D) AGAT-1 markers are down regulated in the 

RPA(RNAi). The neoblast, early division progeny and late division progeny down regulation 

pattern does not resemble Rad51(RNAi) or BRCA2(RNAi) phenotypes observed. 
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8.2.8  - Schmidtea mediterranea down regulates neoblasts and successive progeny but 

does not impose regional differences  

To assess whether RPA down regulation plays a role in mediating regional 

differences on the neoblast and successive progeny, Quantitative PCR analysis was 

performed using characterized Smedwi-1, Cyclin B, NB.21.11e and AGAT-1 primers. 

RNA extracted from RPA(RNAi) anterior/posterior fragments were compared to control 

anterior and posterior fragments, which clearly showed a marked down regulation of these 

genes. This supports the down regulation of the H3p positive cells in the RPA(RNAi) 

implying that proliferation is impaired in the planaria. Successive progeny marker down 

regulation further implies possible impairment in differentiation potential and cell death. 

However, RPA(RNAi) did not confer regional differences in neoblast marker expression 

opposed to BRCA2(RNAi) and Rad51(RNAi). Thus the regional differences were more 

related to functions imposed by BRCA2 and Rad51. RPA however is involved with DNA 

metabolism and is closely linked with DNA repair mechanisms. Thus this link in cell 

proliferation and neoblast expression should be investigated to understand decisions 

mediated by the system during DNA damage and DNA replication.  

 

8.3 - Conclusions 

 BRCA2 and RPA are required for mediation of proper DNA repair via the 

homologous recombination pathway. Impairment of these molecules in vivo during 

development results in embryonic lethality. Thus studying their in vivo regulation and 

relevance remains a complication.  Conditional knockdowns do not provide the molecular 

regulation in a natural environment and the truncated BRCA2 could only produce a few 

viable mice. To ameliorate these issues, and to understand in vivo regulation of BRCA2 

and RPA in adult animals, planarians as a model organism can be utilized. After identifying 

structurally conserved homologs for BRCA2 and RPA, the sequences were cloned and 

effectively down regulated in the whole animal using RNAi technique. Functional analysis 

in vivo revealed that BRCA2 is important for DNA repair and similar to Rad51(RNAi), 

BRCA2(RNAi) disrupts tissue homeostasis. Regional differences conferred by the 

Rad51(RNAi) is observed upon BRCA2(RNAi), implying regional differences in cell 

proliferation and cell death is due to impairment in the homologous recombination 

pathway. 

BRCA2(RNAi) renders a slight increase in proliferative cells in the posterior region 

compared to Rad51(RNAi) and also increases cell death as observed by TUNEL assay. 

This data suggests BRCA2 could function independent of Rad51. Rad51 has the capability 

to bind to p53 and simultaneous down regulation of Rad51 and p53 could alleviate the 

embryonic lethality observed with Rad51 knock down. This same phenotype was observed 

with simultaneous BRCA2 and p53 down regulation, where partial rescue of the BRCA2 

mediated embryonic lethality was accomplished. Data since then has emerged of co-

mingled function between Rad51, p53 and BRCA2 during maintenance of genomic 
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integrity [43]. Thus to understand the difference between Rad51 and BRCA2 cell 

proliferation and cell death, p53 must be simultaneously down regulated with BRCA2. This 

will provide whether the observed BRCA2(RNAi) cell death and cell proliferation 

differences are due to p53 mediated differential regulation. BRCA2 has been found to 

inhibit transcriptional activity of p53 further implying synergistic roles with the p53 

pathway [22, 31]. If this remains a fact, the increase in cell death seen in the BRCA2(RNAi) 

might be related with down regulated p53 functions. 

Studies have shown that BRCA2 has the capability to suppress cell division by 

stabilizing MAGE-D1 in a p53 independent manner [45]. Thus BRCA2 might be 

interacting with various pathways during maintenance of homeostasis, embryonic 

development, tissue repair and regeneration. BRCA1 and BRCA2 also has the capability 

to regulate the mitotic checkpoint and spindle assembly during cell cycle progression [46]. 

BRCA2 transactivation domain also maintains transcriptional activities. Studies have 

found that BRCA2 has the capability to complex with Smad3 and initiate gene expression. 

Smad3 is involved with many cellular functions such as cell cycle progression, apoptosis 

and differentiation. Smad3 interaction with BRCA2 may convey further cell cycle 

regulatory defects in the BRCA2(RNAi). Rb is known to regulate DNA damage responses, 

and whether this molecule has an interplay with BRCA2 during maintenance of tissue 

homeostasis has not been discovered [47]. Due to the clinical relevance of BRCA2 and our 

limited understanding of its function in vivo, understanding how BRCA2 is relevant to 

maintain homeostasis will be crucial. 

The studies in this chapter imply that RPA down regulation impairs cellular 

proliferation and down regulates neoblasts and their successive progeny. However, the 

neoblast markers did not impose regional differences similar to Rad51 and BRCA2. This 

implies that lack of RPA might not impose the same decisions mediated by the planarian 

system. Further analysis for RPA(RNAi) IR sensitivity, cell death and cell division 

machinery is required to understand the functions mediated by RPA. Interestingly Rad51 

and RPA dual down regulation imposes regional differences similar to Rad51(RNAi) 

alone. Thus this further confirms an important role towards Rad51 and imposing a 

hierarchy towards systemic decision based on the expression certain factors. 
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Chapter 9 

Rad51 interplay with tumor suppressors contribute towards the 

observed regional differences 

 

9.1 - Introduction 

9.1.1  - p53 and DNA damage responses  

Cell proliferation is determined and regulated by intricate networks that determine 

the fate of the cell depending on genomic integrity, availability of metabolic responses and 

tissue damage and repair. Thus activated various pathways collaborate to progress the 

targeted cell through the G1 phase to the M phase. Central to this progression are p53 and 

Rb (Retinoblastoma protein). P53 and Rb are tumor suppressors and deregulation of these 

molecules have been implicated in a number of pathogenesis including cancer. 

Understanding various pathways that contribute and collaborate to sustain or inhibit these 

molecules, and further deduce the regulatory aspects imposed by these molecules in vivo 

is necessary to provide more refined approaches towards tumor specific therapies. 

P53 was first identified as an SV40 large T antigen having oncogenic properties. 

Since then p53 has emerged as a powerful tumor suppressor that is in a pivotal position 

controlling cell proliferation and cell death. The central focus of this protein is to maintain 

cellular homeostasis and therefore p53 has been identified as the “guardian of the genome” 

and the “cellular gatekeeper” [1]. p53 family of proteins also involves p73 and p63 proteins 

containing similar structures and functions to p53 and also modulate similar regulatory 

networks. Thus in certain p53 mutations, p73 and p63 might be compensating for the loss 

of p53 [2]. p53 functions are varied and central to this functions is the well formatted 

structure of the p53 protein. p53 contains nuclear localization signals, transactivation 

domains, and DNA binding domains. Nuclear export signals are essential for its activity as 

a transcription factor [3, 4]. P53 activation is induced by a varied number of responses such 

as DNA damage, cell cycle arrest at checkpoints, apoptosis, autophagy, oncogene 

activation, hypoxia and senescence. Once activated p53 will transcriptionally activate a 

myriad of genes to regulate pathways based upon the cellular need. An ortholog for a p53 

like protein has been discovered and characterized in Schmidtea mediterranea [5].   

Upon DNA damage p53 becomes phosphorylated,activated and equates to cell 

cycle arrest, senescence or programmed cell death. Studies indicate the level of mRNA 

expression of p53 does not change due to DNA damage, however the protein function 

increases implying an increase in p53 stability by post translational modifications (Kastak 

1991). P53 is important for DNA repair process due to its decision making to either arrest 

the cell cycle progression until DNA damage has been repair or induce programmed cell 

death to eliminate the damaged cell from the cellular pool. DNA damage cell cycle arrest 

can be initiated at the G1 checkpoint or the G2 checkpoint of the cell cycle. P53 is also 
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capable of increasing the duration of the cell cycle arrest based on the induced amount and 

rate of DNA damage.  

The mechanism which decides to arrest a cell at a cell cycle checkpoint or eliminate 

itself from the cellular pool by apoptosis still remains unanswered. However, p53 seems to 

be mediating a central role in this decision making and studies have begun elucidating its 

role in the NHEJ and HR pathways. Even though HR repair is error free, tumors are known 

to overexpress Rad51 and increase HR mediated activities, increasing resistance to DNA 

damaging agents [6]. Therefore, this pathway is tightly regulated by p53. P53 can down 

regulate Rad51 function by either repressing Rad51 transcription or by inhibiting Rad51 

foci formation [7-9]. Down regulating p53 in a Rad51-/- background partially rescues the 

lethal phenotype induced by Rad51 deficiency [10]. This further provide evidence for 

direction interaction and regulation between p53 and Rad51. Interestingly, even one DSB 

can induce p53 activation and induce cell cycle arrest which implies that priority is given 

to recruit p53 upon DNA damage (Huang 1996a). The dynamic between DNA damage 

response, p53 activation and the decision for p53 to allow the progression of the DNA 

repair process still remains unclear. Further, DNA-PK involved with the NHEJ pathway 

has the capability to phosphorylate p53 and further inhibit mdm2 binding to p53 disrupting 

p53 degradation [11]. On the other hand, NHEJ is an error prone DNA repair mechanism 

and is highly susceptible to mutations, which can mediate problems especially if the 

mutation is within a coding region. Therefore, this process too must be tightly regulated 

and p53 seems to be involved with controlling NHEJ, minimizing mutagenic effects 

produced by this pathway [12]. Decisions allowing HR or NHEJ mediated DNA 

repair,subsequent cell cycle arrest, or the progression towards cellular death seems to be 

maintained centrally by the powerful tumor suppressor p53 gene. Moreover, understanding 

p53 mediation in vivo together with each repair pathway is essential to our understanding. 

 

9.1.2 - Rb and DNA damage responses  

Rb (Retinoblastoma) protein is the first tumor suppressor to be identified and 

cloned [13]. Rb function revolves around cell cycle progression, especially in controlling 

the G1 to S phase transition. Rb inhibits E2F transcription factors that is required for cell 

cycle progression, thereby controlling cellular fate. Rb belongs to a family of proteins 

termed the “pocket proteins”. Rb family of proteins is made out of Rb (p105), p107 and 

p130 (Rb2) proteins and the term pocket protein is given due to a grove present in these 

proteins that facilitates the binding of E2F proteins. Structurally, Rb protein can be divided 

into 3 main regions: N terminus, small pocket domain and the C terminus. The small pocket 

domain flanked by the N and C terminus contains the most mutations detected in cancers. 

Further, this region contains the most conservation in amino acids to the other pocket 

proteins p107 and p130. The combined regions of the C terminus and the small pocket 

domain is termed the large pocket domain. This region is important for the protein 

interaction with the E2F family of transcription factors.  



148 
 

Upon external mitogenic stimulation a cell can enter cell cycle. The cell eventually 

enters the restriction point (R point) whence the cell does not require external mitogenic 

stimuli to progress through the cell cycle. Rb plays a major role in facilitating the R point 

switch. Rb mainly binds to E2F proteins at their transactivation domain and inhibits their 

function maintaining the cell at G0 (quiescent) phase. However, upon entering the cell 

cycle, Rb gets phosphorylated which frees E2F binding to Rb and transcribes genes 

essential for cell cycle progression. Thus Rb function fits into the category of tumor 

suppression. Rb inactivation during development is embryonically lethal with the lethal 

phenotype conveyed around E12-15. This has been linked with proliferation defects and 

increase in apoptosis. Several studies performed during development and in adults have 

indicated that Rb inactivation stimulates p53 dependent apoptosis [14, 15]. Further Rb 

together with p53 has been implicated in replicative senescence and SIPS [16]. 

Stress induced premature senescence (SIPS) defers from replicative senescence and 

is induced usually by DNA damage causing agents such as IR. These cells do not 

necessarily contain shortened telomeres and by passing SIPs can create aggressive tumor 

formation [17, 18]. SIPS formation has also been shown to be dosage dependent where 

rates of high irradiation exposure could enhance SIPS [18]. Inducing IR mediated DSBs 

can activate p53-p21 dependent pathway that can induce growth arrest and induce 

senescence [18]. Usually p53 expression will be sustained up to 6 hours post DSBs, 

however in SIPS cells 

p53 expression can be 

sustained for about 10 

days [19, 20].  Activation 

of p16INK4a inhibits 

Cyclin D and CDK4/6 

which terminates the 

phosphorylation of Rb 

protein inhibiting cell 

cycle progression at the 

early phases of cell cycle. 

This level of cell cycle 

control mediated at the 

early stages of  cell 

cycle more than likely 

induces senescence and 

in the presence of DNA 

damaging agents, SIPS. 

Whether this process is  

irreversible or reversible 

could depend on the type 

of DNA damaging agent 

and the amount of 

sustained damage. 

 

Figure 9.1 – DNA damage and Tumor suppressor responses 
Upon DNA damage, cells arrest at cells cycle. Rb and p53 tumor 

suppressors are known to mediate several cell cycle regulatory roles 

such as initiation of DNA damage repair, senescence or apoptosis. 
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A Rb homolog has been discovered in the planaria [21]. These animals are capable 

of mounting some proliferative responses however, proper regeneration is impaired. 

Interestingly Rb(RNAi) mediate regional differences in cell proliferation, concentrating 

more cell division in the posterior than in the anterior. This contains opposing regional 

differences to Rad51(RNAi). Additional characterization is required to determine the 

modulation of these regional differences due to Rb(RNAi). But since we observed Rb up 

regulation in the Rad51(RNAi) anterior region relative to Rad51(RNAi) posterior region, 

investigating Rb and Rad51 interplay might provide valuable information.  

Upon DNA damage Rb and p53 mediates decisions that are crucial for cell fate 

decisions. In this chapter, I focus on how these tumor suppressors might interplay with the 

HR pathway and possibly impose regional differences in the planaria, in vivo during 

maintenance of normal homeostasis. 

 

9.2 - Results 

9.2.1 – p53 and Rad51 interplay 

Smed-p53 and Smed-Rb have been identified in the planarian model organism 

previously. Single down regulation of each molecule by RNAi has revealed the importance 

of each tumor suppressor towards maintenance of systemic homeostasis, tissue repair and 

regeneration [5, 22].  

P53 is mainly expressed in the post mitotic progeny (X2) in the planaria, and the 

down regulation of Smed-p53 results in an increase in cell proliferation during the initial 

phase. During this phase the X2 population is depleted showing regional differences with 

the X2 cell marker NB.21.11e (prog-1) where it is more expressed in the anterior than the 

posterior. Thus this increase in neoblasts (smedwi-1 positive cells) seems to occur while 

restricting differentiation potential. During the latter phase of Smed-p53 down regulation, 

the stem cell compartment become depleted and restricted to the posterior region of the 

animal. In addition, similar to the proliferative cells, the X2 progeny seems to be now 

increased/restricted to the posterior region than the anterior region of the animal. This 

phenotype agrees with the head regression phenotype observed in the p53(RNAi). Thus in 

the absence of p53, some stem cells have the capability to proliferate in the posterior region 

and the anterior division is completely restricted. 

P53 has the capability to directly bind and regulate Rad51 function and further 

transcriptionally repress its expression. Thus we performed quantitative pcr analysis to 

understand the levels of p53 gene expressed in the Rad51(RNAi) animal. Anterior and 

posterior amputated control and Rad51(RNAi) animals were used to extract RNA and 

quantitative pcr was performed. Based on initial analysis, p53 is equally expressed in the 

control cohorts in both the anterior and posterior region. This expression was down 

regulated in the Rad51(RNAi) ~2-3 fold. The posterior region contained less p53 and this 
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could be connected to down regulation of the X2 progeny at the posterior region. 

Rad51(RNAi) animals also showed decreased quantities of NB.21.11e positive cells in the 

posterior region of the animal compared to the anterior (Fig 7.11).   

 
 

Figure 9.2 – P53 interplays with Rad51 to maintain cell proliferation along the anterior 

posterior axis.   
(A) p53 expression is equally distributed along the anterior posterior axis of the Rad51(RNAi) (B) p53 

downregulatuon by injection increases cell proliferation, however simultaneous downregulation of 

Rad51 and p53 imposes regional differences. Interestingly relatively increased levels of cell proliferation 

is observed in the Rad51+p53(RNAi) posterior region.(C) Quantification of mitotic cells: (Three separate 

experiments, n=15) 
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To assess the p53 function imposed by the p53 down regulation, we performed an 

injection regime similar to the Rad51(RNAi) down regulation (chapter 7.3). To further 

understand how Rad51 and p53 interacts in vivo in adult animals we down regulated Rad51 

together with p53. Post injection (30 Days), control, p53(RNAi), Rad51(RNAi)  and 

Rad51+p53(RNAi) animals were fixed though carnoy fixation and stained for the mitotic 

marker H3p. During this phase the p53(RNAi) maintained increased proliferation 

synonymous with the observed first phase of Smed-p53 down regulation. Rad51(RNAi) as 

observed earlier maintained down regulated cell division, while Rad51+p53(RNAi) also 

compared to p53 down regulated its proliferative potential. However, there was a 

significant but slight increase (p=0.018) in cell proliferation in the Rad51+p53(RNAi) 

compared to Rad51(RNAi) alone animals (Figure 9.2 C). Further a slight significant 

increase in cell proliferation was also detected in the Rad51+p53(RNAi) compared to the 

Rad51(RNAi) alone (p=0.03). This data implies that the absence of p53 renders an increase 

in cell proliferation which is independent of Rad51. Compared to the anterior 

Rad51(RNAi) the anterior Rad51+p53(RNAi) contained ~3 fold up regulation in cell 

division while the posterior of these RNAi animals had a ~16 fold difference. This implies 

that with p53 and Rad51 down regulation the posterior region of the animal mediate 

proliferation in the posterior region than the anterior region. This was not observed in the 

p53(RNAi) alone animals implying the regional differences imposed is due to an interplay 

between Rad51 and p53. Whether this increase in Rad51+p53 is due to an Rad51 

independent p53 mediated increase in proliferation at the sacrifice of down regulated 

differentiation potential, or whether Rad51 and p53 is playing a role towards mediating 

cell proliferation together remains to be investigated. Supporting this hypothesis are the 

partial rescue of phenotypes observed in the Rad51 and p53 dual knock down mice [9]. 

This phenotype might potentially implicate Rad51 and p53 synergistic functions to 

promote cell proliferation to maintain homeostasis in the intact animal or during 

development. However, since p53 down regulation did not initiate a full recovery, I 

hypothesize that there are other crucial factors that might be affecting cell proliferation 

together with Rad51. 

HR is an important pathway to mediate cell proliferation and maintain homeostasis 

in the planaria (chapter 7). In the Rad51(RNAi), in the absence of the HR pathway, p53 

might be the crucial tumor suppressor that might decide between cell cycle arrest, 

senescence or apoptosis. In fact the increase in cellular death in the Rad51(RNAi) posterior 

region could implicate p53 could be involved with imposing apoptosis. To assess this, 

TUNEL assay was performed on control, p53(RNAi), Rad51(RNAi)  and 

Rad51+p53(RNAi) animals. Previous studies have indicated that p53 down regulation 

impairs the post mitotic progeny, and the down regulation of NB.21.11e could be 

happening with less differentiation capability. The data obtained here further adds cell 

death as a possible mediator that could possibly be involved with maintenance of neoblasts 

and post mitotic progeny. NB.21.11e is severely down regulated in the p53(RNAi) and the 

increase in cell death observed in the posterior region of the p53(RNAi) might be an 

additional reason for this down regulation. Thus decreased differentiation capability and 

cell death might be crucial to understand p53 mediated systemic regulation. In the absence 

of Rad51 and p53 the anterior region of the animals contained massive cellular death 
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implying the anterior cell death and cell cycle arrest was probably mediated by p53 (Figure 

9.3 A-B). Compared to this, Rad51+p53(RNAi) increased cellular death implying, in the 

absence of Rad51, p53 might be playing a crucial role to maintain homeostasis and induce 

either cell cycle arrest or senescence. But in the absence of p53, the cells are induced to 

die. The mechanisms that induce this cell death remains unanswered, however this could 

further imply that p53 is involved with cell cycle arrest in the anterior region as well. 

Further, p53 also is an important senescence regulator and could be initiating senescence 

 
 

Figure 9.3 – P53 interplays with Rad51 to maintain cell death 

 (A) p53 down regulation increases cell death through the system, while Rad51(RNAi) imposes cell death 

more in the posterior region. Rad51+p53 simultaneous down regulation increases cell death equally along 

the anterior posterior axis. (B) Quantification of TUNEL positive cells: (Two separate experiments, n=6) 
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in the anterior region of the Rad51(RNAi) [23].  Compared to the anterior region, the 

posterior region of the Rad51+p53(RNAi) had a slight down regulation in cell division. 

With the down regulation of p53 with Rad51 the observed regional difference in cell death 

was removed implying p53 is a crucial mediator that imposes regional differences in cell 

death in the absence of Rad51. 

The above observation we obtained was from the first phase of smed-p53 down 

regulation. However understanding the synergistic interplay between p53 and Rad51 at the 

 
 

Figure 9.4 – Rb interplays with Rad51 to maintain cell proliferation 

 (A) Rb expression is expressed more at the anterior than the posterior of the Rad51(RNAi) (B) Rb 

down regulation by injection  down regulates cell proliferation concentrating cells to the posterior, 

however simultaneous down regulation of Rad51 and Rb eliminated all proliferative cells.(C) 

Quantification of mitotic cells: (Three separate experiments, n=15) 
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second phase might impose problems since the RNAi animals show lethality post 30 days 

of RNAi injection. Therefore, as a future direction, down regulating p53 first and then 

inducing Rad51 down regulation might be important to understand how Rad51 behaves in 

a complete p53 null background. 

 

9.2.2 – Rb and Rad51 interplay 

 The identified Rb homolog in the planaria is crucial for the maintenance of the 

smedwi-1 positive neoblast population. Even though the smedwi-1 positive cells are 

equally distributed in the Rb(RNAi), the mitotic progeny is concentrated in the posterior 

region, implying that Rb is crucial for proliferative signals mediated in the anterior region 

of the planaria. This data validates the studies performed showing Rb mutations in 

retinoblastoma [24]. However, post 24 hours of irradiation Rb(RNAi) animals maintained 

smedwi-1 positive cells [21] implying some cells attempt at cell division post IR in the 

anterior region. Which molecules are involved with this pathway has not been elucidated.  

 
Figure 9.5 – Tumor suppressors mediate different functions along the anterior posterior axis 

in the absence of Rad51.  
Rad51 down regulation imposes regional differences in cell proliferation. An interplay between Rb and 

p53 with the HR pathway mediates regional differences. 
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 Rad51 is a crucial player in the HR pathway and since the down regulation of Rad51 

implies regional differences in the planaria. I next observed whether Rb is a crucial tumor 

suppressor, a mediator of senescence and could interplay with Rad51 to mediate regional 

differences in the planaria. Observing the Rb gene expression in the control vs 

Rad51(RNAi) anterior and posterior regions indicated that Rb gene is equally expressed 

between the anterior control and anterior Rad51(RNAi). However, the posterior 

Rad51(RNAi) fragment contained a significant down regulation in the  Rb gene expression. 

Rad51(RNAi) eliminates mitotic cells in the posterior region and down regulates H3p+ 

cells in the anterior region. Since Rb is primarily expressed in the planarian neoblast 

population I hypothesize that the elimination of the neoblast population could be the reason 

why Rb is down regulated in the posterior. While the anterior region maintains Rb gene 

expression to maintain some proliferative responses.  Whether Rb is imposing cellular 

senescence or a halt in the proliferative status remains to be elucidated.  

 To assess the interplay between Rad51 and Rb during maintenance of cell 

proliferation, Rad51 was down regulated together with Rb and compared to control, 

Rad51(RNAi) alone and Rb(RNAi) alone animals (Figure 9.5). Similar to previously 

published data Rb(RNAi) mitosis was concentrated in the posterior region of the animal. 

However, dual down regulation of Rad51 and Rb completely eliminates cell division in the 

posterior region implying that proliferation in the posterior region might involve the HR 

pathway. While the anterior region in these animals contained a few cell divisions, 

compared to other RNAi combos Rb and Rad51 dual down regulation had the most 

implications towards cell division. Rb down regulation with p53 maintained more cells in 

the posterior compared to the anterior with an up regulation in cell proliferation in the 

posterior. This further implies that with the down regulation of p53, the cells in the 

  
 

Figure 9.6 – Tumor suppressors mediate cell proliferation based on systemic positional cues  
Down regulation of Rb and p53 with Rad51 in DT (APC RNAi) animals show mitotic responses observed 

in intact posterior regions. 
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posterior region promote more cell proliferation. Overall, down regulation of p53 promotes 

cell proliferation, and though dual down regulation with Rb decreases the proliferation, 

compared to p53(RNAi) alone there is significant decline in proliferation. This set of data 

between p53 and Rb down regulation implies that Rb might have a principle role at 

modulating cell proliferation than p53 (Figure 9.5).  

Overall the triple knockdown animals maintained very little proliferative cells 

implying the need for Rad51 and Rb during cell proliferation and maintenance of tissue 

homeostasis.  Interestingly Rb, p53 and Rad51 triple down regulation increased some 

proliferation in the posterior region of the animal compared to the dual Rb+Rad51(RNAi) 

alone (Figure 9.5). The likely character involved with this up regulation is p53, further 

implicating its role towards cell death in the posterior region.  

 

9.2.3 – Rb and p53 decisions are governed by systemic positional cues 

To assess whether the regional differences maintained by the planaria is due to 

signals arising from the posterior region of the planaria, I obtained double tail (DT) animals 

generated by down regulating Smed-APC and injected Rad51, Rb, p53 RNAi as shown in 

figure 9.6. These animals were fixed 30 days PFI and stained with mitotic marker H3p to 

understand proliferative levels. Similar to intact planarian posterior region, Rad51(RNAi) 

animals did not contain any proliferative cells while p53(RNAi) alone or Rb(RNAi) alone 

contained relatively higher proliferative levels. However, down regulation of Rad51 with 

either Rb or p53 showed a slight increase in cell proliferation in the DT animals. Triple 

down regulation also conferred few proliferative cells. This implies that in the presence of 

an animal that does not contain a brain, Rad51(RNAi) animals did not attempt any 

proliferation. This was mitigated by Rb and p53 tumor suppressor down regulation. This 

result implies that the regional differences observed were probably due to positional cues 

conferred by different regions of the system and tumor suppressors interplay along the axis 

mediating different regulatory patterns to maintain cell proliferation and possibly cell 

death. 

 

9.3 - Conclusion  

  Chapter 7 highlighted the importance of Rad51, an important player in the HR 

pathway towards maintaining systemic homeostasis. Down regulation of Rad51 initiated 

regional differences. In this chapter I sought to discover factors that could be mediating 

these regional differences with Rad51. Previous studies have implicated p53 and Rb as 

crucial cell cycle regulators and important for decisions post DNA damage. Therefore I 

down regulated Rad51 together with Rb and/or p53 to understand their regulation. My 

findings implicate that both p53 and Rb could be interplaying with Rad51 during 

maintenance of in vivo systemic homeostasis.  

Further my studies provide Rb as a key regulator of cell proliferation together with 

Rad51. The cell proliferation detected in the anterior region in the Rad51(RNAi) is 

Systemic 

Signals 
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completely lost in the Rad51+Rb(RNAi), implying the need for Rb to maintain cell 

proliferation in the anterior region of these animals. p53 seems to be mostly involved with 

maintaining cell death in the posterior region of the Rad51(RNAi) animal. As a future 

direction, understanding the relevance of these two molecules towards senescence in the 

anterior and posterior regions might be vital.  

 

 
 

 

 

 

 

 

 

 

Figure 9.7 - Working model 
Rad51 is important for the progression of cell cycle. Even in the absence of DNA damage, Rad51 is 

required to maintain systemic homeostasis. In the absence of Rad51, p53 and Rb tumor suppressors 

maintain certain local and systemic signals that promote differential cell proliferation or cell death along 

the anterior posterior axis of the planaria. Whether Rb and p53 functions together or independent of each 

other in the anterior division needs further clarification. 
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Chapter 10 

Ku70 and Ku80 heterodimer may play a role in mediating 

DNA repair in the planaria. 
 

10.1 – Introduction 

10.1.1  - NHEJ pathway 

The non-homologous end joining (NHEJ) pathway is characterized as the main 

DSB repair pathway in mammals. Compared to the error less homologous recombination 

pathway, NHEJ pathway is more error prone. While NHEJ might not be the most perfect 

solution in the presence of genomic stress, it however is capable of been activated at any 

point of the cell cycle to mediate repair by joining two broken strands. In cells and tissue 

that does not acquire high proliferative capacity such as hematopoietic stem cells, this 

method is highly suitable in context of energy conservation and finding a quick repair 

solution. However, the precise implications for multicellular eukaryotes to choose this 

pathway over the HR pathway are still not well understood. 

One theory regarding the use of NHEJ pathway over the HR pathway in the 

mammalian system is based on the amount of repetitive DNA found [1]. Over 66% of the 

human genome is thought to contain repetitive sequences or repeat derived DNA [2].  

Therefore, if the DNA breaks in a region where the DNA is repeated, the HR mediated 

DNA repair might not be necessary to maintain genomic integrity. HR process requires a 

lot of energy and since the broken DNA strand needs to find the homologous chromosome, 

the repair kinetics are very slow. For the maintenance of tissue in a large multicellular 

eukaryote, NHEJ might therefore be a quick, effective and less energy costing process to 

repair DNA. Further, tissue that maintain low number of proliferative cells prefer NHEJ as 

their repair mechanism since HR is activated only post S phase of the cell cycle and NHEJ 

can repair DNA during any time of the cell cycle.  

Understanding the ratio of HR and NHEJ usage in a tissue or an organism might be 

a better approach to understand the function and importance of both these pathways. 

During embryonic development HR pathway is important during the initial rapid 

proliferative phase. NHEJ pathway plays a role and could mediate birth defects or late set 

embryonic lethality when components of this pathway are compromised during 

development [3]. This timeline more corresponds to less cellular division and more cellular 

differentiation. NHEJ pathway also is important to join the breaks that is created during 

V(D)J recombination that occurs during B and T cell maturation. Thus relative to the 

planarian system that does not contain immune cells requiring V(D)J recombination like 

mechanisms, mammalian systems will maintain a higher ratio of NHEJ mediated activity. 

However, in an organ that has more proliferative and regenerative capacity such as the 



159 
 

human liver, the usage of HR and NHEJ and their implications towards DNA repair and 

maintenance of homeostasis has not been characterized yet. 

NHEJ pathway can be divided into two sub pathways: C-NHEJ (the classical or the 

canonical NHEJ pathway), A-NHEJ (the alternative NHEJ pathway) [4].  The ATM and 

MRN complex can activate the C-NHEJ and the A-NHEJ pathways [5]. The C-NHEJ 

pathway contains the Ku heterodimer, DNA-PK, Artemis, XRCC4, DNA ligase IV and 

XLF. Most of these components and the functions have been characterized in chapter 7. 

Ku70 and Ku80 heterodimer plays a crucial role during C-NHEJ pathway while these 

molecules are not required for the A-NHEJ pathway [5]. A-NHEJ pathway employs 

molecules such as MRE11, CtIP, and Parp1 which also plays crucial role during 

homologous recombination. Further, these two pathways differ in the required ssDNA 

resection sizes. C-NHEJ pathway requires only short ssDNA resection while A-NHEJ 

similar to HR requires a longer ssDNA resection to function. However, A-NHEJ could also 

occur in the absence of a homologous sequence and similar to C-NHEJ is error prone and 

can respond rapidly and repair the DNA quicker than the HR pathway. 

 

10.1.2 - Ku70-80 structure  

Ku70 a 70KDa protein and Ku80 a 86KDa protein heterodimerizes to form the Ku 

complex that binds to the DSBs at the start of the NHEJ pathway. This complex was first 

found by Mimori et al when studying the serum for autoantibodies in patients with 

connective tissue diseases [6]. X ray Crystallography has revealed the structure of the Ku70 

and Ku80 heterodimer [7]. They both contain an alpha beta domain at the N terminal, a 

beta-barrel domain which is the Ku domain in the middle and a helical arm at the c 

terminus. Differentiating the two proteins, Ku70 contains a SAP domain which has been 

characterized as DNA-binding motifs [8, 9]. The C terminal region of Ku70 is crucial for 

the recruitment of DNA-PKCs [10].  

The Ku proteins have been found in all forms eukaryotic life forms and thus it is 

structurally conserved. Homologs of Ku has also been discovered in prokaryotes, therefore 

the functions conveyed by this pathway is important for all forms of life [11] Ku binds to 

the broken DNA created by DSBs and protects the DNA ends from the nuclease activities 

imposed by MRE11 and CtIP [12, 13]and then later recruits DNA-PK [4]. DNA-PK, 

Artemis and several kinases are involved with processing the DNA ends at this stage. Later 

the ligases will play a crucial role to join the ends of the broken DNA. Thus the central 

function of Ku70 is to repair DSBs rapidly. Though error prone, this form of rapid DNA 

repair could be crucial for cell populations with less proliferative capacity. Further studies 

have shown that Ku70 retains chemo resistance and has anti apoptotic activity [11, 14-16]. 
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Studies on Ku70 have implicated its vital function during V(D)J recombination and 

T and B cell maturation process. RAG1 and RAG2 (recombination activating gene 

proteins) cleaves DNA ends during V(D)J recombination and, Ku70-80 heterodimer 

together with DNA-PKCs and XRCC4 is involved with joining these ends [17]. Thus lack 

of Ku70 or Ku80 produces iummunodeficient mice [18-20]. Ku70 also has the capability 

to bind to telomeres and prevents telomere shortening [11]. Studies have also shown that 

Ku70 together with telomerase prevents homologous recombination activity at the 

telomeres sights [21]. This function might not always be positive towards the maintenance 

 

Chapter 10. 1 - Genomic analysis of the Planarian Ku70 Homolog.  
Upon 6 frame translation using pfam, the identified Ku70 homolog is shown to contain Ku70 N 

terminal alpha.beta domain, a Ku70 beta barrel, a Ku70 C terminal arm and a Sap domain. The 

sequence contains 51% similarities to the human Ku70 protein. 
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and stabilization of telomeres since HR has shown to be important for telomere 

maintenance in humans [22].  

 

10.2   Results 

10.2.1 - Ku70 and Ku80 homologs in the Planaria 

 

 Planarian Rad51, BRCA2 and RPA that plays major roles during homologous 

recombination pathway and this has been characterized in chapters 7 and 8. Further, chapter 

6 focuses on a number of molecules involved with various DNA repair pathways including 

the non-homologous end joining pathway. Ku protein heterodimer is important for the 

initiation of the NHEJ pathway. Therefore, compromising Ku70 and/or Ku80 might 

compromise the C-NHEJ pathway in the planaria. Genomic analysis was performed using 

the Sanchez laboratory planarian genome database to identify Ku70 and Ku80 homologs. 

Pfam and BLAST analysis identified possible homologs for Ku70 and Ku80. Ku70 and 

Ku80 both contain a Ku domain that has significant homology to each other. Ku70 and 

Ku80 both contain an alpha beta domain at the N terminal, a beta-barrel domain which is 

the Ku domain in the middle and a helical arm at the c terminus. Further, Ku70 contains a 

SAP domain which has been characterized as a DNA-binding motif [8, 9]. Based on pfam 

domain predictions, the discovered Planarian Ku70 homolog (mk4.001927.02.01) contains 

51% similarities and possesses a Ku N terminal domain, a Ku beta-barrel domain, a Ku C 

 

Chapter 10. 2 - Genomic analysis of the Planarian Ku80 Homolog.  

Upon 6 frame translation using pfam, the identified Ku80 homolog is shown to contain Ku80 beta barrel 

domain which is specific to Ku proteins. This region has a 59% similarity to human Ku80 Ku domain.  
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terminal arm and a Sap domain. This configuration is found in Ku proteins in other species 

and therefore the identified sequence in the planaria contains structural conservation for 

Ku70 (Figure 10.1). The identified Ku80 sequence (mk4.022912.01.01) contains only a Ku 

domain which is typical for Ku proteins and has 59% similarities to the human Ku80 

(Figure 10.2). These configurations could imply that these homologs are the planarian 

Ku70 and Ku80 proteins.  

 Since the C-NHEJ pathway can repair DNA at any stage of the cell cycle, the 

expression of Ku is expected to be present in all forms of cells. Preliminary analysis on 

FACS sorted X1 and X2 progeny indicated an up regulation in Ku70 expression in the X2 

 

Chapter 10. 3 - Ku70 is expressed in anterior and posterior regions of the planaria.  
(A) Compared to the proliferative neoblasts, the early division progeny maintains elevated levels of Ku70. 

(B) Ku70 is expressed equally in the anterior posterior fragments of the planaria. Rad51 down regulation does 

not impact Ku70 expression.  
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progeny relative to the neoblasts (X1) (Figure 10.3 A) (one individual experiment). To 

understand whether the C-NHEJ pathway could have a relationship with the HR pathway 

in the planaria, Ku70 expression was quantified in the control and Rad51(RNAi) anterior 

posterior fragments. Based on the preliminary analysis, the control and the Rad51(RNAi) 

maintained similar levels of Ku70 expression across the anterior posterior axis. This 

implies that Ku70 expression is not impacted upon Rad51 down regulation. And further 

Ku70 seems to be expressed equally across the anterior posterior axis, but more in the post 

mitotic progeny than in the proliferative neoblasts (Figure 10.3 A-B). Since C-NHEJ 

mediated DNA repair could be activated in any cell regardless of the proliferative status, 

we can expect Ku70 to be expressed in various cell populations. However, the down 

regulation in Ku70 in the neoblasts indicate that the proliferative cells might be utilizing 

the error less HR pathway than NHEJ pathway. Whether NHEJ is utilized by the neoblasts 

post induced IR damage requires further attention. 

 Cloning a ~550bp Ku70 sequence fragment into pBluescript plasmid and 

subsequent synthesis dsRNA for RNAi mediated gene down regulation helped to 

understand the function of this protein. Upon Ku70 down regulation by dsRNA, 

quantitative pcr was performed to measure the level of Ku70 gene expression. With the 

dsRNA injection schedule used, I was able to down regulate Ku70 expression by 3.5 fold 

compared to controls (Figure 10.4). Whether this level of down regulation could impose a 

partial phenotype, or whether it is enough to impose the full Ku70(RNAi) phenotype 

remains to be evaluated.  

Utilizing the Ku70(RNAi) animals I next investigated the importance of Ku70 in 

the  maintenance of homeostasis, DNA damage repair, tissue repair and regeneration. 

 

 
 

Chapter 10. 4 - Ku70 is down regulated upon RNAi.  
The ku70 gene expression was down regulated using similar injection regime used for Rad51 down 

regulation. Post 30 days of injection, compared to controls, Ku70(RNAi)  gene expression was down 

regulated by ~3.5 fold. 
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10.2.2  Schmidtea mediterranea Ku70 down regulation does not impact DNA repair 

or cellular proliferation 

Ku70 has been implicated as a factor that increases chemo resistance [16]. Thus 

Ku70 could have important implication towards cell death and proliferation.  Chapter 7 

describes the importance of HR and Rad51 towards maintaining proliferative cells and 

homeostasis in the planaria. To investigate whether Ku70 down regulation plays  a role 

 
 

Chapter 10. 5 – Ku70(RNAi) is not responsible for mitotic down regulation.  
(A) The Ku70(RNAi) did not contain significant differences in cell proliferation compared to the control. 

Rad51(RNAi) down regulated mitotic cell population, while Ku70+Rad51(RNAi) portrayed the 

Rad51(RNAi phenotype. (B) Ku70(RNAi) alone did not show regional differences, while Rad51(RNAi) 

and Rad51+Ku70(RNAi) simultaneous down regulation showed significant regional differences. (Two 

independent experiments, n>12  each).  
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during maintenance of normal homeostasis animals were fixed 30 days post first injection 

with Ku70 dsRNA and stained for mitotic cell marker H3p. Ku70(RNAi) down regulation 

in normal condition did not impact cell proliferation: Control 107 ± 21.2, Ku70(RNAi) 

113.86 ± 18  (Three separate experiments, n=11) (Fig 10.5 A-B). Opposed to this result 

animals that lack Rad51 and Ku70 imposed similar phenotype to Rad51(RNAi) animals 

where they showed a down regulation of the proliferative cells: Rad51(RNAi) 34.27 ± 13.4, 

Rad51+Ku70(RNAi) 36.58 ± 10. Further, characterizing regional differences portrayed by 

Rad51(RNAi) and Rad51+Ku70(RNAi), showing similar regional differences with cells 

primarily dividing in the anterior region compared to the posterior region: 

Ku70+Rad51(RNAi) anterior 55.7 ± 10 and Ku70+Rad51(RNAi) posterior 4.9 ± 5.1. Thus 

 

Chapter 10. 6  - Ku70 down regulation does not impact proliferation  post induced DNA 

damage.  
(A) The Ku70(RNAi) did not contain s44ignificant differences in cell proliferation post sub lethal IR 

(1000 rads). Rad51(RNAi) alone and Rad51+Ku70(RNAi) proliferation was abolished post sub lethal 

IR. (B) Post induced DNA damage by 1000 rads (sub lethal) Ku70 is expressed immediately within 

24 hours. The expression is maintained at day 5. Animals with lethal IR (6000 rads) do not express 

Ku70. 
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the regional differences imposed is due to the Rad51 mediated homologous recombination 

pathway and possibly not the C-NHEJ pathway.   

 Ku70 is an important counterpart in the NHEJ pathway that repairs DSBs in 

eukaryotes. This mode of DNA repair can be employed at all phases of the cell cycle. Upon 

sub-lethal dosage of irradiation planarian proliferative stem cell population arrest 

progression of cell cycle, possibly to mediate DNA repair. To understand whether Ku70 is 

important for cell cycle progression post DNA damage, we irradiated control and 

Ku70(RNAi) animals post 30 days first injection with 1000rads. Staining with mitotic 

marker H3p provided a slight down regulation in mitotic cells in the Ku70(RNAi) however 

this was not significant: Control 113.4 ± 45, Ku70(RNAi) 99.86 ± 28  (N=3, n=11) (Figure 

10.6A).  Based on qpcr analysis, Ku70 mRNA expression gets up regulated 1 day post 

induced DNA damage, and the levels are maintained through until 7 days post irradiation. 

 

Chapter 10. 7 – Flow cytometry analysis of the X1, X2, Xins populations in the planaria.  
Ku70(RNAi) unlike Rad51(RNAi) alone does not down regulate  X1 populations. Ku70+Rad51(RNAi) 

also does not down regulate X1 frequency, which implies that simultaneous down regulation of Rad51 

and Ku70 might impose cell cycle arrest and thereby down regulate the mitotic cell progeny. 
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This implies that Ku70 might be playing an important role towards DNA repair, but 

possibly not the proliferative cells.  

To assess whether Rad51 is the soul mediator of DNA damage repair in the 

planarian proliferative cell population, we irradiated Ku70(RNAi), Rad51(RNAi) or 

Ku70+Rad51(RNAi) animals. Rad51(RNAi) and Ku70+Rad51(RNAi) animals post sub 

lethal irradiation could not recover any proliferative cells. Planarians possess high levels 

of cellular turnover and maintenance of a pool of proliferative cells is essential for 

maintenance of homeostasis. With this data it is imperative that Rad51 is essential for DNA 

repair of the proliferative cell population and to maintain homeostasis and Ku70 mediated 

NHEJ might not be essential for this cell population. However, whether Ku70 is essential 

to repair the DNA of the post mitotic cell population remains to be characterized.  

Proliferative neoblasts could be utilizing Ku70 for DNA repair to some extent when 

Rad51 is deficient. However I have shown that Ku70 mediated pathway alone is not enough 

to sustain the system (Chapter 7 and 8). If the post mitotic cells requires Ku70 and the 

NHEJ pathway to maintain cellular integrity, the cells that have been damaged and ost with 

the absence of Ku70 could get repopulated instantly by the highly proliferative neoblast 

population. This could pose a problem when dissecting the NHEJ pathway. The 

Rad51+Ku70(RNAi) phenotype shows the same phenotype as the Rad51(RNAi) alone. 

This further validates the importance of Rad51 for the proliferative neoblasts and the 

maintenance of homeostasis with and without induced damage in the planaria. However, 

as a future direction, understanding the level of DNA damage induced by the lack of NHEJ 

pathway compared to lack of HR and or lack of NHEJ and HR both will provide the 

interplay between these pathways and how important they are to maintain homeostasis. For 

this purpose I propose observing the down regulation of several members of each pathway. 

Planarian X1, X2, Xins populations can be stained using DNA content marker 

Draq5 and the live cell marker Calcien. Staining dissociated control and Ku70(RNAi) 

animals for flow cytometry and analyzing the populations using LSRII provided a gateway 

to understand the frequency of these population upon compromisation of Ku70. Figure 

10.7 depicts that the X1, X2, Xins populations were not impacted upon down regulation of 

Ku70 alone. This further validates that H3p/mitotic data with and without induced DNA 

damage. However, the Rad51+Ku70(RNAi) did not down regulate the X1 frequency, 

which could imply that the simultaneous down regulation of these two molecules might 

initiate cell cycle arrest more than Rad51(RNAi) alone. This could be due to (1) down 

regulation of cell death (2) Cell cycle arrest (3) cellular senescence.  

 

10.2.3 - Schmidtea mediterranea Ku70 down regulation does not impact Cell death 

 Ku70 acts as a deubiquitinase for the anti-apoptotic factor Mcl-1 [15]. Further, 

Ku70 inhibits Bax, an important protein mediating apoptosis [14]. To investigate this anti 

apoptotic behavior of Ku70, TUNEL assay was performed on Ku70(RNAi) animals 30 
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days post first injection. However, the TUNEL positive cells did not change between the 

control and the Ku70(RNAi) in the planaria: Control 147.6 ± 59.5, Ku70(RNAi) 142.48 ± 

48.5 (Figure 10.8 A). However, simultaneous down regulation of Ku70 and Rad51 imposed 

a phenotype similar to the observed Rad51(RNAi). The Rad51+Ku70(RNAi) had 

increased cell death and the highest range of cell death was concentrated in the posterior 

region of the animal (Fig 10.8 B). Further, simultaneous Rad51+Ku70 down regulation 

when compared to Rad51(RNAi) alone showed a slight reduction in cell death. Flow 

cytometry analysis indicated an increase in the X1 population in the Rad51+Ku70(RNAi) 

 

Chapter 10. 8 – Ku70 down regulation does not impact cell death in planaria.  
(A) Controls and Ku70(RNAi) do not have any changes in the rate of cell death. (B) Ku70(RNAi) animals 

similar to controls do not impose regional differences in ell death. Ku70+Rad51(RNAi) however imposes 

regional differences in cell death with an increase in the posterior region. However the cell death rate is 

lower than the Rad51(RNAi) alone. (One independent experiment, n=5) 
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and a down regulation in mitosis (Figure 10.7 and 10.5). Thus the down regulation in cell 

death could imply increase in cell cycle arrest or cellular senescence with the impairment 

in both the NHEJ and HR pathway. Whether the simultaneous down regulation of Ku70 

and Rad51 does indeed impose differential levels of cell death and regional differences 

requires further attention.  

 

Chapter 10. 9  – MRE11 down regulation does not impact cell proliferation.  
(A) MRE11(RNAi) alone did not show regional differences, while Rad51(RNAi) and 

Rad51+MRE11(RNAi) simultaneous down regulation showed significant regional differences. (Two 

independent experiments, n>12  each). (B) The Ku70(RNAi) did not contain significant differences 

in cell proliferation post sub lethal IR (1000 rads). Rad51(RNAi) alone and Rad51+Ku70(RNAi) 

proliferation was abolished post sub lethal IR. (one independent experiment, n>5) 
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This data further implicates Rad51(RNAi) and the homologous recombination 

pathway as the mediators for the observed regional differences. Thus the absence of Ku70 

does not impose a crucial change in homeostasis. Ku70 down regulation with Rad51 

imposes similar phenotype observed in chapter 7. This could imply that to maintain 

homeostasis, the planaria needs to maintain its proliferative stem cell populations intact 

and error free. Thus evolutionarily choice is to initiate the HR pathway to repair and replace 

error driven stem cells that maintain tissue integrity and homeostasis.  

 

10.2.5 - Schmidtea mediterranea Ku70 down regulation does not impact regeneration 

 Planaria possess a remarkable capability to repair and regenerate missing tissue 

upon amputation. Thus we amputated Ku70(RNAi) and these animals were able to form a 

blastema and repair and regenerate the missing tissue effectively. Staining with VC-1 

showed that similar to the control animals, the animals contained photoreceptors 7 days 

post amputation (data not shown). However, the Ku70+Rad51(RNAi) animals similar to 

Rad51(RNAi) were not able to regenerate (data not shown). Regeneration in the planaria 

requires rapid proliferation with two peaks of proliferation occurring 6 and 48 hours post 

amputation. Whether Ku70(RNAi) down regulation impacts these proliferative responses 

remains to be investigated. We can however hypothesize that the Ku70(RNAi) animals 

probably mount the proper proliferative and patterning responses to form blastema and 

regeneration and repair the missing tissue.  

 

10.2.6 - Schmidtea mediterranea MRE11 down regulation does not impact cell 

proliferation. 

 MRE11 is an important counterpart in the A-NHEJ (alternative NHEJ) pathway 

that repairs DSBs in eukaryotes. This mode of DNA repair can be employed at all phases 

of the cell cycle. A MRE11 homolog was discovered in the planaria and is described in 

Chapter 6. This was cloned and dsRNA was synthesized to down regulate MRE11. Thus 

MRE11, Rad51 and Rad51+MRE11 were down regulated in the planaria and mitosis was 

evaluated. Compared to controls (anterior 109.22 ± 22, posterior 101.15 ± 18.22) the 

MRE11(RNAi) (anterior 111.04 ± 27.1 , posterior 92.37 ± 34.8) animals did not change 

the levels of mitosis. Thus MRE11 down regulation does not impact normal homeostasis 

or the neoblasts. However, down regulation of MRE11 with Rad51 (anterior 27.6 ± 7.48 , 

posterior 10.74 ± 10.71) initiated down regulation of mitosis and initiated regional 

differences similar to Rad51(RNAi) (anterior 33.92 ± 17.1 , posterior 6.99 ± 5.91). Thus 

not MRE11, but Rad51, important for the HR pathway, initiates the neoblast proliferation 

impairment and regional differences.  

Upon sub lethal irradiation planarian proliferative stem cell population arrest 

progression of cell cycle, possibly to mediate DNA repair. To understand whether MRE11 
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is important for cell cycle progression post DNA damage, control and MRE11(RNAi) 

animals post 30 days first injection and 1000 rad sub lethal irradiation were stained with 

the mitotic marker H3p. Controls (28.18 ± 7.68) and MRE11(RNAi) (19.08 ± 7.25) still 

maintained proliferation 7 days post irradiation. However, Rad51(RNAi) and 

MRE11+Rad51(RNAi) animals were incapable of mounting any proliferative cells. This 

further validates that the HR pathway and not the NHEJ pathways (C-NHEJ and A-NHEJ) 

is important for planaria to repair the damaged DNA. 

 

10.3 Conclusions 

 Ku70 and Ku80 are important components of the C-NHEJ pathway and down 

regulation of these molecules impacts the function of the NHEJ pathway. I employed a 

method to down regulate Ku70 using dsRNA synthesized against a cloned planarian Ku70 

sequence. The dsRNA injection regime successfully down regulated the Ku70 expression. 

However, Ku70(RNAi) animals were capable of maintaining normal proliferative levels 

and did not induce cell death. The animals were also capable of recovering post sub lethal 

irradiation dosages, implying this mode of DNA repair might not be primary mode of DNA 

repair in the planarian model organism. However, the Ku70 gene expression level was 

increased in control animals post IR up to 7 days, implying Ku70 could still be playing a 

role towards maintenance of the post mitotic progeny that does not divide. 

Further, the characterization of a C-NHEJ and A-NHEJ pathway has promoted two 

types of error prone rapid DNA repair mechanisms, one dependent and the other 

independent of the Ku70-80 heterodimer. This implies that there are other important 

pathways that could be employed by different populations in the absence of Ku70. Whether 

Ku70 and MRE11 simultaneous down regulation would impact both C-NHEJ and A-NHEJ 

pathway and how this would impact DNA repair in the planaria needs further investigation.  

 Ku70 simultaneous down regulation with the HR pathway mediator Rad51 

produced phenotype similar to animals that lack only Rad51. The cell proliferation was 

down regulated and was expressed only in the anterior region of the animal. Similarly cell 

death in the Ku70+Rad51(RNAi) animals showed regional differences with up regulation 

in cell proliferation in the posterior region and a slight down regulation in the anterior 

region compared to the controls. The Ku70+Rad51(RNAi) animals were further incapable 

of forming a blastema and regenerating missing tissue post amputation. Thus planarian 

system requires the homologous recombination pathway to maintain its rapid proliferative 

populations during tissue repair and regeneration. Further, during normal homeostasis the 

cellular turnover rate is remarkably high in the planaria. Therefore, these data suggest that 

the large number of proliferative cells spread throughout the animal might be utilizing the 

homologous recombination pathway opposed to the NHEJ pathway in the planarian model 

organism. It is hard to quantify the importance of the NHEJ pathway towards maintenance 

of the post mitotic progeny of the planaria, due to the rapid cellular turnover and stem cell 

replenishment. However, with the conservation of the NHEJ pathway in the planaria we 
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could surmise that NHEJ pathway maybe playing a role to repair the post mitotic progeny. 

Moreover, the major pathway employed by the neoblasts is the HR pathway. 
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Chapter 11 

DNA damage sensors are important for proper DSB repair in 

Schmidtea mediterranea 
 

11.1 - Introduction 

11.1.1   ATM is an important DNA damage sensor  

ATM (Ataxia- telangiectasia mutated) belongs to the PIKK family of protein 

kinases. In humans, absence of ATM has been implicated with ataxia telangiectasia a 

neurodegenerative disorder and cancer in humans [1, 2]. ATM is an important DNA 

damage sensor and initiates downstream elements for proper DSB repair. ATM contains 

all the landmark domains belonging to the PIKK family of proteins such as mTOR, ATR, 

SMG1 and DNA-PKc. For example, the N terminal region of ATM contains a region where 

several heat repeats and a nuclear localization signals. This region is followed by the FAT 

domain, the kinase domain and the FATC domain [1].  

DNA damage response requires DNA damage sensors which recruits the 

transducers and thus signals the effectors to produce desired cellular responses, cell cycle 

arrest and control, DNA repair, senescence and, apoptosis. Different studies characterize 

ATM and ATR as DNA damage sensors or transducers [3-5]. In response to DNA damage 

ATM responds to DSB sites prior to ATR. However, while ATM can be recruited at any 

point of the cell cycle when damage occurs, ATR focuses more on cells that are progressing 

through cell cycle [6]. Therefore, ATM most likely could be involved with HR and NHEJ 

mediated DNA repair, while ATR is mostly involved with HR mediated DNA repair. In 

this section we will focus on ATM dependent DNA damage responses.  

ATM is a master regulator during DNA repair that requires the activation of NHEJ 

or HR pathways. Undamaged cells contains homodimerized ATM, which is the inactive 

form [7]. In response to double stranded breaks, ATM gets activated, becomes 

monomerized and recruited to the nucleus. The process of ATM activation is an area 

currently under investigation and is greatly debated [7-10]. However, in vivo and in vitro 

studies have shown that the MRN complex is crucial for ATM activation and ATM binding 

to the MRN complex counterpart, NSB1, helps to retain ATM at the DSB sites [11, 12]. 

After recruitment, ATM gets auto-phosphorylated, occupies DSB sites and initiates DNA 

repair responses [13-15]. ATM is also involved with phosphorylating histone H2A.X at the 

DSB sites [16]. Histone H2A.X thus becomes γH2A.X and binds MDC1. MDC1 further 

activates ATM and binds to it and helps to maintain genomic stability [17, 18]. AVEN, 

FOXO3A, RNF8, KAT8 and, HMGN1 have also been implicated with ATM activation 

and dependency [19-22]. How all these factors group together to mediate DNA repair and 

other effector functions still remains elusive. Since ATM is a kinase, its phosphorylation 

activities probably is crucial for the activation and mediation of effector pathways.  
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Catalytically inactive kinase dead ATM causes embryonic lethality and conditional 

knockdown of ATM in the immune system has shown to increase DNA damage in the 

immune cells [23, 24]. ATM embryonic lethality was observed as early as E9.5 and was 

detected only in ATMKD/KD (KD = kinase dead). Surprisingly ATM-/- mice did not show 

any embryonic lethality.  While the kinase activity of ATM was required to maintain 

viability, heterozygous ATM+/KD mice were able to function normal as the WT mice [23]. 

These catalytically inactive ATM can still be recruited to the DNA damaged sites, however 

DNA repair response is severely down regulated [23, 24]. Whether the impairment in DNA 

repair is due to inactive ATM or because ATM occupation at the DNA sites blocks further 

repair and signaling activity requires further investigation.  

 

Figure 11.1 - Genomic analysis of the Planarian ATM Homolog.  
Upon 6 frame translation using pfam, the identified ATM homolog contained heat repeats, a FAT 

domain, a PI3K domain and a FATC domain. The sequence contains 68% similarities to the human 

ATM protein. 
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Early embryonic developmental stages have shown to prefer HR than NHEJ 

pathway [25, 26]. This is vital since developmental stages primarily requires constant cell 

proliferation and differentiation while maintaining errorless DNA repair. Human 

embryonic stem cells (hESCs) have shown to be capable of activating HR and NHEJ 

independent from ATM [27]. Therefore, we could assume that developmental stages might 

not necessarily require ATM for genomic stability, proper development and differentiation. 

However, ATM function and requirement in vivo in the complexity of the whole organism 

still remains to be found. 

 

 

 

 

 
Figure 11. 2 - Genomic analysis of the Planarian ATR Homolog.  

Upon 6 frame translation using pfam, the identified ATM homolog contained heat repeats, a FAT domain, 

a PI3K domain and a FATC domain. The sequence contains 62% similarities to the human ATR protein. 
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11.1.2  - ATR is important for HR mediated DNA damage repair 

ATR (Ataxia- telangiectasia and Rad3 related protein) belongs to the PIKK family 

of proteins kinases and is closely related to ATM in structure and function. ATR similar to 

ATM contains an N terminal region with several heat repeats, an FAT domain, a kinase 

domain and a C terminal FATC domain [28].  Thus ATM and ATR biochemical activities 

remain closely related [6]. ATR is activated during genomic stress and helps to repair the 

damaged region by activating appropriate downstream pathways. ATR is mostly activated 

in response to stress created at the replication forks, and therefore is guided by cell cycle 

machinery [29]. ATR unlike ATM is essential for cell cycle progression and viability in 

mammalian cells [30-32]. This implies its relevance towards HR more than NHEJ. In 

contrast, ATM can be activated during any point and therefore has been implicated as a 

sensor for NHEJ and HR. Thus these two molecules might have different functions during 

DNA damage response, maintenance of normal homeostasis, tissue repair and 

regeneration.  ATR down regulation creates a specific diseases called the seckel syndrome 

which induces dwarfism like symptoms. Thus ATR plays an important role in DNA 

damage responses, development and maintenance of homeostasis. 

ATR is known to be up regulated during every phase of the cell cycle, especially 

during the S phase and the absence of ATR renders embryonic lethality. Studies performed 

in C. elegans have shown that ATR presence is crucial for cell cycle progression [33]. 

Conferring this, Mei41 an ATR homolog in Drosophila has been shown to be important 

for cell cycle progression during embryonic development [34].Thus ATR presence is not 

only essential for development, it also aids maintenance of systemic homeostasis. Kinase 

dead ATR overexpression however decreases G2/M arrest post DNA damage [35]. The 

same study also showed that ATR has the capability to compensate ATM-/- condition. 

While ATM response is primarily towards DSBs caused by IR and intrinsic occurrences 

such as VDJ recombination, ATR response can be more varying. ATR has the capability 

to respond to radiation, various chemicals and agents that can damage DNA and to factors 

that induce intrinsic replication errors. Interestingly ATR is required for Rad51 foci 

formation and accumulation connecting Rad51 function with ATR [29, 36].  

 

11.2 - Results 

11.2.1 - Identification of smed-ATM and ATR 

Investigation into the S. mediterranea genome discovered a PI3K catalytic domain 

and an FATC domain that has 68% similarities to the human ATM. The discovered 

planarian domains were more homologous to the ATM counterparts rather than the 

planarian and human TOR and ATR counterparts. Therefore, we could assume that the 

region we discovered is the planarian ATM, PI3K and FATC domains. The homology of 

the discovered PI3K and FATC domains to the human sequence has been depicted in 

Figure 11.1.  
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ATR also belongs to the same PIKK family of proteins similar to ATM and TOR. 

As depicted in Figure 11.2, ATR contains similar domains to ATM. Genomic analysis 

using the planarian genome database discovered a sequence with an FAT and PI3K domain 

was discovered. This sequence (mk4.015073.00.01) had 62% homology to the human ATR 

and no significant similarities were observed with alignments to human TOR and ATM. 

This gene has since been cloned into pBluescript plasmid at the Oviedo lab at UC Merced. 

 

11.2.2 - ATM is expressed primarily in the neoblasts 

Quantitative pcr 

analysis for ATM mRNA 

expression in the planaria 

anterior and posterior regions 

indicated an up regulation in 

the posterior region rather 

than the anterior region (Fig 

11.3B, One experiment). To 

investigate ATM expression 

in individual cells 

populations, FACS sorted X1 

(neoblast), X2 (early division 

progeny) and Xins (late 

division progeny) cells was 

used to perform Qpcr. 

Relative to the internal control 

UDP glucose, ATM was 

mostly expressed in X1 

population (Fig 11.3 A, One 

experiment). This was 

surprising since ATM is 

known to function during 

NHEJ and HR mediated DSB 

repair. During maintenance of 

normal homeostasis, 

planarians have high cellular 

turnover and thus might focus 

stabilizing their large pool of 

stem cells against genomic 

stress. Therefore, molecules 

involved with DNA repair 

might be primarily expressed 

in this population to be ready 

for genomic stress at any time. 

 

Figure 11.3 – ATM expression in planaria.  
(A) In normal animals, ATM is primarily expressed in neoblasts 

(X1) and not the post mitotic progeny (B) The posterior region of 

the planaria express ATM more than the anterior (One experiment 

each). 
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Further, the post mitotic progeny might prioritize cellular activities such as energy 

conservation, metabolic functions rather than DNA damage repair. While the neoblast 

population could mainly focus on DNA damage repair in case genomic stress is initiated. 

It is important to keep genomic integrity in the proliferative population that replaces 

damaged tissue. This might explain why the X2 and Xins populations contains less ATM 

expression. Further, the inactive ATM protein homodimerizes and stays inactive, and only 

recruits to the nucleus upon DNA DSB damage [7]. Thus to understand the level of ATM 

expression, understanding the active and inactive ATM protein level in vivo is essential.   

 

11.2.3 - Planarian ATM down regulation does not impact cell proliferation 

  Several modifications from previously described cloning procedure was made and 

a 550bp Smed-ATM fragment was cloned into pBluescript plasmid containing a T3 and T7 

promoter. This was confirmed by sequencing and pcr amplification using T3 and T7 

primers. This clone was used to synthesize ATM dsRNA and down regulate ATM 

expression. Synthesized dsRNA was then injected into planaria following the injection plan 

described in Fig 9.3A. ATM down regulation did not necessarily create a phenotype that 

showed any defects or lethality. The live control and ATM(RNAi) did not observe any 

changes in phenotype or size reduction. Injecting animals up to 50 days post first injection 

still did not induce any phenotypic changes (data not shown). Thus in the absence of any 

genotoxic stress, ATM down regulation does not affect the planarian lifespan. 

Absence of ATM activity has been implicated with initiation of tumors that could 

possibly lead towards invasive cancer. ATM is a transducer that can mediate the effector 

functions such as cell cycle control, cell cycle arrest, DNA repair or apoptosis. ATM down 

regulation and catalytically inactivation of ATM function can lead to abnormal cell 

proliferation and cancer in human. How ATM down regulation affects cell proliferation in 

vivo in mammals is still under investigation.  

To investigate ATM function, control and ATM(RNAi) animals were fixed using 

carnoy fixation method and whole mount immunostaining using H3p antibody was 

performed. As observed mitotic cells were expressed throughout the animal comparable to 

the control (Figure 11.4 A). Quantification of the H3p positive cells indicated 215.7 ± 90 

mm2 in the controls (N=2, n=17) compared to 255 ± 70 mm2 in the ATM(RNAi) (two 

separate experiments, n=10)  30 days post first injection (Figure 11.4 A). The ATM(RNAi) 

contains a slight up regulation of mitotic cells compared to the controls, however this up 

regulation is not significant. Performing the same experiment 60 days post first injection 

contained 119.9 ± 21 mm2 in the controls and 71.2 ± 16 mm2 in the ATM(RNAi) indicating 

a significant reduction in cell proliferation in the ATM(RNAi) over time (one independent 

experiment, n=5) (data not shown). Quantification of mitotic cells in the anterior and 

posterior regions of the control and ATM (RNAi) indicated no difference along the 

anterior-posterior axis (Figure 11.4 A). Thus ATM(RNAi) does not modulate regional 

differences in cell proliferation.  
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Figure 11.4 – ATM(RNAi) does not impact cell proliferation in planaria.  
(A) ATM(RNAi) does not change cell proliferation compared to controls (B) ATM down regulation 

with Rad51 impacts cell proliferation similar to Rad51(RNAi) alone. Further these two conditions 

portray regional differences in cell proliferation and not ATM(RNAI) alone. (C) ATM simultaneous 

down regulation with Ku70 did not impact cell proliferation and did not mediate regional 

differences. (Rad51 and Ku70 data has been discussed extensively in Chapters 6 and 10). 
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11.2.4 -  ATM vs NHEJ and HR 

I next observed whether ATM is important for NHEJ or HR pathways. Therefore, 

I down regulated ATM with Ku70 a major player in the NHEJ pathway and Rad51 a major 

player in the HR pathway. It was seen that a down regulation of Ku70 causes a slight 

reduction in mitosis (control 215 ± 90 mm2, ATM(RNAi) 255 ± 70 mm2, Ku70(RNAi) 178 

± 57 mm2) compared to ATM and Ku70 alone (Fig 11.4 A). However, this down regulation 

compared to controls was not significant. The most dramatic response was observed with 

Rad51 down regulation (34.3 ± 13.4 mm2 , P = 0.0003). ATM+Ku70 down regulation 

however increased cell proliferation slightly (231 ± 30 mm2) compared to Ku70 alone (Fig 

11.4 A). ATM may play a crucial role in mediating cell cycle control or apoptosis and 

hence down regulation of ATM might be involved with one of these options. Therefore, 

when Ku70 is down regulated together with ATM, ATM might be playing a crucial role in 

cell cycle control or apoptosis. Analysis into cell proliferation along the anterior posterior 

axis based on ATM(RNAi) alone, Ku70(RNAi) alone and ATM+Ku70(RNAi) did not 

show significant changes with one performed experiment (N>6 animals) (Fig 11.4 C).Thus 

with this preliminary finding, I assume that, ATM and NHEJ pathway might not be 

involved with  cell proliferation or maintain regional differences. Further these molecules 

might not be involved with systemic homeostasis in the planaria. 

Rad51 together with ATM renders a significant down regulation in cell 

proliferation which is comparable to the Rad51 alone down regulation (Rad51 alone 34.3 

± 13.4 mm2, Rad51+ATM 32 ± 18 mm2) (Fig 11.4 B). This could mean that Rad51 

mediated mitotic down regulation might not be controlled by ATM. While ATM(RNAi) 

alone did not cause any regional differences ATM+Rad51(RNAi) mediated a phenotype 

similar to that of Rad51(RNAi). The anterior region of Rad51(RNAi) animals contains 59 

± 17.8 mm2 while Rad51+ATM(RNAi) contains 44.2 ± 25 mm2 mitotic cells. Thus the 

anterior region contains comparable levels of cell proliferation. The posterior region of 

these two RNAi shows some differences with Rad51(RNAi) containing 9.6 ± 14 mm2 

mitotic cells and Rad51+ATM 18.4 ± 25 mm2 mitotic cells. Therefore, this data shows a 

twofold up regulation in cell proliferation when Rad51 and ATM are down regulated 

together in the posterior region. This experiment has been performed once and the data 

between the Rad51(RNAi) and Rad51+ATM(RNAi) is not significant. However, both sets 

compared to control are significant with P=0.004 and 0.005 (student T test) respectively.  

 

12.2.5 - ATM and cell death 

ATM acts upstream of p53 and is involved with maintaining cellular integrity. Thus 

we questioned whether ATM might play a role to regulate p53 control and thereby 

compromise cell viability. Lig4 is an important NHEJ pathway ligator and is required for 

proper NHEJ mediated repair. Thus Lig4-/- results in very late embryonic lethality which 

is the timeline suggested for NHEJ activity (NHEJ primarily is needed during late 

embryonic development during the differentiation stages rather than proliferation). Lig4-/- 



181 
 

embryonic lethality is rescued by p53 deficiency, thus this might indicate Lig4 mediated 

function is dependent on p53 [37, 38]. Another study showed that Lig4-/- embryonic 

lethality was rescued by ATM deficiency. TUNEL staining performed on Lig-/-ATM+/+ 

animals showed increased cell death and these animals died at late embryonic stages. The 

increased cell death could be the due to ATM mediated cell death and the lack of ATM 

might decrease cell death, therefore understanding cell death in respect to ATM is crucial.  

Animals injected with ATM(RNAi) and control cohorts were fixed for TUNEL 

staining 30 days post first injection. TUNEL positive cells were counted and revealed a 

slight down regulation, though this was not statistically significant: Control 147.66 ± 

59.516 mm2, ATM(RNAi) 64.76 ± 15.3 mm2 (N=1, n=4) (Fig 11.5). However, the slight 

up regulation in cell proliferation in ATM(RNAi) might be due to the decline in cell death. 

This could be relevant based on studies performed on decrease in cell death with ATM 

down regulation. Since this experiment has been only performed once, repeat experiments 

might find more significant data towards this hypothesis. Unlike Rad51(RNAi) and 

 
Figure 11. 5 – ATM(RNAi) does not impact cell death  
30 days post first injection ATM(RNAi) alone did not increase or decrease TUNEL positive cells 

significantly compared to controls. ATM(RNAi) alone also did not contain regional differences. 

Regional differences in cell death  was observed with Rad51+ATM simultaneous down regulation 

similar to Rad51(RNAi alone. (one experiment, n=5) 
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BRCA2(RNAi), ATM(RNAi) did not show any regional differences in cell death. To 

understand whether there is an effect in ATM and Rad51 simultaneously down regulated 

animals, dual RNAi animals down regulated for ATM and Rad51 was fixed and stained 

for TUNEL positive cells. TUNEL counting revealed that similar to Rad51(RNAi), 

ATM+Rad51(RNAi) revealed regional differences (Figure 11.6). The anterior 

ATM(RNAi) (61.02 ± 15.6 mm2 ), Rad51(RNAi) (77.02 ± 24.7 mm2), 

ATM+Rad51(RNAi) (70.33 ± 17.5 mm2)  did not show any significant changes. However, 

preliminary studies show that the posterior region of the ATM(RNAi) alone (68.03 ± 15.24 

mm2)  and ATM+Rad51(RNAi) (172.54 ± 63 mm2) animals maintained a decrease 

compared to Rad51(RNAi) (286.72 ± 90.76 mm2). This experiment needs to be repeated 

to improve significance.  

 

12.2.6 - ATM does not impact wound repair and Regeneration 

Planaria are master regenerators capable of regenerating all missing tissue within 7 

days post amputation or injury. Studies performed have shown that disruption of cell cycle 

control mechanisms, cell death mediated pathways, DNA repair pathways could disrupt 

regeneration capabilities (Chapters 4, 5, 7 and 9). ATM knockdown in mice did not render 

embryonic lethality, however disruption of the catalytic activity of ATM resulted in early 

embryonic lethality. Since there are similarities between regeneration and development, 

we downregulated ATM and amputated the animals 30 days post first injection. 7 days post 

 

Figure 11. 6 – ATM(RNAi) does not impact regeneration.  
30 days PFI, ATM(RNAi) animals were amputated and fixed 7 days post amputation and mitotic cells 

counted. Control and ATM(RNAi) animals did not contain significant differences in cell proliferation post 

amputation (One experiment, n=8) 
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amputation, all ATM(RNAi) animals formed blastema and regenerated the missing tissue 

including photoreceptors stained by VC-1 (data not shown). Mitoses recovery post 7 days 

amputation in the ATM(RNAi) did not differ from the amputated controls: Control 456 ± 

236 mm2 and ATM(RNAi) 416 ± 120 mm2, N=1 (Figure 11.7). This data agrees with the 

data provided by mice knockdown study where ATM-/- did not show any embryonic 

lethality. Thus in order to understand ATM function during normal homeostasis, kinase 

dead ATM function needs to be investigated. 

 

 
 

Figure 11.7 – ATM(RNAi) does not impact neoblast recovery post irradiation.  
(A) 30 days post injection and 7 days post sub lethal irradiation (1000 rads), control and 

ATM(RNAi) animals recover cell proliferation. ATM(RNAi) contains a significant increase in 

cell proliferation compared to controls (p= 0.05). (B) ATM expression on sub-lethal and lethally 

irradiated animals over a time span of 7 days. ATM expression is increased around day 5.  
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11.2.7 - ATM and DNA Repair 

 Upon recognition of DNA damage, ATM as a transducer helps mediate specific 

effector functions. Therefore, in order to understand whether ATM is important for DNA 

repair in the planaria, ATM was down regulated in Schmidtea mediterranea and 25 days 

later was exposed to 1000 rad dosage of radiation. Within 24 hours after 1000 rad radiation 

(sub lethal), Schmidtea mediterranea neoblasts will stop proliferating. Once the radiation 

induced DNA damage repair responses has been initiated, the cells will start to proliferate 

in control animals. Similar to control animals, within 7 days post 1000 rad radiation, ATM 

animals were able to initiate proliferation: Control 31.5 ± 6 mm2 and ATM(RNAi) 44.3 ± 

14 mm2, P = 0.05, (One experiment, Figure 11.8 A). A slight significant increase in 

proliferation was observed in the ATM(RNAi) by 7 days post radiation. Whether this 

increase is due to defects in cell cycle arrest or apoptosis remains to be investigated.  

 In order to understand ATM expression, we irradiated control Schmidtea 

mediterranea with 1000 rad dosage and fixed the animals days 1, 3, 5 and 7 days post 

radiation. Further we subjected some animals to 6000 rads which is a lethal dosage for 

these animals. The animals were used to extract RNA and quantitative pcr was performed 

to measure the ATM gene expression. One day post sub lethal radiation, ATM expression 

did not change. A cell could contain intrinsic ATM protein levels that could immediately 

be activated to repair DSBs, regardless of transcriptional activation. Further, ATM protein 

can also exist in an inactive dimerized form and monomerize upon DSB formation. 

Whether already existing ATM protein monomers play a crucial role towards DNA repair 

needs to be evaluated. Day 5 post radiation a major player in the homologous 

recombination pathway, Rad51 gets upregulated and very interestingly ATM gene 

expression also gets elevated during this time line. The relevance of this expression pattern 

needs further investigation. 

 

11.3 – Conclusion 

ATM is an important transducer and a DNA damage sensor. However in the 

planaria, ATM down regulation did not mediate significant changes in cell proliferation or 

cell death. Unlike Rad51(RNAi) it did not mediate any regional differences. Further ATM 

did not impact tissue regeneration and repair. However there was a slight upregulation in 

cell proliferation post IR induced DNA damage. Most of the data provided in this chapter 

contains one experiment with n>6 animals. The significance of the data and the increase in 

cell proliferation still remains to be clarified further. 

ATR is a well characterized DNA damage responder and a transducer. Down 

regulation of Rad51 by RNAi abrogated ATR gene expression (data not shown). Further 

in developmental models, ATR down regulation mediates embryonic lethality. ATR down 

regulation also impairs cell proliferation in other model systems. Therefore the likely target 
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of the HR pathway might be ATR, and I would like to investigate ATR mediated 

homeostasis, DNA repair and tissue repair and regeneration in the future. 
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Chapter 12 

An In vivo analysis of stem cell regulation 

 

12.1 – Introduction 

12.1- Planaria as a model organism 

Stem cell research has garnered much attention scientifically and politically. At the 

frontline of scientific research, stem cell studies offer various novel therapies and 

approaches. Further, understanding stem cell regulation remains crucial to decipher disease 

progression, ex: cancer. However research in this area is limited due to various restrictions 

in the availability of model organisms and political influences. My goal was to understand 

how different molecules may interplay and regulate stem cell function in vivo, 

counteracting the above mentioned issues. Therefore, in this thesis, I studied planaria 

(flatworm) as model organisms to understand stem cell function and regulation in vivo.  

Planaria provides a powerful mechanism to understand adult stem cells and their 

function in vivo. Adult organisms uses local and systemic signals to maintain various 

functions including stem cell regulation, and our current understanding about these 

regulatory systems are limited (Figure 12.1). For example the hematopoietic stem cells that 

reside mainly in the bone marrow, require maturation signals and migrates distances in 

order to replace the missing tissue/cells. The signals that initiate the regulation of these 

 

Figure 12. 1 - Stem cells utilize local and systemic signals.  

The microenvironment or the niche where the stem cells resides is essential for the regulation 

of the stem cell (as depicted). However systemic signals also could influence the function and 

regulation of this stem cell. For example, a hormone that is released into the blood stream 

could travel to different regions and impact stem cell regulation. 
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cells and how they respond in vivo still require extensive studies. The relative abundance 

of the neoblasts and the conservation of signaling pathways provide a platform to 

understand stem cell regulation in vivo in the complexity of the whole organism.  

 

12.2 - Neoblasts are an abundant heterogeneous population 

Planarian neoblasts, unlike most other adult stem cell populations in various species 

maintain relatively higher plasticity and can differentiate into different cell types that can 

form various tissues along the anterior posterior axis of the adult body. Further, these stem 

cells are a heterogeneous population. Recent publications have attempted to characterize 

the existence of different populations based on their proliferative potential, tissue repair 

and regeneration potential, response to metabolic cues and capability to recover post DNA 

damage (irradiation) [1]. Studies have shown that even at a single cell level, certain cells 

in the heterogeneous neoblast population can divide and differentiate into various tissues 

[2].   

 

 

Figure 12.2– Neoblasts are a heterogeneous population 

Hypothesis: depending on the signal received, various stem cells in the population could 

respond differently. These signals could be mediated by specific genes and thus the down 

regulation of genes could impact specific cellular functions, and/or specific populations in 

the pool of heterogeneous neoblast population. 
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The hypothesis that different stem cells will respond differently remains an 

attractive model. In my thesis down regulation of DNA damage responders initiated 

regional differences in cell proliferation and cell death, while down regulation of master 

regulators TOR and AKT initiated changes in stem cell survivability and tissue repair and 

regeneration. Overall each study confirmed that the potential of stem cells in general was 

down regulated with the impairment of genes. This could be due to (1) Requirement of 

specific genes for the proliferation and maintenance of specific stem cell populations 

(Figure 12.2) (2) Specific genes are required for the regulation of specific cellular functions 

(Figure 12.3). The work in this thesis provides evidence for both these hypothesis. 

 

12.3 - Genes are required to maintain specific stem cell populations and cellular 

functions 

Down regulation of TOR impaired stem cell proliferation. Data here suggests that 

TOR might be required to maintain a particular type of stem cell population. The absence 

of these stem cells impacts regeneration and tissue maintenance. Thus amputated 

TOR(RNAi) animals resulted in no blastema formation and defects in regenerative 

potential. However, the stem cells that proliferate with the lack of TOR expression 

managed to rearrange the tissue for survivability. This data provides evidence for the 

maintenance of specific stem cell populations regulated by the TOR pathway. However the 

overall down regulation of this gene also impacted metabolism and growth of the animal, 

which could imply that TOR is important not just for the maintenance of specific stem cell 

populations, but cellular functions as well. Since TOR is involved with regulating 

machineries that govern transcription and translation, an exciting future direction could be 

the performance of RNA Seq analysis to discover potential downstream targets that could 

be involved with the phenotypes observed. These studies could answer: What is the driving 

force behind this type of regulation? What are the molecular mechanisms that drive this 

paradigm? 

Evaluation of the DNA damage response pathways revealed further evidence to the 

maintenance of specific stem cell populations and cellular functions. This section of the 

thesis mainly focuses on the relevance of stem cells to maintain homeostasis along the 

anterior posterior axis. Down regulation of genes impacted specific key regulatory 

pathways impacting various aspects of homeostasis. These candidate genes are 

embryonically lethal and therefore the data obtained could provide several promising 

insights into the functions of these genes in an adult organism. Rad51 and BRCA2 down 

regulation impacts cell proliferation and cell death. However some cells escape the 

inevitable cell cycle arrest and cell death and maintain proliferative status. Whether the 

cells dividing in the anterior region is due to a particular stem cell type that does not require 

Rad51 for regulation, or whether the proliferation is due to abnormal behavior still requires 

extensive investigation. Quantitative pcr analysis provided evidence that the cells dividing 

in the absence of Rad51 could contain epidermal potential rather than the potential to 

maintain tissue integrity. Transplantation studies further provide that the stem cells that 

lack Rad51 could be behaving abnormally. This might indicate that Rad51 down regulation 
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mostly impacts DNA damage repair mediated cellular functions rather than the control of 

a specific neoblast population.  

Both studies clearly provide evidence towards (1) Requirement of specific genes 

for the proliferation and maintenance of specific stem cell populations (2) Specific genes 

are required for the regulation of specific cellular functions. However, the degree of 

involvement of these pathways and regulatory genes towards both above aspects requires 

further investigation. The study could garner much evidence from RNA Seq analysis and 

lineage tracing methods. 

I have utilized available novel technical methods to understand the function of 

individual genes belonging to the TOR/AKT and the DNA damage response pathways. 

However the planaria system still lacks advanced methods of lineage tracing, which slows 

the capability to understand stem cells in a heterogeneous environment and how they 

function towards maintenance of homeostasis. An exciting future direction would be to 

generate a method that could trace specific planarian stem cells. Thus tracking specific 

stem cells required for cell proliferation, DNA damage response, tissue repair and 

regeneration and maintenance of systemic homeostasis coupled with transplantation 

studies will render the planarian model system a powerful system to understand in vivo 

stem cell regulation. 

The advancement of these studies will strengthen and aid several areas of research. 

Understanding the regulatory molecules of neoblasts will help to determine the plasticity 

of these stem cells and could further aid our understanding regarding the generation of iPS 

 

Figure 12. 3  – Specific genes are required for the regulation of specific cellular functions.  

Cells will utilize signals that emanate due to various extrinsic and intrinsic signals and with the 

aid of endogenous molecular sensors and activation of specific pathways direct specific 

regulatory functions. Ex: TOR pathway mediating Nutrient sensing. 
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cells. Abnormal behavior of stem cells are currently believed as a main cause of cancer 

initiation and understanding how a stem cell could lead towards attaining hyper 

proliferative status is crucial in the fields of cancer. TOR/AKT and DNA damage response 

pathways are implicated in cancer initiation and understanding the potential of planarian 

neoblasts in the absence of genes belonging to these pathways may provide valuable 

insights into cancer stem cells and novel therapeutic approaches.  
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Summary
Target of Rapamycin (TOR) controls an evolutionarily conserved signaling pathway that modulates cellular growth and division by
sensing levels of nutrients, energy and stress. As such, TOR signaling is a crucial component of tissues and organs that translates
systemic signals into cellular behavior. The ubiquitous nature of TOR signaling, together with the difficulty of analyzing tissue during

cellular turnover and repair, have limited our understanding of how this kinase operates throughout the body. Here, we use the planarian
model system to address TOR regulation at the organismal level. The planarian TOR homolog (Smed-TOR) is ubiquitously expressed,
including stem cells (neoblasts) and differentiated tissues. Inhibition of TOR with RNA interference severely restricts cell proliferation,

allowing the study of neoblasts with restricted proliferative capacity during regeneration and systemic cell turnover. Strikingly, TOR
signaling is required for neoblast response to amputation and localized growth (blastema). However, in the absence of TOR signaling,
regeneration takes place only within differentiated tissues. In addition, TOR is essential for maintaining the balance between cell

division and cell death, and its dysfunction leads to tissue degeneration and lack of organismal growth in the presence of nutrients.
Finally, TOR function is likely to be mediated through TOR Complex 1 as its disruption recapitulates signs of the TOR phenotype. Our
data reveal novel roles for TOR signaling in controlling adult stem cells at a systemic level and suggest a new paradigm for studying
TOR function during physiological turnover and regeneration.

Key words: Regeneration, Stem cells, Planarian, TOR

Introduction
Target of Rapamycin (TOR) is an evolutionarily conserved

kinase that modulates cell division and growth in response to

energy and nutrient levels (Wullschleger et al., 2006; Russell

et al., 2011; Zoncu et al., 2011). TOR functions as an endogenous

sensor that directs the behavior of cells across different tissues.

Dysfunctional TOR signaling has been implicated in a range of

systemic complications, including cancer, degenerative disease

and aging (Wullschleger et al., 2006; Zoncu et al., 2011). Studies

in vertebrate and invertebrate models revealed TOR as a crucial

stem cell regulator, but the mechanism by which this pathway

controls cellular behavior across the adult body remains poorly

understood (Oldham et al., 2000; Murakami et al., 2004; LaFever

et al., 2010; Russell et al., 2011). This limitation is twofold:

(1) TOR inactivation results in embryonic lethality in both

vertebrates and invertebrates, making the study of its roles in

adults more challenging, and (2) the ubiquitous nature of TOR

signaling, together with the difficulty of analyzing tissue turnover

in vivo, restricts our ability to dissect TOR regulation at the

systemic level (Russell et al., 2011; Zoncu et al., 2011).

The adult planarian Schmidtea mediterranea is an excellent

model organism with which to address roles of TOR in regulating

cell behavior at an organismal level. Planarians possess an

abundant and accessible somatic stem cell population (neoblasts)

that maintain differentiated tissues throughout the body,

remarkable evolutionary conservation of signaling pathways,

and well-characterized regenerative ability (Reddien and Sánchez

Alvarado, 2004; Gentile et al., 2011).

We report the identification of a TOR homolog ubiquitously

expressed in S. mediterranea (Smed-TOR, abbreviated to TOR).

RNA interference (RNAi) of TOR disrupts neoblast behavior at

the systemic level. Furthermore, TOR signaling is an essential

component of the neoblast response to damage and tissue

turnover. Strikingly, amputated TOR(RNAi) animals regenerate

nervous system tissue within the pre-existing tissue. TOR is

crucial for maintaining the balance between cell division and

cell death, which is fundamental during adult tissue turnover.

Additional analysis using RNAi suggests that TOR phenotype is

mediated by TOR complex-1 (TORC1). Taken together, we

propose the use of S. mediterranea as a powerful model system

that could be used to provide insights into the roles TOR

signaling plays at the organismal level during systemic tissue

turnover and regeneration.

Results and Discussion
A TOR homolog exists in S. mediterranea and is expressed

in stem cells and differentiated tissues

TOR is a highly conserved protein kinase among eukaryotes. We

identified a single TOR member in the S. mediterranea genome

(Smed-TOR, abbreviated to TOR) with unique signature domains
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(supplementary material Fig. S1). Whole-mount in situ

hybridization (ISH) showed TOR expression to be widely

distributed throughout the planarian body except the pharyngeal

area (Fig. 1A). Experiments with TOR sense and antisense probes

on TOR(RNAi) animals (see below) confirmed the specificity of

the expression (Fig. 1B,C). To characterize further the cell types

expressing TOR, ISH experiments were carried out on cells

isolated by fluorescence-activated cell sorting (FACS) (Fig. 1D–

G). These experiments revealed that TOR expression is present in

the majority of proliferative neoblasts (X1 cells), in their

Fig. 1. See next page for legend.

Journal of Cell Science 125 (7)1658

J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e



postmitotic progeny (X2), and in differentiated cells (Xins).

Furthermore, double-staining ISH determined that a large

proportion of proliferative neoblasts co-express both smedwi-1

and TOR (89.2%67.5 and 82.7611.7, respectively) (Fig. 1G).

Altogether, these experiments demonstrate that TOR is widely

expressed in neoblasts and differentiated tissues, which is

consistent with TOR expression in other organisms (Oldham

et al., 2000; Makky et al., 2007).

Systemic inhibition of TOR restricts neoblast proliferation

To assess the role TOR plays in homeostasis, we designed and

optimized a double-stranded RNA (dsRNA) microinjection protocol

[TOR(RNAi)] that consistently downregulates TOR expression

throughout the body (Fig. 1C; supplementary material Fig. S2).

The RNAi protocol was optimized until it achieved reproducible

maximum abrogation (Fig. 1C; supplementary material Fig. S2) in

order to reduce the possibility of a TOR partial downregulation.

Following TOR(RNAi), animals (n.30) displayed slower

phototactic responses but no lethality 30 days after the first

injection. These data suggest that TOR is not required for short-term

tissue turnover. Under these conditions, strong downregulation of

TOR gene expression could be achieved in less than a week, but

stable effects on neoblasts were detectable ,3 weeks after the first

dsRNA injection (see below). This suggests that abnormalities in

neoblasts were probably associated with lack of functional TOR

protein, and that it takes ,20 days under this RNAi strategy to

abolish TOR function in the whole adult worm. Although additional

experiments are needed to test for TOR-protein activity, the

timelines reported here are consistent with the turnover rate

reported for other planarian proteins (Guo et al., 2006;

Wenemoser and Reddien, 2010).

To understand the effects of TOR deficiency better, we

analyzed neoblast response to cellular turnover. The neoblast is

the only proliferative cell in S. mediterranea and it can be

identified by staining with an anti-phosphorylated histone-3

(H3P) antibody, which labels mitotic neoblasts (Newmark

and Sánchez Alvarado, 2000). The mitotic activity in the

whole organism was markedly reduced (50%) three weeks

after TOR(RNAi) (Student’s t-test, P,0.0001), but had not

disappeared by 40 days after the first dsRNA injection

(Fig. 1H,I). These results indicate that some neoblasts continue

to divide even after downregulation of TOR signaling, suggesting

that neoblast proliferation is not entirely dependent on TOR

signaling. This finding is consistent with the reduction in cell

proliferation observed after TOR inhibition in some mammalian

tissues (Feldman et al., 2009; Shor et al., 2009; Thoreen et al.,

2009). Because mitotic cells account for only a limited

population of neoblasts, we sought to expand this analysis by

including markers that label proliferative, early and late

postmitotic progeny of neoblast (smedwi-1, Smed-NB.21.11e

and Smed-AGAT-1, respectively) (Eisenhoffer et al., 2008).

Similar to mitotic cells, a substantial reduction in expression of

proliferative neoblast (82.12%) and early (87.09%) and late

(46.60%) postmitotic progeny was sustained over a month after

dsRNA injection (Fig. 1J–K). Intriguingly, despite this systemic

reduction in cell proliferation, animals survived for .50 days

with undetectable TOR expression, suggesting that the remaining

neoblasts probably contribute to cellular turnover.

The effects of TOR(RNAi) on the cell cycle were examined

further using flow cytometry by staining nuclei of dissociated

cells with DAPI (Fig. 1L). Cell cycle analyses confirmed that

downregulation of TOR greatly reduces neoblast proliferation

(,50%), which is consistent with their mitotic activity as well as

the expression of neoblast markers and their progeny (Fig. 1H–

K). From these experiments, we concluded that the RNAi

strategy applied to abrogate TOR function consistently affects

cell cycle dynamics in the neoblast population. Although the

reasons for this systemic reduction in cell proliferation are not

necessarily clear, it might involve slowing of G1 progression (see

increase in the number of cells in G1 and the decrease in G2/M,

Fig. 1L) as has been noted in other models with dysfunctional

TOR signaling (Pedersen et al., 1997; Feldman et al., 2009;

Garcı́a-Martı́nez et al., 2009; Shor et al., 2009; Thoreen et al.,

2009). Taken together, induction of TOR deficiency with RNAi

in planarians provides a simplified model for studying its

functions within the complexity of the whole adult organism.

These analyses indicate that TOR regulates neoblast

proliferation during systemic cell turnover. The reasons for the

reduction in proliferative neoblasts and their progeny after TOR-

RNAi is not entirely clear, but two possible scenarios could be

suggested: (1) TOR inhibition produces a uniform effect on all

neoblasts that leads to a gradual decline in their proliferative

capacity, and (2) TOR has distinct roles in stem cells along the

planarian body, implying that a subset of neoblasts requires this

signaling pathway for proliferation whereas some other neoblasts

divide independently of TOR. The complexity of the neoblast

population is not well understood, but recent evidence supports

the notion that intrinsic differences exist among neoblasts

(Wagner et al., 2011). TOR inhibition does not produce a

uniform cellular response along the mammalian body (Russell

et al., 2011), indicating that additional analyses of this phenotype

in planarians might shed some light on the systemic regulation of

TOR in adult tissues.

Fig. 1. TOR is expressed ubiquitously and RNA-interference reduces

mitotic activity and expression of neoblast markers. (A–C) Whole-mount

ISH with antisense TOR probe shows widespread distribution of TOR

expression (A). Lack of signal with sense TOR probe and antisense

TOR(RNAi) probe (B–C) demonstrates signal specificity. (D) FACS plot

shows gates used to isolate irradiation sensitive (X1 and X2) and insensitive

(Xins) populations based on viability and the DNA content. (E) Bar graph

shows TOR-expressing cells are present among neoblasts and differentiated

tissues (X1, n5287; X2, n5169; Xins, n5380). No statistical difference is

observed between these groups. (F) Proliferative neoblast expressing TOR

(green). DAPI, blue. (G) Double staining with smedwi-1 and TOR fluorescent

probes on proliferative cells. The majority of cells co-express both genes.

Arrowheads indicate positive signal for each probe. (H,I) Whole-mount

immunostaining with anti-H3P antibody (H) and quantification of mitoses

(I) demonstrates reduction in mitotic activity in TOR(RNAi) animals

(Student’s t-test, **P,0.01). Three independent experiments, n.12 animals.

(J,K) TOR(RNAi) reduces the expression of the neoblast-associated genes

smedwi-1 (82.12%, proliferative), NB.21.11 (87.09%, early progeny) and

Smed-AGAT-1 (46.60%, late progeny), which is not necessarily linear with a

reduction in the number of cells. Student’s t-test, ***P,0.001. qRT-PCR

analyses are from triplicated experiments; values represent average and error

bars s.d. Gene expressions are relative to the ubiquitously expressed clone

H.55.12e (Reddien et al., 2005). Whole-mount in situ hybridization consisted

of three independent experiments with n.9 animals. Scale bars: 200 mm

(A–D) and 12.5 mm in dissociated cells (G). (L) Cell cycle analysis with

DAPI indicates neoblasts progression to cell cycle is impaired after

TOR(RNAi), Student’s t-test G1 phase (P,0.01), G2/M phase (P,0.05), S

phase (P,0.05). One representative experiment (mean 6 s.d.) of three

is shown.
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TOR signaling is required for blastema formation but

regeneration is accomplished within pre-existing tissues

To investigate the roles of TOR in planarian regeneration, the

response to amputation was evaluated in worms subjected to

TOR(RNAi). Upon amputation, neoblasts proliferate to form a

specialized structure called the regenerating blastema, which is

the new tissue from which missing structures are regenerated

(Reddien and Sánchez Alvarado, 2004; Gentile et al., 2011).

After two rounds of amputation, controls (water injected, n.40)

regenerated both head and tail within a week, whereas TOR-

RNAi-treated fragments failed to form recognizable blastemas

(95%; Fig. 2A,B). A similar response was also observed after

single longitudinal cuts, indicating that this phenotype was not

restricted to the number or the type of amputation (supplementary

material Fig. S3).

Although neoblasts continue to proliferate after TOR-RNAi,

they were unable to form blastema, indicating that TOR signaling

is required for blastema formation (Fig. 2A,B). Nonetheless,

TOR-RNAi fragments without blastemas survived for .40 days

after the first injection. Surprisingly, these fragments became

sensitive to light and responded to other external stimuli,

suggesting that the sensory system was somewhat functional.

Over time, TOR-RNAi fragments without blastema developed

characteristic photoreceptor pigmentation close to the anterior

wound. A closer evaluation with nervous system markers

revealed an unexpected result: nervous system structures (e.g.

brain, visual neurons) removed during amputation were to some

extent regenerated in TOR-RNAi animals, but within pre-existing

tissue (Fig. 2C). These observations indicate that, despite the

absence of blastema formation, regeneration in TOR-RNAi

fragments is not completely suppressed, revealing an intriguing

process of regeneration in which nervous tissue is regenerated

within pre-existing tissue.

Our data suggest that downregulation of TOR signaling

provides an excellent model for identifying mechanisms of

injury-induced stem cell response as it specifically prevents

blastema formation but does not completely abrogate

regeneration. Therefore, we sought to understand better the

cellular response to amputation after TOR-RNAi. The initial

response of neoblasts to amputation involves two waves of

mitoses that are required for blastema formation (Saló and

Baguñà, 1984; Wenemoser and Reddien, 2010). Although the

molecular signals driving these mitotic waves are unknown, it has

recently been shown that the first mitotic peak is a system-wide

neoblast response triggered by mechanical injury. This initial

wave peaks as early as 6 hours after wounding. The second

Fig. 2. TOR signaling drives early response of the

neoblast to amputation but regeneration occurs in the

absence of blastema formation. (A) TOR(RNAi) prevents

blastema formation after two rounds of amputation or in cuts

20 days after first injection. Cephalic regeneration is shown

(five independent experiments, n.180). Scale bar: 500 mm.

(B) TOR(RNAi) restricts local growth of the blastema (n.32

animals). (C) Nervous tissue (arrows) that is normally

regenerated within the blastema appears in pre-existing

tissue after TOR(RNAi). Central nervous system (CNS,

smed-pc2) and visual neurons (anti-arresting antibody), 10

days after decapitation. Although the mechanism by which

brain and visual neurons are regenerated after TOR(RNAi) is

not necessarily clear, animals sense external stimuli, see text

for details (n.15, the animal outline is depicted). Scale bar:

200 mm. (D) In control animals, two burst of mitoses (at 6

and .30 hours) are triggered after amputation (black line)

but in TOR(RNAi) only one is observed at 20 hours post-

amputation (gray line). The difference in the mitotic

response in both groups is statistically significant P51.43e-

09 by two-way-Anova. Each data point represents mean 6

s.e.m. of two independent experiments with n.10 animals.

(E,F) Apoptosis takes place in absence of functional TOR

signaling. The pattern of apoptotic cells remains close to the

wounded area and is abnormally increased. TUNEL-positive

nuclei are green. In controls, signal is randomly distributed

whereas in TOR(RNAi) apoptotic cells it is increased

(sixfold) and accumulated near the cut surfaces (arrows).

Scale bar: 200 mm. Student’s t-test, ***P,0.0005. One of

two independent experiments (n55 animals) is shown. Red

dashed line represents plane of amputation.
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mitotic peak, however, is an amputation-induced neoblast
response, localized near the wounded area, and is evident ,48

hours after injury (Wenemoser and Reddien, 2010).

Time course regeneration experiments confirmed the post-
amputation bimodal mitotic waves that lead to blastema
formation in control fragments (Fig. 2D). However, neoblasts

in TOR-RNAi worms failed to mount the early systemic
mitotic response after amputation (Fig. 2D). Nonetheless, their
widespread proliferative response gradually increased to peak 20

hours after amputation, which typically corresponds to the stage
of neoblast recruitment and the onset of the local response to loss
of tissue (Wenemoser and Reddien, 2010). These results indicate

that neoblasts in TOR-RNAi planarians can sense and divide
following injury but are unable to reach the proliferative levels
required after amputation on time. Whether a second mitotic peak
in TOR-RNAi animals occurs 48 hours post-amputation needs to

be investigated, but it is unlikely that it affects the process of
blastema formation because the initial decisions are made within
the first 12–24 hours after injury (Oviedo et al., 2010). Additional

experiments are also needed to rule out the mechanism by which
neoblasts regenerate missing parts within pre-existing tissues,
and whether the lack of blastema is associated with an impaired

migratory response to injury within the neoblast progeny.
However, we propose that TOR is a crucial component for the
signals driving the early widespread neoblast response after

amputation (i.e. the first mitotic peak). We speculate that the lack
of blastema formation in the absence of TOR signaling could be
associated with multiple factors (intrinsic and non-intrinsic) that
combine slow proliferative responses in neoblasts upon injury

with an impaired migratory property in their progeny.

Spatiotemporal synchronization between cell division and cell
death is a requirement for animal regeneration (Hwang et al.,

2004; Tseng et al., 2007; Chera et al., 2009; Pellettieri et al.,
2010). In planarians, two waves of apoptosis remove
differentiated cells after amputation (Pellettieri et al., 2010).

Significantly, the time period between the apoptotic peaks
overlaps with the neoblast mitotic response. The first apoptotic
wave precedes neoblast response to injury and is localized near
the wound site. By contrast, the second peak is a systemic cell

death response detectable 48 hours post-injury (Gurley et al.,
2010; Pellettieri et al., 2010). Apoptosis was evaluated in
regenerating fragments by the whole-mount TUNEL method

(Pellettieri et al., 2010). Control fragments regenerated and
displayed a characteristic apoptotic response pattern similar to
that of an uncut animal (i.e. randomly distributed through the

body) 7 days post-amputation (Fig. 2E). By contrast, TOR-RNAi
fragments consistently displayed an increased and localized cell
death response closely associated with the wound surface, even

one week post-injury (Fig. 2E). This apoptotic response
resembled the distribution pattern of the first wave of apoptosis
seen early during regeneration (Pellettieri et al., 2010).
Furthermore, amputated TOR(RNAi) worms displayed an

unexpected sixfold increase in TUNEL-positive nuclei after a
week post-amputation (Fig. 2F). These results suggest that cell
death induced by regeneration, at least in late stages, takes place

independently of TOR signaling. However, the effects of
prolonged apoptosis near the wound are unknown.

In 1901, Thomas Hunt Morgan classified animal regeneration

into two broad categories: (1) epimorphosis, which requires cell
proliferation, and (2) morphallaxis, which proceeds through
remodeling of pre-existing tissues and does not entail cellular

proliferation (Morgan, 1901). However, after more than a

century, the mechanisms regulating each type of tissue repair

remain largely unknown (Sánchez Alvarado, 2000; Brockes and

Kumar, 2008; Poss, 2010). Our results show that TOR forms part

of the endogenous signals essential for blastema formation during

epimorphic regeneration. However, in the absence of functional

TOR signaling, part of the nervous system regenerates within

pre-existing tissues by a process that is not entirely clear.

We speculate that it might involve both epimorphosis and

morphallaxis. Nevertheless, it reveals TOR signaling to be a key

molecular regulator of animal regeneration.

TOR is essential for organismal growth and long-term
tissue maintenance but not for remodeling pre-existing

tissue

Planarians can increase or decrease their body size according

to metabolic and environmental conditions (Baguñà, 1975),

although the molecular bases of this remarkable tissue plasticity

are unknown. This developmental plasticity in the adult has been

associated with addition of new cells during growth, and

elimination of specific cells during size reduction (de-growth),

which in both cases help to remodel and adjust body proportions

accordingly (Oviedo et al., 2003).

The TOR pathway is a sensor that responds to signals, such as

nutrient and energy availability, by modulating cell growth and

division (Wullschleger et al., 2006; Russell et al., 2011; Zoncu

et al., 2011). To test whether TOR plays a role in planarian

growth and de-growth, we exposed neoblasts to high or low

nutrient levels (i.e. continuous feeding or starvation, respectively)

and recorded changes in organismal size for 40 days. When

maintained under low nutrient levels, control and TOR(RNAi)

worms decreased in size at the same rate (Fig. 3A). This indicates

that tissue remodeling could occur in the absence of functional

TOR, which is consistent with TOR inhibition under low nutrient

conditions observed in other organisms (Zoncu et al., 2011).

Indeed, we found that TOR expression is downregulated during

starvation (supplementary material Fig. S4). Conversely, control

animals fed once a week displayed a sustained increase in size,

whereas fed TOR(RNAi) animals failed to grow and kept their

overall size with minimal change for 40 days. Independently of

the metabolic status (i.e. starving or feeding) the overall cellular

size in TOR(RNAi) animals was always smaller than in controls

(supplementary material Fig. S5), suggesting that, as in other

species, the planarian TOR is a key regulator of cell size (Oldham

et al., 2000; Fingar et al., 2002; Fumarola et al., 2005; Zhang

et al., 2011). Altogether, these results indicate that TOR signaling

is a key molecular component of organismal growth in

planarians. This molecular function of TOR could be important

for understanding metabolic plasticity during tissue maintenance

and regeneration as has been long sought after in the planarian

literature (Bardeen, 1901; Morgan, 1901).

The fact that fed TOR(RNAi) animals kept their size relatively

stable over time is consistent with the notion that the remaining

neoblasts to some extent sense nutrients and are capable of

supporting tissue turnover (supplementary material Fig. S6).

Therefore, the lack of organismal growth in the presence of

nutrients, together with the inability of neoblasts to contribute to

localized growth after amputation (blastemas, Fig. 2A), suggests

that in the absence of functional TOR, the neoblast response to

satisfy body demand is restricted, confirming the role of this
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pathway as a systemic regulator. Additional experiments are

needed to determine whether these effects are the result of a

delayed cell cycle transition and/or an altered migratory and

differentiation response.

During physiological cell turnover, neoblast division is

counterbalanced by programmed cell death (Pellettieri et al.,

2010). However, we found that uninjured TOR(RNAi) planarians

have a 2.5-fold increase in TUNEL-positive nuclei, suggesting

that cell division and cell death are not balanced in the absence

of functional TOR (Fig. 3B). These data indicate that TOR

signaling regulates systemic cell death in planarians, and we

propose that an imbalance between systemic neoblast division

and cell death probably restricts organismal growth in planarians

subjected to TOR(RNAi).

Fig. 3. See next page for legend.
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Continuous neoblast division in uninjured planarians supports

tissue turnover (Newmark and Sánchez Alvarado, 2000).

However, if there is an imbalance between neoblast division

and cell death, it might affect long-term tissue maintenance. To

test this assumption, the integrity of differentiated tissues was

evaluated using organ-specific markers (Fig. 3C). We found that

tissue integrity in TOR(RNAi) planarians was compromised in at

least two ways. First, there was mild loss of tissue (8.7%61.6

decrease) at the most anterior part, a condition that is known as

head regression and is commonly associated with the inability of

neoblasts to support tissue turnover (Reddien et al., 2005).

Second, the low number of cells expressing the excretory system

marker smedinx-10, and the allometric indicator cintillo suggests

that neoblasts in TOR-RNAi animals cannot support long-term

systemic tissue turnover (Fig. 3C). We propose that these results,

together with high apoptotic levels (Fig. 3B), might lead to

the generalized tissue degeneration observed in TOR(RNAi)

planarians.

RAPTOR, a component of the TOR complex-1, modulates
TOR function during tissue homeostasis and regeneration

TOR is the catalytic subunit of two distinct complexes called

TOR complex-1 (TORC1) and TORC2 (Wullschleger et al.,

2006; Zoncu et al., 2011). Each complex is defined by an

accessory protein that is essential for complex assembly:

regulatory-associated protein of TOR (RAPTOR) for TORC1

and rapamycin-insensitive companion of TOR (RICTOR) for

TORC2 (Zoncu et al., 2011). A homolog sequence for RICTOR

has not been identified in planarians. However, a highly

conserved homolog sequence for RAPTOR (Smed-RAPTOR,

hereafter referred to as RAPTOR) was identified and it displayed

a ubiquitous expression pattern resembling that of pTOR

(supplementary material Fig. S7). RAPTOR(RNAi) restricts

neoblast division and the expression of neoblast markers

(Fig. 3D,E) in a manner consistent with the effects observed

after TOR(RNAi) treatment (Fig. 1H–K).

The macrolide rapamycin inhibits TOR function through

TORC1 (Wullschleger et al., 2006; Zoncu et al., 2011). We

found that continuous treatment with rapamycin at .60 nM

considerably reduced neoblast division and the expression of

neoblast associated genes (smedwi-1, NB.21.11e and Smed-Agat-1)

in a similar fashion to TOR and RAPTOR(RNAi) (Fig. 3D–E;

supplementary material Fig. S7). This result suggests that TOR

signaling inhibition can be partially recapitulated by targeting only

TORC1. Furthermore, RAPTOR(RNAi) consistently prevented

regeneration in a way that is consistent with both the proposed

TOR-protein turnover and the TOR(RNAi) phenotype. Moreover,

RAPTOR(RNAi) amputated worms responded to light stimuli and

regenerated visual neurons within pre-existing tissue, resembling

the TOR(RNAi) phenotype (Fig. 3F). Altogether, aspects of the

TOR(RNAi) phenotype in planarians can be recapitulated by

targeting RAPTOR with either RNAi or treatment with rapamycin

(supplementary material Fig. S7), suggesting that the TOR-

deficient phenotype described here is likely to be mediated

through TORC1. Additional characterization of up- or downstream

targets, including AKT, 4E-BP and S6K, present in S.

mediterranea will provide insights into TOR regulation in adult

tissues. Furthermore, analysis using novel TOR inhibitors targeting

members of the TORC1 and TORC2 complexes (Feldman et al.,

2009; Garcı́a-Martı́nez et al., 2009; Shor et al., 2009; Thoreen

et al., 2009) has the potential to identify new drug targets to control

the behavior of stem cells and to induce tissue-specific

regeneration.

Concluding remarks

Taken together, our results reveal that it is possible to perform

analysis of TOR function at the systemic level in adult

organisms. Furthermore, by applying this paradigm we

revealed roles for TOR in controlling adult stem cells during

tissue turnover and regeneration (Fig. 3G) that are consistent

with effects observed in mammals (Russell et al., 2011; Zoncu

et al., 2011). Mammalian cells do not display a uniform response

to TOR inhibition but studies on planarians could provide

additional opportunities for dissecting complex cell regulation

by this pathway in adult tissues. The phenotype described here

provides simplified grounds by which the systemic effect

resulting from manipulation of ubiquitous signaling pathways

could be translated to the complexity of the whole organism.

Our results reveal that TOR signaling components are conserved

in planarians and that TORC1 probably mediates TOR function

during early regenerative response and organismal growth.

These findings could enable studies to further characterize

epimorphic regeneration without blastema formation. This is of

particular interest given that not all regenerative processes

involve blastema formation and in some organisms (including

humans), tissue repair can take place without the formation of

this specialized structure. Our model provides the opportunity to

investigate TOR signaling in the whole organism. As the TOR

signaling pathway has been the focus of current anticancer

therapy, inhibition of TOR function in planarians could also

provide unique insights into the consequences of long-term

inhibition of this pathway.

Fig. 3. TOR is required for organismal growth and long-term tissue

maintenance, and its functions are mediated through RAPTOR, a

component of TOR Complex-1. (A) In TOR(RNAi) starvation does not affect

‘de-growth’ but feeding once a week prevents organismal growth (mean 6

s.d. of the percent change (D) in surface area, n525 animals/time point);

dispersion of data in the TOR(RNAi) fed animals is low. Difference in surface

area considers length and width of the whole organism. (B) Apoptosis is

elevated in intact TOR(RNAi) animals (Student’s t-test, **P,0.005, two

independent experiments, n.5). Error bars represent standard deviation.

(C) Long-term tissue maintenance is not effectively supported after

TOR(RNAi). In situ hybridization analysis of Smed-PC2 (CNS), cintillo

(chemoreceptors) and smedinx-10 (excretory) in control and TOR(RNAi)

worms. About 8.7%61.6 of tissue is lost between the tip of the animal and the

most anterior part of the pigment cups, indicated with arrows in TOR(RNAi)

but it did not alter cintillo quantification. Numbers represent chemoreceptors/

mm or cluster of smedinx-10 associated-signal 6 s.d. of three experiments 40

days starvation, n.8 animals. Scale bars: 100 mm. Notice the reduction in the

expression of cintillo and excretory system after TOR(RNAi) (Student’s t-test,

P,0.0001). All experiments were performed in parallel. (D,E) A planarian

RAPTOR homolog (RAPTOR) restricts neoblast division (Student’s t-test,

P,0.001) (D), the expression of smedwi-1 (proliferative, 79.91%), NB.21.11

(early progeny, 68.73%) and Smed-Agat-1 (late progeny, 49.09%)

(E). Student’s t-test, P,0.001. Scale bar: 200 mm. (F) RAPTOR(RNAi)

prevents blastema formation but induces regeneration of nervous structures

within pre-existing tissue (arrows). In each case, two or more experiments

with n.6 animals. (G) Working model illustrating the possibility of following

a population of neoblasts that remain proliferating after TOR-RNAi during

tissue maintenance and regeneration. TOR is an essential component for

maintaining homeostasis and regeneration.
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Materials and Methods
Identification of homolog and phylogenetic analysis

Homologs for TOR and Raptor were identified in the S. mediterranea database
SmedDb (Sánchez Alvarado et al., 2002). The sequences were further confirmed
by Blastn, blastx, blastp and alignment tools (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). A combination of heat repeats and FAT domain were used as molecular
signature to identify TOR homologs within the S. mediterranea genome (Cantarel
et al., 2008; Robb et al., 2008). Reciprocal BLAST analysis identified a single
TOR member that was aligned with TOR sequences of other species by using
CLUSTALW and T-Coffee software. A predictive evolutionary model was built
using MEGA software (www.megasoftware.net).

Planarian culture

Planarian culture was maintained as previously described (Oviedo et al., 2008).

dsRNA and microinjections

dsRNA synthesis and microinjections were carried out as previously described
(Oviedo et al., 2008).

TUNEL assay

TUNEL assay was performed as previously described (Pellettieri et al., 2010).

qRT-PCR

RNA extraction and quantitative real-time PCR (qPCR) reactions were performed
as previously described (Oviedo et al 2008; Reddien et al., 2005). Briefly, Trizol
was used to isolate RNA from control and experimental animals at different times
after first dsRNA injection. qPCR reactions were performed using the SYBR
Green Master Mix in a 7500 Fast Real Time PCR cycler (Applied Biosystems). All
reactions were performed in triplicates using the median cycle threshold value for
analysis. Gene expressions are relative to the ubiquitously expressed clone
H.55.12e (Reddien et al., 2005). See supplementary material Table S1 for primer
sequences.

Measurements of planaria and image processing

Animal behavior was recorded using a Nikon AZ-100 multizoom microscope and
NIS Elements AR 3.2 software. Automated area measurements were calculated
with NIS Elements at day 0, day 20 and day 40 after injection. Standard deviations
were obtained by normalizing the area measurements for each set time point to the
average on day 0 to obtain percentage standard deviation and this value was
divided by the data point to calculate the standard error represented on the graph.
Digital pictures were collected using a Nikon AZ-100 multizoom microscope and
NIS Elements AR 3.2 software. Brightness and contrast were adjusted with Adobe
Photoshop.

FACS

Planarians were dissociated as previously described (Reddien et al., 2005). DAPI
was used to stain cell nuclei and the data were collected using an LSRII flow
cytometer (BD Biosciences) with DIVA software. Flow cytometry analyses were
performed with FlowJo software, Version 8 (www.flowjo.com).

In situ hybridization

Riboprobes for in situ hybridization (ISH) were synthesized using T3 or T7
polymerase (Promega) and digoxigenin-labeled ribonucleotide mix (Roche) with
specific PCR templates as previously described (Oviedo et al., 2008). ISH on
isolated cells and quantification were performed as previously described (Oviedo
et al., 2008). Whole-mount ISH (WISH) was performed as previously described
(Pearson et al., 2009).

For ISH on dissociated cells, isolated cells from FACS were spotted onto slides
and fixed using 4% paraformaldehyde. ISH was performed as previously described
(Oviedo et al., 2008). Propidium iodide (PI) or DAPI were used to stain nuclei.
Cells that were double labeled with the nuclei marker and the riboprobe were
counted in relationship with the total number of nuclei. Fluorescent in situ
hybridization was performed as previously described (Pearson et al., 2009). In all
cases, ten different fields were counted per slide.

H3P staining and immunofluorescence

Planarians were fixed and immunostaining performed as previously described
(Oviedo et al., 2008). The mitotic cells (H3P positive) were counted and
normalized to the area (mm2) using NIS element software (Nikon). Statistical
analyses were performed using Microsoft Excel.
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Liza Gómez-Daglio for assistance with phylogenetic analysis; and
Jason Pellettieri, Bret Pearson and Jochen Rink for advice with

protocols. We thank Mike Cleary and Sabrina Maisel for comments
on the manuscript and Ricardo Zayas, Peter Reddien and Kenji
Watanabe for reagents.

Funding
T.H.P. was supported by a Jane Vilas Scholarship and the University
of California Merced Graduate Research Council. N.J.O.
acknowledges support from the University of California Merced
and the University of California Cancer Research Coordinating
Committee.

Author contributions
T.H.P., F.W., E.O., D.D., D.R., M.E.G.-O. and N.J.O. performed the
research and analyzed the data. N.J.O. conceived the project and
wrote the manuscript with T.H.P. and M.E.G.-O.

Supplementary material available online at

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.104711/-/DC1

References
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Gentile, L., Cebrià, F. and Bartscherer, K. (2011). The planarian flatworm: an in vivo
model for stem cell biology and nervous system regeneration. Dis. Model. Mech. 4,
12-19.

Guo, T., Peters, A. H. and Newmark, P. A. (2006). A Bruno-like gene is required for
stem cell maintenance in planarians. Dev. Cell 11, 159-169.

Gurley, K. A., Elliott, S. A., Simakov, O., Schmidt, H. A., Holstein, T. W. and

Sánchez Alvarado, A. (2010). Expression of secreted Wnt pathway components
reveals unexpected complexity of the planarian amputation response. Dev. Biol. 347,
24-39.

Hwang, J. S., Kobayashi, C., Agata, K., Ikeo, K. and Gojobori, T. (2004). Detection
of apoptosis during planarian regeneration by the expression of apoptosis-related
genes and TUNEL assay. Gene 333, 15-25.

LaFever, L., Feoktistov, A., Hsu, H. J. and Drummond-Barbosa, D. (2010). Specific
roles of Target of rapamycin in the control of stem cells and their progeny in the
Drosophila ovary. Development 137, 2117-2126.

Makky, K., Tekiela, J. and Mayer, A. N. (2007). Target of rapamycin (TOR) signaling
controls epithelial morphogenesis in the vertebrate intestine. Dev. Biol. 303, 501-513.

Morgan, T. H. (1901). Regeneration. New York: The Macmillan Company.
Murakami, M., Ichisaka, T., Maeda, M., Oshiro, N., Hara, K., Edenhofer, F.,

Kiyama, H., Yonezawa, K. and Yamanaka, S. (2004). mTOR is essential for
growth and proliferation in early mouse embryos and embryonic stem cells. Mol. Cell.

Biol. 24, 6710-6718.
Newmark, P. A. and Sánchez Alvarado, A. (2000). Bromodeoxyuridine specifically

labels the regenerative stem cells of planarians. Dev. Biol. 220, 142-153.
Oldham, S., Montagne, J., Radimerski, T., Thomas, G. and Hafen, E. (2000).

Genetic and biochemical characterization of dTOR, the Drosophila homolog of the
target of rapamycin. Genes Dev. 14, 2689-2694.

Oviedo, N. J., Newmark, P. A. and Sánchez Alvarado, A. (2003). Allometric scaling
and proportion regulation in the freshwater planarian Schmidtea mediterranea. Dev.

Dyn. 226, 326-333.

Journal of Cell Science 125 (7)1664

J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
www.megasoftware.net
www.flowjo.com
http://dx.doi.org/10.1002%2Fjez.1401950106
http://dx.doi.org/10.1002%2Fjez.1401950106
http://dx.doi.org/10.1002%2Fjez.1401950106
http://dx.doi.org/10.1146%2Fannurev.cellbio.24.110707.175336
http://dx.doi.org/10.1146%2Fannurev.cellbio.24.110707.175336
http://dx.doi.org/10.1101%2Fgr.6743907
http://dx.doi.org/10.1101%2Fgr.6743907
http://dx.doi.org/10.1101%2Fgr.6743907
http://dx.doi.org/10.1016%2Fj.devcel.2009.07.014
http://dx.doi.org/10.1016%2Fj.devcel.2009.07.014
http://dx.doi.org/10.1016%2Fj.devcel.2009.07.014
http://dx.doi.org/10.1016%2Fj.stem.2008.07.002
http://dx.doi.org/10.1016%2Fj.stem.2008.07.002
http://dx.doi.org/10.1016%2Fj.stem.2008.07.002
http://dx.doi.org/10.1371%2Fjournal.pbio.1000038
http://dx.doi.org/10.1371%2Fjournal.pbio.1000038
http://dx.doi.org/10.1371%2Fjournal.pbio.1000038
http://dx.doi.org/10.1101%2Fgad.995802
http://dx.doi.org/10.1101%2Fgad.995802
http://dx.doi.org/10.1101%2Fgad.995802
http://dx.doi.org/10.1038%2Fsj.cdd.4401660
http://dx.doi.org/10.1038%2Fsj.cdd.4401660
http://dx.doi.org/10.1038%2Fsj.cdd.4401660
http://dx.doi.org/10.1042%2FBJ20090489
http://dx.doi.org/10.1042%2FBJ20090489
http://dx.doi.org/10.1042%2FBJ20090489
http://dx.doi.org/10.1242%2Fdmm.006692
http://dx.doi.org/10.1242%2Fdmm.006692
http://dx.doi.org/10.1242%2Fdmm.006692
http://dx.doi.org/10.1016%2Fj.devcel.2006.06.004
http://dx.doi.org/10.1016%2Fj.devcel.2006.06.004
http://dx.doi.org/10.1016%2Fj.ydbio.2010.08.007
http://dx.doi.org/10.1016%2Fj.ydbio.2010.08.007
http://dx.doi.org/10.1016%2Fj.ydbio.2010.08.007
http://dx.doi.org/10.1016%2Fj.ydbio.2010.08.007
http://dx.doi.org/10.1016%2Fj.gene.2004.02.034
http://dx.doi.org/10.1016%2Fj.gene.2004.02.034
http://dx.doi.org/10.1016%2Fj.gene.2004.02.034
http://dx.doi.org/10.1242%2Fdev.050351
http://dx.doi.org/10.1242%2Fdev.050351
http://dx.doi.org/10.1242%2Fdev.050351
http://dx.doi.org/10.1016%2Fj.ydbio.2006.11.030
http://dx.doi.org/10.1016%2Fj.ydbio.2006.11.030
http://dx.doi.org/10.1128%2FMCB.24.15.6710-6718.2004
http://dx.doi.org/10.1128%2FMCB.24.15.6710-6718.2004
http://dx.doi.org/10.1128%2FMCB.24.15.6710-6718.2004
http://dx.doi.org/10.1128%2FMCB.24.15.6710-6718.2004
http://dx.doi.org/10.1006%2Fdbio.2000.9645
http://dx.doi.org/10.1006%2Fdbio.2000.9645
http://dx.doi.org/10.1101%2Fgad.845700
http://dx.doi.org/10.1101%2Fgad.845700
http://dx.doi.org/10.1101%2Fgad.845700
http://dx.doi.org/10.1002%2Fdvdy.10228
http://dx.doi.org/10.1002%2Fdvdy.10228
http://dx.doi.org/10.1002%2Fdvdy.10228


Oviedo, N. J., Pearson, B. J., Levin, M. and Sánchez Alvarado, A. (2008). Planarian

PTEN homologs regulate stem cells and regeneration through TOR signaling. Dis.

Model. Mech. 1, 131-143, discussion 141.

Oviedo, N. J., Morokuma, J., Walentek, P., Kema, I. P., Gu, M. B., Ahn, J. M.,

Hwang, J. S., Gojobori, T. and Levin, M. (2010). Long-range neural and gap

junction protein-mediated cues control polarity during planarian regeneration. Dev.

Biol. 339, 188-199.

Pearson, B. J., Eisenhoffer, G. T., Gurley, K. A., Rink, J. C., Miller, D. E. and

Sánchez Alvarado, A. (2009). Formaldehyde-based whole-mount in situ hybridi-

zation method for planarians. Dev. Dyn. 238, 443-450.

Pedersen, S., Celis, J. E., Nielsen, J., Christiansen, J. and Nielsen, F. C. (1997).

Distinct repression of translation by wortmannin and rapamycin. Eur. J. Biochem.

247, 449-456.

Pellettieri, J., Fitzgerald, P., Watanabe, S., Mancuso, J., Green, D. R. and Sánchez

Alvarado, A. (2010). Cell death and tissue remodeling in planarian regeneration. Dev.

Biol. 338, 76-85.

Poss, K. D. (2010). Advances in understanding tissue regenerative capacity and

mechanisms in animals. Nat. Rev. Genet. 11, 710-722.

Reddien, P. W. and Sánchez Alvarado, A. (2004). Fundamentals of planarian

regeneration. Annu. Rev. Cell Dev. Biol. 20, 725-757.

Reddien, P. W., Oviedo, N. J., Jennings, J. R., Jenkin, J. C. and Sánchez Alvarado,

A. (2005). SMEDWI-2 is a PIWI-like protein that regulates planarian stem cells.

Science 310, 1327-1330.

Robb, S. M., Ross, E. and Sánchez Alvarado, A. (2008). SmedGD: the Schmidtea

mediterranea genome database. Nucleic Acids Res. 36, D599-D606.

Russell, R. C., Fang, C. and Guan, K. L. (2011). An emerging role for TOR signaling

in mammalian tissue and stem cell physiology. Development 138, 3343-3356.
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Table S1. Primer sequences for qRT-PCR. 

 

 

Gene Name  Primer Sequence 
Smed TOR  F CCGCTAGTGGAGTCGTTCTC 
 R ATTCACTGGCCTCATGGAAC 
Smed TOR F AACTCGCGGAACTTGAAGAA 
 R TTGATTTGGTGTCAGGACCA 
Smed Raptor  F TTTCAACACACGCAAACCTC 
 R CTCGGACTTCGGGACTGAT 
smedwi-1  F TTTATCGTGACGGTGTTGGA 
 R TTGGATTAGCCCCATCTTTG 
NB.21.11e  F GCAGATGACGTGAAACAAGG 
 R TACTTGATTTGGCGGGAGAC 
Agat-1  F ACCGATTCCAGTTTCGCTTA  
 R TCAATCGCTCCAAAATCTCA  
H.55.12e F TTCCTACAGCCACTTGAGCGAC 
 R GTCGGTGGTTATTTTGCG 
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Gap junction (GJ) proteins are crucial mediators of cell–cell communication during embryogenesis, tissue re-
generation and disease. GJ proteins form plasma membrane channels that facilitate passage of small mole-
cules across cells and modulate signaling pathways and cellular behavior in different tissues. These
properties have been conserved throughout evolution, and in most invertebrates GJ proteins are known as
innexins. Despite their critical relevance for physiology and disease, the mechanisms by which GJ proteins
modulate cell behavior are poorly understood. This review summarizes findings from recent work that
uses planarian flatworms as a paradigm to analyze GJ proteins in the complexity of the whole organism.
The planarian model allows access to a large pool of adult somatic stem cells (known as neoblasts) that sup-
port physiological cell turnover and tissue regeneration. Innexin proteins are present in planarians and play a
fundamental role in controlling neoblast behavior. We discuss the possibility that GJ proteins participate as
cellular sensors that inform neoblasts about local and systemic physiological demands. We believe that func-
tional analyses of GJ proteins will bring a complementary perspective to studies that focus on the temporal
expression of genes. Finally, integrating functional studies along with molecular genetics and epigenetic ap-
proaches would expand our understanding of cellular regulation in vivo and greatly enhance the possibilities
for rationally modulating stem cell behavior in their natural environment. This article is part of a Special Issue
entitled: The communicating junctions, roles and dysfunctions.
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1. Introduction

Effective cell–cell communication is a hallmark of multicellular or-
ganisms, which allows for proper embryonic development, growth
ommunicating junctions, roles
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and continued tissue renewal as adults. An illustration of this phe-
nomenon is observed in long-lived organisms (e.g. humans), which
maintain the form and function of differentiated tissues over years.
This extended process of tissue maintenance relies on stem cells
that are activated to proliferate and migrate in order to precisely re-
place aged or damaged cells. Physiological turnover is not restricted
to one tissue type and is simultaneously accomplished in many tis-
sues; in humans it involves the daily renewal of billions of cells
[1,2]. Thus, in order to integrate local and systemic signals that consis-
tently satisfy physiological demands, efficient mechanisms for cellu-
lar communication are instrumental.

http://dx.doi.org/10.1016/j.bbamem.2012.03.005
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Gap junction (GJ) proteins contribute to cell communication that
integrates different tissues and organs throughout the body [3–5].
This type of cell communication has been illustrated in a wide range
of invertebrates and vertebrates, which suggests a conserved mecha-
nism throughout evolution [3–7]. Traditionally, the function of GJ
proteins was known to be associated with the formation of mem-
brane channels coupling multiple cell layers to enable the passage
of physiological signals such as ions, second messengers and small
metabolites to pass from one cell to another. However, recent ad-
vances have revealed and assigned additional functions to GJ pro-
teins, including roles as sensors of the extracellular environment,
cell–cell adhesion factors that facilitate cell migration, and modula-
tors of endocrine, pain, signal transduction pathways and pro-
grammed cell death [3,8–15]. Significantly, the intercellular
information mediated through gap junctions has been implicated to
regulate the local and systemic physiological demands associated
with embryonic development, growth, differentiation, regeneration,
and tissue homeostasis [3,8].

Gap junctions are composed of proteins called connexins and pan-
nexins in the vertebrates, and innexins in most invertebrates [4,6].
Though the molecular topology between connexins and innexins re-
mains similar, phylogenetic analyses show dissimilarities in the pri-
mary sequences of the two types of proteins [16]. Evolutionary
analyses, based on the conservation of motifs group the innexins
and pannexins into one superfamily, suggesting that these proteins
might have evolved from the same precursor protein [17]. Further-
more, the conservation of primary sequences and motifs also suggests
the notion that innexins probably evolved prior to connexins, while
connexins evolved independently at a later time [16–18].

In vertebrates and invertebrates GJ proteins form channels that
mediate cell–cell communication. Disruption of this cellular commu-
nication can lead to abnormalities in both embryonic and adult
stages, ranging from embryonic lethality and cardiac failure to cancer
and epilepsy [19–24]. For example, deficiency in connexin 26 leads to
embryonic lethality in mice starting with abnormalities at day 10-
post coitum and death at day 11 [22]. Connexin 45 is also embryoni-
cally lethal, probably due to deformities caused during cardiac devel-
opment [19,25]. However, extensive data suggest that GJ proteins are
not simply housekeeping components but are also critical modulators
of morphogenesis and axial patterning during embryonic develop-
ment and adult tissue maintenance [3,26,27]. The former is illustrated
in the context of left–right asymmetry determination in vertebrate
embryonic development, where GJ proteins establish long-range
communication among cells influencing gene expression and consis-
tent organ formation on the left or right side [3,5,28–30]. Inhibition
of this direct cellular communication leads to the inconsistent place-
ment of organs during development in a process known as left–
right visceral randomization [3,5,28–31]. GJ proteins also modulate
cellular behavior in adult tissues, controlling cell cycle progression,
growth, apoptosis and cellular response during injury and inflamma-
tory response [3,32–38]. Altogether, gap junction-dependent signals
play fundamental roles in cell communication at many levels and
their functions can be essential for the cell survival and behavior. In
many cases, these signals act as intermediaries capable of spatio-
temporal regulation of morphogenetic patterning and cellular re-
sponse, providing an excellent paradigm for the rational modulation
of cell behavior during therapeutic intervention.

Studies demonstrate the existence of functional differences be-
tween normal and cancer cells based on the presence of various GJ
proteins [39–43]. This phenotypic feature also extends to stem cell
populations that can be defined based on gap junction signatures
[35,44–48]. Thus, gap junction communication (GJC) encompasses a
physiological phenomenon that modulates cellular behavior at the
local and systemic level. Despite the physiological and biomedical rel-
evance of GJC, the mechanisms by which this cellular crosstalk is ac-
complished in vivo remain largely elusive.
Experimental evidence accumulated over the last 40 years has ad-
vanced our understanding of GJC and its regulatory aspects, especially
those associated with tissue specificity, permeability and the way GJC
relates to homeostasis and disease [3,39,42,43,45,49–51]. However, in
many cases, deletion of genes encoded for GJ proteins leads to embry-
onic lethality, highlighting the central role played by GJC during em-
bryonic development [19,22,25]. Although this limits the analysis of
GJC in adult tissues, introducing tissue-specific genetic deletions that
remove one ormore genes encoding for GJ proteins has proved a pow-
erful molecular tool. Nonetheless, functional disruption of a GJ protein
in many cases tends to be compensated by others, which can poten-
tially mask the study of its specific systemic roles [3,10–14,24,43,52].
The possibility for simultaneously disrupting multiple gap junction
proteins represents an attractive alternative to avoid compensatory/
redundant mechanisms; however this approach is often difficult to
perform, and its effect can be complicated to analyze in the adult or-
ganism. To understand how tissues integrate to satisfy physiological
cell turnover and repair, GJC role at the systemic level (i.e.: in the com-
plexity of the whole adult organism), needs to be defined, and the
above difficulties provide a barrier towards this purpose.

In this review, we discuss recent attempts to study GJC in the com-
plexity of the whole adult organism during tissue maintenance and
regeneration. The approach [38,46,53] capitalizes on a classic model
organism, the flatworm planaria, which provides an excellent system
in which to analyze GJC-mediated stem cell regulation during the
processes of tissue renewal and regeneration in adults. Planarians
are also amenable to genetic manipulation, in particular loss-
of-function studies allowing simultaneous downregulation of multiple
GJ proteins. The opportunity to study gap junction-mediated signaling
in situ in the adult animal, (by using state-of-the-art molecular genetic
technology along with electrophysiology and biochemical tools) offers
a fresh approach to further our understanding of cell regulation
mechanisms.

2. Planarians: a model to elucidate systemic cell turnover and
regeneration

Planarians are multicellular organisms and members of the phy-
lum platyhelminthes (flatworms). These organisms contain deriva-
tives of all three germ layers (ectoderm, mesoderm and endoderm),
and this review will mainly focus on the most common species of
freshwater planarians used in laboratory settings (i.e.: Dugesia japon-
ica and Schmidtea mediterranea) [54–61]. Key features of these organ-
isms include bilateral symmetry, cephalization, and dorsoventral and
anteroposterior polarities [54–61]. Planarians also possess multiple
tissues and organs; for example, recent research highlights the com-
plexity of the planarian nervous system, which includes multiple
types of neurons, receptors and neurotransmitters similar to those
in vertebrates [54,62–64]. Altogether, planarians display tissue com-
plexity and developmental features that are evolutionarily conserved
among metazoans.

The best-known feature of planarians is their capacity to regener-
ate an entire organism from small tissue fragments. This extraordi-
nary plasticity in the adult organism relies on a population of stem
cells known as neoblasts. Scattered throughout the animal, neoblasts
are the only mitotic cells in the worm, giving rise to all tissues and
supporting of physiological cell turnover in the adult [65–67]. During
injury, undifferentiated neoblasts respond with increased prolifera-
tion, giving rise to progeny that migrate to the damaged site to re-
establish form and function [57–59,66,67]. Neoblasts respond to dam-
age quickly and can rebuild any part of the body (including neuronal
connections within the brain and sensory system, and other tissues
such as muscle and the digestive system), within a week
[54,56,59–62,64]. Tightly coordinated neoblast proliferation in re-
sponse to damage indicates that these stem cells process information
regarding their local and systemic environment. In order to
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Fig. 1. Planarians allow analysis of stem cells and their differentiated progeny in the
complexity of the whole organism. Representative images of worms subjected to anti-
body staining (yellow dots represent dividing neoblasts) and in situ hybridization la-
beling the early progeny of neoblasts (green signal) and differentiated tissues
(purple precipitation).
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effectively guide neoblasts and respond to the demands of tissue
damage and cell turnover, precise mechanisms of cell communication
must exist within the organism. Thus, intrinsic and extrinsic cues
likely guide neoblast behavior toward unlimited self-maintenance
and attendance on physiological demands throughout the years.

Neoblast behavior is controlled by the needs of its environment,
responding to different types of body demands that may involve the
replacement of: (i) a small number of cells, usually without tissue
damage (e.g.: aged differentiated cell), and/or (ii) a large number of
cells, generally as a response to lost or damaged tissue (e.g. after de-
capitation). The former likely originates within neighboring cells,
and therefore may be considered a local demand that probably affects
few neoblasts (short-range signals). On the other hand, amputation
generally demands the re-establishment of multiple tissues, which
likely involves many neoblasts correlated with the extent of the dam-
age. In this case, the remaining tissues and organs within the regener-
ating fragment need to be surveyed in order to recognize what parts
are missing (long-range signals) and to deploy the right number of
cells to the injured site. The signals driving neoblast proliferation
and deployment are likely guided by local and systemic cues that pro-
vide inputs (“cellular inventory”) to inform about the scale of the de-
mand and the identity of the missing parts.

Intercalary regeneration offers an example of the local and sys-
temic demands that regulate regeneration. Vertebrate and inverte-
brate studies have shown that when most distal and proximal
surfaces of an injured area are conjoined, the missing parts are likely
restored through a process called intercalation [68–76]. While the
molecular bases of this process are still under investigation, studies
to date suggest that cell–cell interactions mediate positional cues
that regenerate the missing parts. Such close cellular interactions
may involve short/long-range signals to coordinate regeneration.
The developmental plasticity of planarians provides an exquisite sys-
tem in which to attempt to understand intercalary regeneration, the
basis of cell–cell interaction, and the identity of instructive short/
long-range signals. Classic experiments were performed joining frag-
ments from different parts of the planarian body to analyze the cellu-
lar contribution of each part towards the re-establishment of form
and function [73,76,77]. However, the exact mechanism used by the
cells proximal to the injured surface to coordinate neoblast response
remains an intriguing aspect requiring further clarification.

To understand the local and systemic cues involved with this pro-
cess, GJC could be an attractive entry point. Irradiation eliminates
neoblasts and prevents planarians from regenerating; the transplan-
tation of a few neoblasts into an irradiated host is sufficient to restore
stem cell-mediated cellular turnover and regenerative capacities
throughout the whole organism [65,66]. Thus neoblast repopulation
of an entire irradiated host requires both short- and long-range sig-
nals, although the systemic cues responsible for instructing the neo-
blasts are unknown. However, it would be interesting to test
whether gap junction-mediated signals could be manipulated to
alter stem cell behavior in their natural environment during the pro-
cess of repopulation.

Neoblasts and differentiated cells must engage in an active ex-
change of information to satisfy body demands and maintain homeo-
stasis. Currently, the nature of information exchanged and the
mechanisms involved in this cellular crosstalk are not well defined,
but initial attempts have implicated GJC as possible regulators of
short and long-distance signals [38,46,53].

3. Gap junction-mediated stem cell response during tissue
turnover

About a dozen genes encoding for innexin proteins were recently
described in planarians [38,46,53]. These genes were categorized into
four groups (excretory, digestive, mesenchymal and nervous tissue),
based on their expression patterns and phylogenetic relationship.
Since neoblasts are the only proliferative cells in the entire worm,
γ-irradiation is commonly used to eliminate dividing cells and their
progeny. Thus, molecules associated with neoblasts can be identified
based on their differential expression patterns after irradiation. Two
genes encoding for innexins show significant downregulation of
their expression after irradiation, suggesting an association between
neoblasts and innexin expression [46]. Functional studies with RNA-
interference (RNAi) in the whole worm reveal that the innexin gene
smedinx-11 is required for proper expression of other neoblast
markers, suggesting that this GJ protein is a key regulator of neoblast
function [46]. Functional disruption of smedinx-11 was accompanied
by the gradual disappearance of neoblasts throughout the body
(Fig. 1A), implying that this neoblast-related innexin is required for
the maintenance of the planarian stem cell pool [46]. Importantly,
downregulation of the remaining eleven innexins by RNAi individual-
ly did not affect neoblast behavior or number. This once again indi-
cates that smedinx-11 is a crucial modulator of planarian stem cells
and that other GJ protein cannot compensate for its loss [46].

In summary, these results suggest that neoblasts may use a partic-
ular gap junction (i.e. smedinx-11) to self-maintain and to regulate tis-
sue turnover. Furthermore, based on the classical functions described
for GJ proteins, it is reasonable to speculate that smedinx-11may have
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roles in establishing communication between neoblasts and the sur-
rounding environment. Thus, inhibition of smedinx-11-mediated sig-
nals may result in a disconnection between neoblasts and their
neighboring cells leading to the demise of the proliferative cells and
subsequent lethality. This possibility is consistent with the require-
ment for connexin-43 in proliferative cells during zebrafish fin regen-
eration [78], and the involvement of an innexin protein (i.e. zpg) in
the germ cells of the Drosophila ovary [35,48,79]. Alternatively,
there is also the possibility that GJ proteins may possess non-
classical functions that do not require the passage of molecules
through channels in order to activate signaling pathways that alter
cell cycle, migration and adhesion [37]. However, additional experi-
mentation is needed to test these hypotheses.

Bisection of a planarian triggers a neoblast response to re-
establish form and function, which is accomplished by forming a tis-
sue outgrowth at the edge of the wound (blastema) where recrea-
tion of the missing structures begins [54,56–58,60]. The molecular
process that drives blastema formation necessarily includes cell in-
teractions to efficiently repair missing tissues. Intriguingly, the ex-
pression of smedinx-11 increases in areas surrounding damaged
tissue shortly after amputation. Furthermore, most cells that form
the blastema during the first four days express smedinx-11
(Fig. 1B), suggesting that this innexin in particular may play an
important role during regeneration and in the process of blastema
formation [46]. Similar upregulation of GJ proteins (i.e. Cx37 and
Cx40) has been observed in mammals during liver regeneration
[80] and injury [81]. However, upregulation of a GJ protein is not a
generalized regeneration response as some tissues respond to regen-
eration by the downregulation of a specific GJ protein [82]. Wound
repair provides evidence for the transient increase and decrease of
GJ protein expression, which could be temporal, spatial and even
tissue specific (e.g. Cx 43) [83–85]. Furthermore, there is extensive
evidence linking GJ proteins with cell cycle regulation. While the
mechanisms used by gap junctions to regulate cell progression
remain vague, the influence mediated by these proteins towards cel-
lular response and behavior during homeostasis, development and
disease is evident [3,5,33,34,36,86,87].

Downregulation of smedinx-11 by RNAi results in the progressive
reduction of proliferative neoblasts, resulting in their disappearance
in about two weeks. However, animals amputated one week after
smedinx-11 RNAi, when mitotic activity is still present, also fail to re-
generate. This suggests that although the neoblasts are present and
dividing, the lack of smedinx-11 prevents their response to the regen-
erative demand [46]. However, regenerating fragments are able to
survive for several weeks without the head region. This supports
the notion that smedinx-11 is not a regular “housekeeping gene” but
could be a critical mediator of the neoblast response to tissue damage.
These results are consistent with the argument that planarian stem
cells may use a particular GJ protein to sense physiological body de-
mands. Thus, in the absence of functional gap junction-mediated sig-
nals (mediated by smedinx-11), neoblasts are “virtually isolated” and
unresponsive. Similarly, connexin-43 is specifically expressed within
proliferative cells and is required to maintain cell division and length
of the fin in zebrafish [78], arguing for an evolutionarily conserved
role within progenitor cells and during the regeneration of complex
structures.

Future experiments will need to incorporate biochemical and elec-
trophysiological techniques to rule out whether planarian innexins
are exclusively acting as cell–cell communicating entities or whether
there are non-classical roles for gap junctions. The initial implications
of a particular innexin in modulating stem cell behavior in the com-
plexity of the whole organism, represent an entry point to begin
unraveling both the genetic and epigenetic signals (e.g. ion flows,
pH gradients) known to affect cellular behavior [33,88–90]. Gap junc-
tions (connexins and innexins) are known to have crucial roles in
maintaining the proliferative state of both embryonic and adult
stem cells [35,48,78,91], implying that GJ proteins may represent an
ancient mechanism of cell communication used by progenitor cells
to sense and recognize physiological demands during embryogenesis
and cellular turnover. Additional experiments using the planarian
model could provide insights on the nature of the molecules ex-
changed during cellular crosstalk. An important aspect of this analysis
is the opportunity to reveal molecular targets to modulate stem cell
behavior in their natural environment.

4. Gap junction-mediated stem cell response during tissue
regeneration in planarians

Tissue regeneration offers a great paradigm to study signals asso-
ciated with the establishment of axial patterning and the functional
integration of new and pre-existing tissues [92–97]. The early molec-
ular events during planarian regeneration remain mostly unknown,
but the initial process involves wound closure, dorsal–ventral interac-
tions, and neoblast proliferation to form the blastema at the edge of
the wound [56–58]. Remarkably, missing tissues are proportionally
regenerated and correctly placed according to the pre-existing ante-
roposterior, dorsoventral and mediolateral axes [92–97]. Thus, di-
verse cues originating from differentiated tissues in the form of
biochemical gradients, patterns of territorial gene expression, neural
inputs, physical signals, and ion flows may instruct the neoblasts re-
garding the positional specification of missing parts. However, deter-
mining how these signals functionally integrate to establish and
maintain different axes has proved challenging. Despite recent ad-
vances identifying molecular pathways (e.g. Wnt, Hh, BMP signaling)
essential for this process [98–108], the information is still largely
fragmented and no functional model yet exists to explain all known
morphological patterns after amputation [92–97].

Within the first few hours after amputation, the regenerating frag-
ment is poised to make critical decisions in order to re-establish form
and function [38,94,109]. Thus, shortly after damage, neoblasts sur-
rounding the wounded surface must gather information regarding
the identity of the remaining tissue (e.g., presence of brain), which
is crucial for the early response to injury [38]. The nervous system
has been typically associated with the initial regenerative response
in both vertebrates and invertebrates [74,110,111]. Despite recent ad-
vances, the molecular connection between the nervous system and
regeneration remains poorly characterized [112]. The planarian cen-
tral nervous system (CNS) consists of a bi-lobed brain, a pair of ven-
tral cords running along the anteroposterior (A/P) axis and
numerous axonal projections that reach every part of the body
[54,62,63]. Initial evidence suggests that the planarian CNS has influ-
ence in regulating the regeneration of posterior areas through an un-
known mechanism [113–116]. Thus, the planarian nervous system
fits well into the type of component that may facilitate instructional
cues to the injury-induced neoblast response.

Consistent with the argument that GJ proteins connect multiple
cell layers, experiments were carried out to investigate the role of
innexins as facilitators of long-range communication along the body
[38,53]. The fact that neoblasts depend on a specific GJ protein (i.e.,
smedinx-11) for self-renewal and response to injury does not exclude
the possibility that other innexin proteins expressed in differentiated
tissues also participate in long-range cellular communication during
regeneration (e.g. A/P polarity determination). Indeed, loss of func-
tion with RNAi of individual innexins other than smedinx-11 does
not alter regenerative outcomes [38]. However, treatment with com-
pounds known to inhibit GJC in vertebrates and invertebrates (i.e.
heptanol or octanol) leads to a consistent alteration of A/P polarity
during regeneration [38,53]. Specifically, removal of both the head
and tail with simultaneous exposure to the GJC inhibitors induces
the regeneration of viable planarians with heads at both ends (bipolar
head) and no tail. Importantly, treatment with heptanol or octanol
does not distinguish among the different innexins thus overcoming
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the limitations associated with redundancy and compensation offer-
ing great opportunities to analyze effects after inhibiting multiple
gap junctions during regeneration or tissue maintenance.

Recently, it was reported that treatment with octanol on frag-
ments subjected to anterior and posterior amputation led to the re-
generation of double-headed bipolar planarians. These two-headed
worms did not display any apparent defects in tissue turnover, imply-
ing that not all GJ proteins (including the neoblast specific innexin-11)
were inhibited [38]. This approach provided certain advantages over
the RNAi technique; in particular, it enabled time course experiments
to inhibit innexin protein function immediately after treatment
(b1 min). This method identified GJ proteins as crucial mediators of
pattern determination during early regeneration [38]. Perhaps more
interesting is the observation that neoblasts were responsive to dam-
age but incorrectly formed ectopic tissues and organs after a transient
blockage of physiological signals. Moreover, an additional anteropos-
terior axis with heads and other organs could be predictably induced
in lateral wounds leading to animals with three or four brains (Fig. 2).
The prospect of coordinating adult stem cell-response independently
of the organismal needs represents a unique opportunity to attempt
rational manipulation of cellular behavior in situ.

Chemical inhibition of GJC does not affect the initial response to
wounding or blastema formation, but it seems to alter the instruc-
tions neoblasts receive to form missing parts [38]. Although the mo-
lecular mechanisms that instruct neoblast responses are largely
unknown, disruption of the ventral nerve cords together with GJC
blockage results in the formation of ectopic heads independent of
the pre-existing anteroposterior axis. These results implicate both
GJC and parts of the CNS as key elements in the determination of
long-range signals that sense the presence of remaining tissues (e.g.
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Fig. 2. smedinx-11 expression during regeneration and its downregulation leads to neoblast
an antibody against the phosphorylated form of Histone-3 (H3P) (green dots are positive si
(7, 11 and 14 days). H3P signal is disappearing in a gradient, anterior to posterior, in a time-
putation. The neoblast-related innexin gene (smedinx-11) is expressed within the cells form
resents plane of amputation. To improve visualization, purple signal in merge image was p
Adapted with permission from Oviedo and Levin (2007), Development, 134:3121–3131.
brain) within the regenerating fragment. Under these conditions,
two parallel pathways act together to instruct the neoblasts sur-
rounding posterior facing wounds to form a new head and anteropos-
terior axis that integrates with the pre-existing animal morphology.
Importantly, these gap junction and nervous system-mediated cues
produce their maximum effect within the first 6 h after amputation,
which underscores their relevance in the initial response to injury
(Fig. 3).

A combinatorial RNAi screen involving more than 600 planarians
identified three genes encoded for innexin proteins (Dj-inx5, 12 and
13). These innexins phenocopied the effect of pharmacological inhi-
bition with octanol [38]. Significantly, these genes were mostly
expressed within the CNS, and their downregulation induced antero-
posterior axis alterations in both regenerating and uninjured ani-
mals, emphasizing the robustness of the genetic manipulations.
Together, these analyses implicated three CNS-related innexins as
key components in the maintenance of anteroposterior polarity dur-
ing cellular turnover and regeneration [38]. The specific mechanisms
on how these three innexins mediate to determine A/P polarity and
neoblast behavior are not clear. Although data from different species
indicate that innexin and connexin proteins interact with members
of the Wnt pathway [32], it is not obvious how gap junction-
mediated cues integrate with components of the Wnt signaling
pathway in the adult planarian. Important differences exist among
loss-of-function phenotypes targeting innexins and components of
the Wnt signaling (Table 1), suggesting the requirement for further
studies. Thus findings about GJC-mediated neoblast regulation will
expand our understanding in areas of stem cell regulation that are
difficult to appreciate in other experimental models currently
available.
11 days 14 days

medinx-11(RNAi)

disappearance. A) Confocal projections of whole-mount immunostained animals using
gnal). Control (left); smedinx-11(RNAi) worms at different times after dsRNA exposure
dependent manner. B) In situ hybridization on longitudinal section four days after am-
ing the regenerating blastema (purple signal, right side of the picture). Dotted line rep-
seudocolored to green by using Adobe Photoshop image software. Scale bar is 0.1 mm.
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Fig. 3. Gap junction and neural mediated signals permanently affect axes formation in regenerating planarians. A) Single headed animals were amputated (post pharyngeal area,
red dotted lines) and gap junction proteins and nervous signals disrupted with octanol treatment and surgery (fragments i–iii, respectively). B) Depending on the type of cut an-
imals can be induced to form bipolar, triple and quadruple heads (white arrows, top). Immunostaining with the central nervous system marker (anti-synapsin antibody) revealed
that animals have multiple brains connected by common ventral nerve cords (white arrows bottom). Scale bars 500 μm.
Adapted with permission from Oviedo et al. (2010), Developmental Biology, 339:188–199.
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5. Future challenges

Understanding the roles GJ proteins play in planarian homeostasis
and regeneration will inform us about the regulatory signals affecting
adult stem cell behavior in vivo. Therefore, it is critical to identify
whether smedinx-11 functions require (1) formation of gap junction
channels and (2) if the neoblasts lack of response during regeneration
and homeostasis in smedinx-11(RNAi) is mediated through interac-
tions with other membrane/structural proteins. Thus, biochemical
and electrophysiological recordings in cells expressing SMEDINX-11
protein will provide evidence towards addressing this issue
[117–120]. In order to determine how neural inputs affect neoblast
behavior and polarity, it is crucial to relate the dynamics of neoblast
responses to the movement of ions, small molecules, electric-
currents and pH gradients that are known to influence polarity and
Table 1
Differences between gap junctions and Wnt signaling pathway during the determina-
tion of anterior–posterior polarity.

Gap junctions Wnt signaling

Gradient of susceptibility to form
double-headed bipolar animals
(maximum at post-pharyngeal area)

Susceptibility to form bipolar animals
is mostly uniform along the A/P axis

The post-pharyngeal area displays higher
propensity to develop A/P problems
after RNAi of innexin genes

Ectopic anteriorization is induced at
posterior wounds and in some cases
radial-like hypercephalized animals
after RNAi

Functional disruption of innexins with
RNAi or pharmacological compounds
lead to the formation of equal number
of pharynxes and ectopic heads

Disruption with RNAi of Wnt signaling
members does not necessarily lead to
correspondence between the number
of pharynxes and ectopic heads

Presence of brain and ventral nerve cord
integrity affects A/P polarity during
regeneration

Nervous system inputs are not
required to induce ectopic
anteriorization
regeneration [3,33,121–123]. Ideally, in vivo analyses to study GJC-
mediated regulation should be performed with a systems biology ap-
proach, where experimental data is used to build predictable models
of cell and organismal behavior. Therefore, a comprehensive ap-
proach that integrates molecular genetics, physiological, biochemical
and computational approaches will allow us to precisely determine
how GJ proteins mediate short/long-range cellular communication
and their contribution within the systemic circuitry that controls neo-
blast behavior.

6. Concluding remarks

The data discussed here indicate that GJ proteins are essential reg-
ulators of neoblast biology [38,46,53]. Moreover, innexin proteins
modulate neoblast responses to injury in at least two different
ways: 1) by restricting their capacity to self-renew and sense damage
(smedinx-11), and 2) by facilitating the formation of ectopic tissues
and setting up a new anteroposterior (A/P) polarity (Dj, inx-5, -12
and -13). In both cases, short and long-range signals are probably in-
volved. However, smedinx-11 mediated function may be restricted to
neoblasts and their immediate division progeny, which is likely re-
quired to sense local and systemic cues during cellular turnover and
regeneration. On the other hand, gap junction-related neural signals
affecting neoblast behavior likely come through differentiated tissues
(i.e., nervous system), which may be regarded as an indirect input af-
fecting instructive signals during regeneration rather than cellular
turnover (Fig. 4). Since the planarian model system incorporates the
study of neoblasts in their natural environment, it is likely that the
gap junction-mediated effects on these stem cells incorporate physi-
ological signals arising from the surrounding environment. Simulta-
neous downregulation of both gene expression and protein
function, which potentially overcome compensatory/redundancy
mechanisms frequently observed in vivo is another advantage to the



Fig. 4. Summary schematic of early events during planarian regeneration involving GJ-mediated neural signals. A) An algorithm based on bimodal decisions was derived, represent-
ing in a simplified manner how information mediated by GJ proteins and VNC affects regenerative pattern. The key inputs provided to a wound at early stages of regeneration are
schematized in a hypothetical case in which transverse amputations produce 3 fragments (*, “PW”= long fragment including pre-existing brain and a posterior wound, ** = post-
pharyngeal fragment with anterior (AW) and posterior (PW) wounds, and *** = tail fragment with only AW). Time post-amputation is shown in the vertical left scale from 0 to
>24 h. As soon as the wound surface is minimized by mechanical contractions, instructive inputs from differentiated tissue are required at the wound to begin to establish polarity
and identity of the regenerate. Key signals include GJ-mediated signals and VNC integrity functioning within the first 3–6 h of regeneration. Information provided to the wounded
area likely includes the presence of brain tissue in the animal's body. Since anterior wounds regenerate heads despite GJ inhibition, additional mechanisms must also exist. In a long
fragment (*), both GJ-mediated signals and VNC integrity inform the PW about the presence of brain and that no anterior blastema is needed; thus, neoblasts surrounding PW are
specified by other means (e.g.: intercalary regeneration) to form a posterior blastema. If no brain is detected within the regenerating fragment, this narrows down the possibilities
to fragments below the head region (e.g.: post-pharyngeal** or tail***). A critical step for the blastema is to identify whether there is only one wound within the pre-existing tissue.
If so (it is a fragment only with an anterior wound *), then the neoblasts must be instructed to form an anterior blastema. Conversely, if there are two wounds in the fragment (e.g.:
** post-pharyngeal) the subsequent information instructing neoblasts at those wounds concerns the determination of wound location (i.e.: AW or PW). For AW, alternative cues
independent of GJs are in place. Anterior blastemas form faster [124]; thus they can prevent (via neural/GJ-dependent signaling) the differentiation of additional anterior structures
(black dotted line). Thus, inputs at this point allow sensing of anterior blastema formation and the PW is instructed to form a posterior blastema that integrates with pre-existing A/
P axis. Fate decisions during this process can be altered by blocking neural GJC and disrupting VNC integrity (which affect the determination of head tissue within the fragment) The
model and the timeline are consistent with proposed anterior regenerative process based on gene expression [54].
Reproduced with permission from Oviedo et al. (2010), Developmental Biology, 339:188–199.
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use of this model system. As such, functional analyses of signals in situ
represent an important complement to studies that focus on the tem-
poral expression of genes. Integrating functional analysis along with
molecular and biochemical examination would expand our under-
standing of stem cell regulation in vivo and greatly enhance the pos-
sibilities to modulate stem cell behavior in their natural environment.
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The immune system has been implicated as an important modulator of tissue regeneration. However, the
mechanisms driving injury-induced immune response and tissue repair remain poorly understood. For
over 200 years, planarians have been a classical model for studies on tissue regeneration, but the planarian
immune system and its potential role in repair is largely unknown. We found through comparative
genomic analysis and data mining that planarians contain many potential homologs of the innate immune

system that are activated during injury and repair of adult tissues. These findings support the notion
that the relationship between adult tissue repair and the immune system is an ancient feature of basal
Bilateria. Further analysis of the planarian immune system during regeneration could potentially add
to our understanding of how the innate immune system and inflammatory responses interplay with
regenerative signals to induce scar-less tissue repair in the context of the adult organism.

© 2014 Elsevier Ltd. All rights reserved.
. Introduction

The process by which form and function is reestablished after
issue injury has puzzled the scientific community for hundreds
f years [1–3]. Tissue injury triggers localized and systemic signals
hat orchestrate mechanical and cellular responses aimed at reduc-
ng the surface area of the wound, repair damage, and coordinating
unctional integration between new and pre-existing structures
4,5]. The immune system and the inflammatory responses asso-
iated with injury have been implicated as critical modulators
f wound repair and regeneration [6–10]. For instance, effective
epair of wounded skin in mammals, and regeneration of complex
tructures in amphibians (e.g. tail and limbs) rely on the cor-
ect synchronization of the immune response upon injury [6–11].
ecent studies suggest that the difference in regenerative capacity
f some species is inversely correlated with the complexity of the

mmune system (Fig. 1) [7,9]. However, the mechanisms integrat-
ng immune responses to injury and the process of tissue repair
emain poorly understood.
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ral Sciences, University of California at Merced, 5200 North Lake Road, Merced, CA
5343, USA. Tel.: +1 209 228 4541.

E-mail addresses: khoyer2@ucmerced.edu (K.K. Hoyer),
oviedo2@ucmerced.edu (N.J. Oviedo).
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044-5323/© 2014 Elsevier Ltd. All rights reserved.
Upon injury the host-mediated immune response not only
defends against infection, it facilitates the removal of cellular debris
near the site of the wound. These functions may also modulate
the cellular response that initiates repair and reestablishes tissue
function. It is conceivable that both the injury-induced immune
response and the process of tissue repair evolved together to
promote and preserve multicellularity. The possibility of shared
origin is supported by the fact that regeneration is an attribute
widely distributed across multicellular organisms, and immunity
is an ancient feature that emerged from the common ancestor
of Cnidaria and Bilateria [12–18]. Coexistence of both regenera-
tion and the immune system is observed in the simplest animals
such as the diploblastic cnidarian Hydra, which regenerate entire
body parts in presence of a primitive complement system and
which have many genes associated with the mammalian immune
response [16,17,19,20]. Evaluating the evolution and intermingling
of the immune response and process of regeneration following
injury may provide a new depth to our understanding of tissue
repair mechanisms across the animal kingdom.

Planarians are non-parasitic flatworms that provide compelling
evolutionary reasons to analyze injury-induced immune responses
and the process of regeneration in metazoans [21,22]. Planari-

ans display bilateral symmetry and derivatives of all three germ
layers (ectoderm, mesoderm and endoderm). Adult planarians
can regenerate any part of their body and constantly renew
aging and damaged tissues (Fig. 2), which are features missing
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Fig. 1. Inverse correlation between immune system complexity and regenerative
capacity. With increasing complexity of the immune system, the regenerative capac-
ity of the organism is decreased. In some invertebrate species without an adaptive
immune system, and salamanders with a more complex immune system scar-less
repair occurs. In contrast, mammals tend to have scar-forming injury repair and
reduced regenerative capacity.

Fig. 2. The planarian Schmidtea mediterranea constantly renew aging and damaged
tissues, and can regenerate any part of their body upon injury. (A) Adult specimen
of  S. mediterranea. Red dotted line describes plan of amputation. (B) Regeneration
of  the anterior part including the entire brain, part of the digestive system, muscles,
and  other derivatives of the three embryonic germ layers are re-established in only 7
days after decapitation. After amputation, tissue contraction around the injured area
is  followed by formation of the regenerative blastema, which is the unpigmented
tissue where the progeny of the dividing neoblasts is instructed to recreate the
missing parts. Scale bar is 200 �m.
unology 26 (2014) 295–302

in other commonly used invertebrate models (e.g. Drosophila and
Caenorhabditis elegans). Regeneration and adult tissue turnover in
planarians proceed through activation of somatic stem cells known
as neoblasts [23–25]. Planarians have provided a classical model
to study regeneration for over 200 years, but their immune sys-
tem remains largely unexplored [1,26–28]. To our knowledge, no
systematic analysis of the planarian immune system has been
published to date. We  present a brief survey of the most salient
components of the innate immune system through genomic anal-
ysis between the freshwater planarian Schmidtea mediterranea and
other animal species. We  analyzed two sources: the S. mediter-
ranea genome database, SmedGD [29] and transcriptomic work of
Sandman et al. [30] to evaluate genes associated with the immune
system and their expression during regeneration. Our findings sug-
gest evolutionary conservation of the triclad immune system. We
identified components of the S. mediterranea immune system that
may  protect against infections, distinguish between commensal
and pathogenic microorganisms, and that actively participate dur-
ing wound repair, regeneration and maintenance of adult tissues.

2. The planarian model system and tissue regeneration

Planarians are known for their extraordinary capacity to regen-
erate adult tissues. These animals can regenerate any part of their
body including their entire digestive system, brain and neural
connections, muscles, and connective tissues. Planarians are easy
and inexpensive to maintain under laboratory conditions and are
amenable to molecular, genetic, behavioral and computational
analysis [1,26,31–34]. During the past 20 years, planarian research
has attracted attention due to the accessibility of this model
organism and the opportunities to progress our understanding in
long standing biomedical problems associated with regeneration,
cancer and degenerative diseases. Several tools available to aid
in the study of planarians, include the S. mediterranea genome,
proteomic data, results from high-throughput RNAi-screens and
transcriptomic analysis [1,25,26,29,32,34–38]. Altogether with the
availability of standard genetic and biochemical techniques, pla-
narians present an attractive model to study wound repair and
regeneration and the possible interplay of the immune system dur-
ing these processes.

Detailed information about the biology of planarians and recent
advances on research pertaining to its regenerative capacities has
been reviewed elsewhere [1,23–25,28]. In this section, we aim
at providing a brief overview of the process of regeneration in
S. mediterranea, the most commonly used planarian species. Pla-
narian regeneration is quick, taking about a week to reestablish
form and function. Immediately following amputation, contraction
around the injury reduces the damaged surface. In the first 24 h
local cell death peaks, followed by neoblast proliferation and H+/K+-
ATPase-mediated tissue depolarization around the wounded area
[39–42]. The antagonistic process of cell death and proliferation
around the injured area is critical for the progression of regenera-
tion. The H+/K+-ATPase-mediated ion flux and consequent tissue
depolarization is required for anterior tissue specification and
may  provide signaling that guides neoblast proliferation, migration
and remodeling [5,39,40]. Decisions regarding polarity are defined
within the first few hours post-amputation and differentiated tis-
sues may  provide molecular cues and guidance during regeneration
[1,25,28,43]. Neoblasts, the only dividing cells in adult planarians
serve as the exclusive source of new cells during the formation of
the blastema (a regenerative outgrowth around the injured area).
Neoblast division gives rise to cellular progeny that migrate
and differentiate within the blastema. Remodeling and integration
between the new and pre-existing tissue is an active process during
regeneration but little is known about the signals mediating these
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Table  1
Potential candidate genes of the planarians innate immune system.

Innate immune component Domain found Maker ID from Planarian database

Toll-like receptor (TLR) or MyD88 or CD14 Leucine rich repeat mk4.000112.15, mk4.000148.12,
mk4.002858.00, mk4.007365.00,
mk4.019024.00, mk4.026212.00

TIR  domain mk4.000285.01, mk4.000346.04,
mk4.027932.00

SARM  1 SAM domain + TIR domain mk4.008544.03

Selectins C-type lectin like domain mk4.000042.08, mk4.000389.11,
mk4.020584.01

Complement CUB domain mk4.001431.05, mk4.001438.03,
mk4.000798.07, mk4.003730.02,
mk4.007851.01

Alpha2-macroglobulin mk4.004852.05, mk4.014934.00,
mk4.043975.00, mk4.008692.00,
mk4.008429.01, mk4.043975.00

C1q  domain mk4.008251.00

Complement factors or Integrins Von Willebrand factor type A domain mk4.007402.00

Cell  adhesion molecules (ICAM, VCAM) Immunoglobulin I-set domain mk4.006497.00

Urokinase-type plasminogen activator Kringle Domain mk4.000652.03
IRAK  like kinase I Possible IRAK similar to C. elegans and Protein Kinase domain mk4.004443.00, mk4.004443.01, mk4.027874.00

TRAF-6 zn  finger domain of TRAF and mk4.000002.01–mk4.000002.47
TRAF MATH domain
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ource: SmedGD [29].

vents. The planarian model provides the opportunity to analyze
ocal and systemic signaling during tissue repair and regeneration,
roviding a unique prospective for understanding injury-immune
esponses in the adult body.

. The planarian innate immune system

The immune system in adult animals is essential to maintain-
ng body homeostasis as it distinguishes between commensal and
athogenic microorganisms, protects against infections, and serves
s a signaling system during tissue repair. Most studies associat-
ng the immune system and flatworms focus on parasitic species
hat invade and activate host immune responses [44–46]. There is a
ealth of literature associated with this aspect of host-interaction

hat has important practical and clinical applications and is dis-
ussed elsewhere [44–46]. We  instead concentrate on the immune
esponse against pathogens that invade non-parasitic planarians
nd the injury-immune activation associated with adult tissue
egeneration.

The immune response is comprised of two parts: the innate
nd adaptive responses. Innate immune responses make up the
rst responders of the immune system and impart broad (often
ermed non-specific) protection from classes of pathogens. This
esponse is immediate, occurring within only a few hours of infec-
ion. The innate immune system provides the first line of defense
iving the adaptive (or acquired) immune response the days to
eeks needed to fully develop. The adaptive immune system then
as the task of clearing the microbial infection using pathogen-
pecific immune responses [47,48]. There is no systematic proof
f an advanced adaptive immune response in invertebrate animals
49]. On the other hand, innate immune responses are markedly
imilar between many invertebrates and vertebrates [50–52].

The innate immune system is the first barrier of defense against
nvasive microbes. It is comprised of many players, from the physi-

al barrier and secretion of mucus, anti-microbial peptides, fatty
cids and lysozymes to phagocytes that capture and digest the
nvading pathogens [53]. Microbes express classes of surface pro-
eins, termed pathogen-associated molecular patterns, which are
mk4.000007.04–mk4.000007.34

recognized by host pathogen recognition receptors (PRR) expressed
on host cells. In vertebrates, recognition of pathogens through these
PRRs results in inflammatory signals, differentiation of immune
cells and migration of leukocytes into infected or damaged tissue
[53].

The planarian immune system remains largely unexplored, but
it is known that under laboratory conditions planarians suffer from
infection just as other eukaryotic species, with bacterial infection
a common threat in routine maintenance [54]. Treatment with
antibiotics usually resolves the infection but it is unknown what
types of bacteria commonly infect S. mediterranea under labora-
tory conditions. Nonetheless, a mechanism of pathogen recognition
must exist in S. mediterranea to prevent or control these infec-
tions. Histological and functional work identified active phagocytic
cells around areas of wounding; suggesting the possibility that a
primitive innate immune system participates during tissue repair,
cancer, and infection [55–57]. Table 1 includes a collection of can-
didate genes from the S. mediterranea genome that are potential
components of the innate immune system [29]. Table 2 provides a
sample of candidate genes of the innate immune system and their
expression during head regeneration in S. mediterranea [30]. Details
about these planarian candidate innate immune genes are provided
below.

3.1. Mucus and anti-microbial peptides

Surfaces that secrete mucus are highly susceptible to pathogens
and mucosal surfaces are known to contain large amounts of
bacteria that could be pathogenic or symbionts [58,59]. Mucus con-
taining antimicrobial activity can be generated as a front line of
defense. Microbial adhesion to mucus limits colonization of the
pathogens, providing a defense mechanism to infection [60]. Pla-
narians are normally covered by a thin layer of mucus that may
act as a protective barrier and allows the presence of commen-

sal microorganisms. Stressful situations, such as wounding, in S.
mediterranea induces secretion of mucus that may have a dou-
ble role in blocking pathogen entry and aiding in the healing
process. Recent evidence suggests that planarian derived mucus
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Table 2
Expression of innate immune candidate genes during planarian regeneration. From transcriptomic analysis of head regeneration performed by Sandmann et al. [30].

Innate immune component Domain found Maker ID Time post-amputation

1 h 6 h 10–18 h 24–72 h

Toll Like Receptor (TLR) or MyD88 Leucine rich repeat mk4.007365.00 ↑ ↑ ↑ ↑
Leucine rich repeat mk4.002858.00 ↑ ↑ ↑ ↑
TIR  domain mk4.000285.01 ↑ ↑ ↓ ↓

Selectins C-type lectin like domain mk4.000389.11 ↑ ↓ ↑ ↑
C-type lectin like domain mk4.020584.01 ↓ ↓ ↑ ↑

Complement CUB  domain mk4.000798.07 ↓ ↑ ↑ ↑
CUB  domain mk4.003730.02 ↑ ↑ ↓ ↓
CUB  domain mk4.001431.05 ↑ ↓ ↓ ↓
alpha2-macroglobulin mk4.005639.01 ↓ ↓ ↑ ↑
alpha2-macroglobulin mk4.008692.00 ↓ ↓ ↑ ↑
C1q  domain mk4.008251.00 ↑ ↑ ↓ ↓

Complement factors or Integrins Von Willebrand factor type A domain mk4.007402.00 ↓ ↑ ↑ ↓
IRAK  like kinase I Possible IRAK similar to C. elegans and

Protein Kinase domain
mk4.027874.00 ↑ ↑ ↓ ↓
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roteins display similarities with mucosal secretion from humans
35]. However it is unclear whether wound repair and regeneration
n planarians require components of the mucus to repair tissue.

Anti-microbial peptides are small peptides with clusters of pos-
tively charged and hydrophobic amino acids [61]. These small
eptides are evolutionarily conserved and often secreted in mucus
y phagocytic cells, and are known to have immunomodulatory
unctions [52]. For example, anti-microbial peptides are known to
e secreted upon injury in insects [62]. Altincicek et al. screened
or septic wounding inducible genes by introducing bacterial
ipopolysaccharide into the wound site of planaria, and identi-
ed the induction of several potential anti-microbial peptides [63].
hese anti-microbial homologs are likely involved in regulation of
ommensal bacterial and pathogen killing in planaria. Further a
equence suggested to be an antimicrobial peptide resistance and
ipid A acylation protein, PagP, was found within the planarian
enome (mk4.054786.01.01). How these anti-microbial peptides
re activated during injury remains to be ascertained.

.2. Pathogen recognition receptors

Initiation of innate immune responses relies on early signals
ollowing recognition of pathogen- or damage-associated molecu-
ar patterns (PAMPs and DAMPs) [64]. These early events involve
ecognition of molecules such as lipopolysaccharide, flagellin or
sRNA, found on or in invading pathogens or released by damaged
nd dying cells [64]. Two members of the PRR family, NOD-like
eceptors and toll-like receptors (TLRs) are conserved from early
nvertebrates to mammals and are maintained with a small number
f protein structures [65].

TLRs are comprised of a cytoplasmic tail, a transmembrane and
n extracellular domain that contains leucine rich repeat (LRR)
otifs [66]. Based on chrystallographic studies LRRs are shaped in

 3D horseshoe format that contain the leucine rich repeats. This
omain is important for interaction with other molecules, pathogen
etection and provides structure [66,67]. In mammals interac-
ions through these LRRs trigger a conformation change to the TLR
hat results in a signaling cascade that activates proinflammatory
ytokines and type 1 interferons [68]. LRRs are highly conserved

cross species, and their primary function is in the formation
f protein–protein interactions [67]. Vertebrate and invertebrates
ave various numbers of TLRs each with specific functions, mostly
argeted toward pathogen recognition [69–71].
mk4.000002.06 ↑ ↑ ↑ ↑
mk4.000002.07 ↑ ↑ ↑ ↑

Our analysis of the planarian genome identified several gene
segments that contain LRRs (mk4.007365.00, mk4.002858.00,
mk4.000112.15, mk4.026212.00, mk4.000148.12). Whether these
sequence similarities have TLR-like activity or are unrelated repeats
remains to be investigated. CD14, also involved with innate
immune function contain multiple LRR repeats, and whether the
LRR repeats found in planarians belongs to TLR or CD14 func-
tionality is unknown. Recent transcriptomic analysis performed
on a head regeneration time course found upregulation of LRR
homolog mk4.007365.00 and mk4.002858.00 from one to 72 h
post-amputation [30].

A planarian genome wide search for TIR, the cytoplasmic domain
of TLR, identified four TIR-like domain sequences (mk4.008544.03,
mk4.000285.01, mk4.000346.04, mk4.027932.00). One gene seg-
ment (mk4.008544.03) contains two  SAM domains suggesting that
this might be a SARM1 protein. SARM1 proteins negatively reg-
ulate innate immune function by blocking signaling downstream
of the PRRs [72]. None of the TIR domain containing gene seg-
ments included any LRR sequences suggesting that these might
not be TLRs, or that the pattern recognition motifs in the planaria
differ from traditional LRR repeats. One TIR-like sequence in pla-
naria (mk4.000285.01) is also upregulated for 6 h post-amputation
[30]. Upregulation of these TIR and LRR motifs may  correspond with
detection of, or response to, infection during injury, and warrants
further attention.

Mammalian TLR family members share several signaling
molecules including the adaptor protein MyD88, TRAF6 (TNF
receptor-associated kinase 1), the protein kinase IRAK (IL-1R-
associated kinase) and TAK1 (TGF-beta-activated kinase) binding
protein. MyD88 protein also contains a TIR domain and a death
domain. Though we found no significant homology for death
domains near the four planarian TIR domains, we cannot elimi-
nate the existence of a MyD88-like adaptor protein in planaria.
TRAF proteins contain three domains: a MATH domain, RING-
type zinc finger domains and TRAF-type zinc finger domains.
Analysis of the planarian genome identified MATH homologs
domains (mk4.000007.00 and mk4.000002). The gene segments
between mk4.000002.00.01 and mk4.000002.33.01 contains both
MATH and RING-type zinc finger domains and is upregulated
throughout regeneration [30]. Region mk4.000007.00 also remain

upregulated 1–72 h post-amputation. The gene segments between
mk4.000002.00.01 and mk4.000002.33.01 contains both Math and
RING-type zinc finger domains and is also upregulated through-
out regeneration. We  identified one possible TAK1 homolog
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mk4.001525.00.01) that is relatively upregulated through the
egeneration time course [30]. Possible homologs for IRAK also can
e found within the genome, but with no significant up/down regu-

ation during regeneration (mk4.004443.00, mk4.004443.01). IRAK
roteins contain kinase domains and mk4.027874.00 a homologous
inase domain remained upregulated up to 6 h post-amputation.
ased on these findings, it seems likely that planaria have some

orm of pathogen-recognition and signaling to distinguish between
elf-tissue and pathogenic microbes.

.3. Complement cascade

The complement system is a highly conserved component of
nnate immunity. In mammals, complement functions to recognize
nd clear invading pathogens by inducing inflammatory responses,
ctivating phagocytic cells and directly lysing microbes [73]. In
ammals the complement system is made up of a cascading

eries of protein interactions that begin via three independent
athogen recognition pathways [73]. These three pathways con-
erge on one protein C3 and continue through an identical cascade
o form a membrane attack complex and amplify inflammatory
ignals. One arm of this system uses antibodies-coated pathogens
n the recognition of pathogens and initiation of the comple-

ent cascade [73]. Although in mammals complement links the
nnate and adaptive immune responses, the complement sys-
em appears to be very ancient, with complement-like proteins
ound in most invertebrates and vertebrates [17,74,75]. We  identi-
ed several complement factors and domain homologies within
he S. mediterranea genome. The CUB domain (for complement
1r/C1s, Uegf, Bmp1) is found in the C1 component of the com-
lement cascade. We  have identified several homologs for the
UB domain (mk4.001431.05, mk4.001438.03, mk4.000798.07,
k4.007851.01, mk4.003730.02) and found mk4.000798.07 to

e upregulated 6 h post-amputation [30]. mk4.001431.05 and
k4.003730.02 which are found adjacent to a Sushi domain

mk4.003591.01), another domain found in the C1 complement
ubcomponent, remained upregulated very early during regener-
tion. A C1q-like domain (mk4.008251.00), the C terminal domain
f the C1 enzyme that triggers classical complement activation
76] was also upregulated post-amputation up to 6 h [30]. Several
3 complement homologs for the alpha-2-macroglobulin domain
ere also identified in planaria. As with other early invertebrates,
lanarians appear to have a conserved complement system that
ay  act to control invading pathogens, but this requires confirma-

ion and further study.

.4. Phagocytic cells (reticulocytes)

Macrophages are known to play an important role in the res-
lution of acute inflammation by clearing apoptotic and necrotic
issue due to injury and immune responses [77]. Macrophages also
ngest and breakdown invading pathogens and in this way  act in
ost defense. In mammals macrophages differentiate down two
istinct pathways dependent upon the local signals encountered.
1 classical macrophage activation results in macrophages that

roduce inflammatory cytokines and act in host defense to con-
rol microbial infections. Alternatively activated macrophages aid
n wound repair by phagocytosing damaged tissue and secreting
rowth factors [78]. Macrophage function is essential during tissue
epair in most vertebrate animals including mice [79], zebrafish
80], and salamanders [8]. However, wound healing in PU.1 mice
no neutrophils or macrophages) occurs without scarring, estab-

ishing alternative regulatory modes for phagocytic cells during
egeneration.

In planarians, a phagocytic, mesenchymal cell, termed the retic-
lar cell has been previously described [55–57]. Within 10 h of
unology 26 (2014) 295–302 299

injury in the presence of bacteria, the reticular cell migrates into the
wound, phagocytoses and encapsulate bacteria. Reticular cells thus
have the capability to recognize foreign particles as distinct from
self, migrate and phagocytose pathogens. Phagocytic engulfment
of cellular debris has also been observed during regeneration after
fissioning and after amputation [55–57]. We  speculate the reticular
cells in planarians may  represent a primitive form of macrophage.

Although it is unconfirmed whether planarian phagocytic cells
express PRRs, in other organisms, macrophages are one of the major
cells types that express PRRs and respond to pathogen-associated
molecular patterns [53,81]. Macrophages produce many proteins
that induce inflammation, migration of other cells into the site of
infection or injury, killing of pathogens and down-modulation of
these responses following clearance of the infection or damage [78].
Perforin is a lytic enzyme produced and secreted by mammalian
macrophages that lyses invading pathogens and infected cells. A
membrane attack complex component/perforin/C9 homolog was
identified during sepsis-injury in planaria [63], suggesting a role for
this enzyme in host defense of planaria. Alterations in the debris
removal process or inflammatory responses might alter the final
outcome of the repair, thus indicating a potential role for phagocytic
cells in both host defense and wound repair and regeneration.

A recently identified group of molecules secreted by
macrophages, maresins (macrophage mediators in resolving
inflammation) enhance macrophage phagocytosis and limit local
polymorphonuclear neutrophil infiltration [82]. When exposed
to human maresin MaR1, the rate of planarian anterior tissue
regeneration increased [83]. Further, planaria biosynthesized
MaR1 upon injury, and the formation of MaR1 was blocked by a
lipoxygenase (LOX) inhibitor, eliminating the enhancement in tis-
sue regeneration. Together these data indicate that key planarian
signaling components can respond to human MaR1, and thus
conservation exists between human and planarian maresins and
their signal cascades. These data further support a link between
immune cell activities and regenerative mechanisms.

3.5. Cell adhesion molecules

Cell adhesion molecules are typically transmembrane proteins
expressed on the cell surface. These proteins mediate cell–cell
interactions including, signal transduction, cellular communica-
tion, and migration. In mammals, cell adhesion molecules have
been divided into four families based on protein structure:
Immunoglobulin (Ig) superfamily, cadherins, selectins and inte-
grins [84,85].

The Ig superfamily is calcium-independent and composed of
variable numbers of Ig-like repeats. Analysis of the planarian
genome revealed several Ig-like domains (mk4.006497.00) that are
commonly found in adhesion molecules such as the ICAMs. The cad-
herin family, a calcium-dependent cell adhesion molecule, usually
contains 3–5 internal repeats of cadherin and form homodimers.
Cadherins play a crucial role in mediating innate and adaptive
immune functions by maintaining epithelial barrier function and
regulating leukocyte migration [86,87]. Most integrins function as
receptors for proteins within the extracellular matrix and can bind
to a single ligand or to multiple ligands. In mammals, selectins
are adhesion molecules with a trans-membrane glycoprotein that
are expressed on leukocytes and activated epithelial cells [88].
The vertebrate selectin family consists of L-selectin, E-selectin and
P-selectin and these are mostly involved with leukocyte hom-
ing and migratory responds to inflammation or pathogens. They

mediate leukocyte rolling and adhesion during mammalian wound
repair and leukocyte extravasation [89]. Selectins belong to the C-
type lectin superfamily of proteins, are calcium-dependent and are
widely found in metazoans [90]. Although C-type lectin domains
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ave been linked to a large range of functions, pathogen recognition
emains a primary function amongst most of this family [90].

Fusaoka et al. recently identified several vertebrate neural cell
dhesion molecule orthologs in planarian Dugesia japonica that
hen knocked-down using RNAi altered neural network mor-
hology [91]. Our analysis of the planarian genome revealed
omologs for several Ig-like domains typically found in adhesion
olecules, integrin-related sequences, C-type lectin domains and

ys-FGFR domains. Some of these domains were upregulated post-
mputation and remained mostly elevated at 30 min  to 72 h [30].
-type lectin domains are associated with immune responses, cell
dhesion and cell death [90]. Studies have shown that invertebrate
enomes have an abundance of C-type lectin-like domains [92].
-type lectin receptors play a crucial role in pathogen recogni-
ion and could mediate functions associated with cell adhesion. We
ound several homologs of C-type lectin domains (mk4.020584.01,

k4.000042.08, mk4.000389.11) that were upregulated during
egeneration in planaria [30]. Analysis of the planarian genome also
dentified homologs for 8, 11 and 15 cadherins and for E-Cadherin.
everal of these homologs were upregulated during regenera-
ion. However, the specific function these proteins during planaria
ounding and regeneration or in host defense has not been evalu-

ted.

.6. Nitric oxide

Nitric oxide is utilized in many animal species as a cell signaling
nd cytotoxic molecule as it diffuses readily through fluids and
cross cell membranes [93]. It is synthesized from l-arginine by
he enzyme nitric oxide synthase in response to calcium-dependent
nd independent signals. Apart from pathogen defense nitric oxide
timulates clearing of cellular debris and the activation, growth
nd death of immune cells [94,95]. A homolog for nitric oxide
ynthase has been discovered in several flatworm species [96].
dh3 an evolutionarily conserved gene that encodes the enzyme
lcohol dehydrogenase, is another protein involved in nitric oxide
etabolism that has been identified in planaria [97]. The existence

f a nitric oxide synthase homolog and an alcohol dehydrogenase
uggests another host defense mechanism by which planarians
ight control pathogens. Nitric oxide also has a documented role

n mammalian wound repair. In rats fed with an arginine-free diet
arginine suppresses nitric oxide production) wound healing was
mpaired [98], and in patients nitric oxide levels are low in diabetic
ores [95]. Nitric oxide may  represent another evolutionarily con-
erved example with functions in both host defense and wound
epair.

.7. Double strand RNA (dsRNA)

RNAi technology is widely used in planarian research. dsRNA
nd miRNA have been implicated biologically as important tran-
cription regulators that mediate many signaling pathways during
evelopment, repair, regeneration and maintenance of homeosta-
is [99]. Existence of dsRNA creates red flags within eukaryotic cells,
ndicating viral infection [100,101]. Eukaryotic cells have evolved

ith specific rapid and successful mechanisms to remove dsRNA
s foreign material. Scientists have manipulated this knowledge
o successfully downregulate genes and their functions from cells.

ithin an eukaryotic organism this RNAi silencing pathway can
e used not only for the removal of the viral bi-products, but for
hanges in gene expression levels and subsequent signaling path-

ays that might play a crucial role in immune functions. Analysis

f the planarian genome revealed homologs for DICER and AGO2
mk4.000678.05 and mk4.001736.00), however these genes were
ot upregulated during regeneration in the planaria [30] implying
unology 26 (2014) 295–302

this mode of immune regulation might not be important in wound
repair and regeneration.

3.8. Metalloendopeptidases

Metalloendopeptidases are highly conserved across evolution
and are ubiquitously expressed [102,103]. Matrix metallopro-
teinases (MMPs) in mammals play a critical role in extracellular
matrix remodeling and thus wound repair. There are 24 mam-
malian MMPs, some that may  also have a role in immune responses,
activating cytokines and chemokines to induce inflammation and
immunity [104,105]. Injury induces the expression of MMPs, and
these perform multiple, distinct functions in wound repair, cell
migration and bacterial inhibition and killing [106]. MMP-like
proteins have been identified in a diverse array of invertebrates
[107,108]. Planarians have four MMP-like genes (Smed-mmp1,
Smed-mmp2, Smed-mt-mmpA and Smed-mt-mmpB) with roles in
proliferation, apoptosis and cell migration [109]. Two of these,
Smed-mmp-1 and Dj-mmp-1,  are essential for homeostatic remod-
eling of extracellular matrix, but not wound repair [109]. Although
gene expression was  unchanged following wounding, knock-down
of Smed-mt-mmpA resulted in a delay in blastema regeneration
[109]. Smed-mmp1 was  also found to be expressed during septic-
wounding in planaria, suggesting a role for this MMP  in innate
immune responses in addition to structural homeostasis [63]. A
detailed analysis of MMP-like gene activity in planaria should be
evaluated in response to injury and infection as these proteins have
potential to be important in both biological activities.

4. Concluding remarks

The presence of molecules associated with innate immune
response in planarians along with their activation during regen-
eration implies that the injury-mediated immune response is an
ancient feature of basal Bilateria. Specific regulatory mechanisms
of the immune system during planarian regeneration remain to
be addressed. In addition to the potential vertebrate immune
homologs that we identified, it is unknown if other non-vertebrate
immune mechanisms exist in planarians for fighting pathogens.
It is possible that further analysis of the injury-induced immune
response may  reveal invertebrate-specific responses as part of their
ancient immune defense mechanisms. Thus, the planarian model
provides great opportunities to evaluate evolutionary mechanisms
and studies of molecular players during tissue regeneration and
host defense that are difficult to interrogate in other experimen-
tal models. Planarian studies mostly focus on the adult organism,
which facilitate analysis of local and systemic signals in the pres-
ence of a fully developed immune system. RNAi, transcriptomic
and proteomic approaches could be used to categorize components
of the immune system modulating particular phases of wound
healing, blastema formation and tissue remodeling (Fig. 3). Criti-
cal aspects such as the role of commensal bacteria during tissue
repair and the specific role of primitive phagocytic cells (reticulo-
cytes) could be investigated in the context of the whole organism.
The absence of an adaptive immune system in planarians presents
some limitations within the model for comparison to human mech-
anisms. However, comparative studies between planarians and
salamanders evaluating scar-free repair and regeneration [9] may
point toward common factors within the innate immune system
with potential clinical applications.

Evaluation of healing in autoimmune patients suggests that a

dysregulated inflammatory response delays or impairs the wound
repair process [110]. It thus appears that a proper balance of
immune response must be maintained during wound repair. The
data seem to suggest that too strong of an immune response (or
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Fig. 3. Injury induces immune and repair signaling in planarians. Following injury or
amputation, molecular signals induce proliferation of neoblasts and formation of the
blastema. Reticular cells migrate into the injury site and can be found with phago-
cytosed dead tissue. Sepsis-injury induces expression of potential host defense
molecules [63]. As immune-inducing and regeneration signaling events likely occur
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imultaneously, it is possible that some of these signals impact both biological path-
ays. In addition, immune components alter the rate of regeneration and potentially

mpact the structural outcome of the tissue reconstruction.

erhaps a more developed immune system) may  contribute to
caring during wound repair and reduced regenerative capacity,
hile a lower level of inflammation (or more primitive immune

ignaling) may  be critical in ensuring that the appropriate cell types
igrate into the damaged environment and contribute to the clean-

p of localized debris and dead cellular tissue (Fig. 3) [6,7,9,11].
his information could be readily addressed by analyzing planarian
egeneration and their enigmatic immune system.
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