
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Functional analysis of RING and U-Box E3 ubiquitin ligases involved in stem cell regulation 
and regeneration in the planarian Schmidtea mediterranea

Permalink
https://escholarship.org/uc/item/49s2333h

Author
Allen, John Matthew

Publication Date
2021
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/49s2333h
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

SAN DIEGO STATE UNIVERSITY 

 

Functional analysis of RING and U-Box E3 ubiquitin ligases involved in stem cell regulation 
and regeneration in the planarian Schmidtea mediterranea 

 

A dissertation submitted in partial satisfaction of the  

requirements for the degree Doctor of Philosophy 

in 

Biology 

by 

John M. Allen 

 

 

 Committee in Charge: 

  University of California San Diego 

   Professor Eric Bennett 

   Professor David Traver 

  San Diego State University 

   Professor Ricardo M. Zayas, Chair  

   Professor Nicholas J. Shikuma 

   Professor Robert W. Zeller 

 

2021  



 
 

 



iii 
 

The Dissertation of John M Allen is approved, and it is acceptable in quality and form for 
publication on microfilm and electronically: 

 

 

 

 

 

 

 

 

 

 

 

Chair 

 

 

University of California San Diego 

San Diego State University 

2021 

  



iv 
 

Dedication 

This work is dedicated to my father. A scientist in his own right, he taught me that once you 
have been at it long enough science is mostly yelling at emails. That and cell counting is so 
easy even a child could to it, demonstrated empirically. 

  



v 
 

Epigraph 

There is grandeur in this view of life, with its several powers, having been originally 
breathed into a few forms or into one; and that, whilst this planet has gone cycling on 
according to the fixed law of gravity from so simple a beginning endless forms most 
beautified and most wonderful have been, and are being, evolved. 

Charles Darwin 

  



vi 
 

Table of Contents 

Dissertation Approval Page……………………………………………………………………………………..…..…iii 

Dedication……………………………………………………………………………………………………………………..iv 

Epigraph………………………………………………………………………………………………………………………...v 

Table of Contents…………………………………………………………………………………………………………...vi 

List of Abbreviations …………………………………………………………………………………………………...viii 

List of Figures…………………………………………………………………………………………………………………x 

List of Tables………………………………………………………………………………………………………………….xi 

Acknowledgements………………………………………………………………………………………………….……xii 

Vita………………………………………………………………………………………………………………………..…….xiv 

Abstract of the Dissertation………………………………………………………………………………….....….xvii 

Introduction…………………………………………………………………………………………………………………...1 

 Stem cells in Development and Homeostasis………………………………………………………....1 

 Principles of Regeneration and Model Systems……………………………………………………...9 

 Regeneration in Invertebrates: Model Systems……………………………………………………13 

 Ubiquitin Signaling in Stem Cells and Regeneration……………………………………………..22 

 NTC Function in Cellular Processes……………………………………………………………………..25 

 Histone Modifications and Epigenetic Regulation of Development by Polycomb 
 Repressive Complexes………………………………………………………………………………………..28 

 References…………………………………………………………………………………………………………41 

Chapter 1: Dissecting the function of Cullin-RING ubiquitin ligase complex genes in 
planarian regeneration………………………………………………………………………………………………….54 

 Supplemental Figures…………………………………………………………………………………………63 

 Supplemental Tables………………………………………………………………………………………….69 

Chapter 2: Genetic screen of RING and U-box E3 ligases in planarians identifies critical 
spliceosomal and epigenetic regulators of stem cell differentiation and specification………73 

 Abstract……………………………………………………………………………………………………………..74 

 Introduction………………………………………………………………………………………………………75 

 Methods…………………………………………………………………………………………………………….78 

 Results………………………………………………………………………………………………………………82 



vii 
 

 Discussion………………………………………………………………………………………………………….95 

 Acknowledgements……………………………………………………………………………………….…101 

 Figures…………………………………………………………………………………………………………….102 

 Tables……………………………………………………………………………………………………………...117 

 References……………………………………………………………………………………………………….145 

Conclusion of the Dissertation……………………………………………………………………………………..149 

 Cullin RING ligase complexes in planarian regeneration…………………………………….150 

 Spliceosomal and epigenetic ubiquitin ligases are critical regulators of planarian 
 biology…………………………………………………………………………………………………………….152 

 References……………………………………………………………………………………………………….162 

  



viii 
 

List of Abbreviations 

 

 ASC  Adult Stem Cell 

 AP  Alkaline Phosphatase 

 ATR  ataxia telangiectasia mutated and Rad3-related kinase 

 bp  Base Pair 

 BLAST  Basic Local Alignment Search Tool 

 CCR4-Not Carbon Catabolite Repressed 4—Negative On Tata-less 

 cDNA  complementary DNA 

 cPRC1  canonical PRC1 

 CRL  Cullin RING Ligase 

 DNA  Deoxyribonucleic Acid 

 DDR  DNA Damage Repair 

 DSB  Double Strand Break 

 ESC  Embryonic Stem Cell 

 FISH  Fluorescent In Situ Hybridization 

 gDNA  genomic DNA 

 GFP  Green Fluorescent Protein 

 GO  Gene Ontology 

 hh  hedgehog 

 iPSC  induced Pluripotent Stem Cell 

 KD  Knock Down 

 KO  Knock Out 

 HSC  Hematopoietic Stem Cell 

 mRNA  messenger RNA 

 NTC  NineTeen Complex 

 PcG  Polycomb Group 

 pH3  phospho-Histone H3 

 PTM  Post-Translational Modification 



ix 
 

 PRC1  Polycomb Repressive Complex 1 

 PRC2  Polycomb Repressive Complex 2 

 pre-mRNA precursor mRNA 

 PRP19  Pre-mRNA Processing Factor 19 

 RING  Really Interesting New Gene 

 RNA  Ribonucleic Acid 

 RNP  Ribonucleoprotein 

 SAM  Sterile Alpha Motif 

 SCF  Skp1/Cullin-1/F-box 

 SCS  Single Cell Sequencing 

 shh  sonic hedgehog 

 Skp1  S-phase kinase-associated protein 1 

 snRNA  small nuclear RNA 

 snRNP  small nuclear RNP 

 ssDNA  single stranded DNA 

 TdT  Terminal deoxynucleotidyl Transferase 

 vPRC1  variant PRC1 

 WISH  Whole-Mount In Situ Hybridization 

  



x 
 

List of Figures 

Supplemental Figure S1: Relationships of Schmidtea mediterranea Cullin proteins to those 
of other species were inferred using the Neighbor-Joining method……………………………....…62 

Supplemental Figure S2: Expression analysis of cullins and skp1 in Schmidtea 
mediterranea……………………………………………………………………………………………………………………..64 

Supplemental Figure S3: Reported expression of f-box genes in cul1+ cells……….…….…..….66 

Figure 2.1: RNAi screen of RING and U-Box E3 ligases identifies regulators of stem cells and 
regeneration……………………………………………………………………………………………………..…..……101 

Supplemental Figure S2.1: Whole mount in situ hybridization patterns for genes that 
showed phenotypes in RNAi screen..…………………………………………………………………..……….103 

Figure 2.2: Inhibition of prpf19 disrupts neoblast function but is not required for stem cell 
maintenance……………………………………………………………………………………………………………….104 

Supplemental Figure S2.2:………………………………………………………………………………….……….106 

Figure 2.3: prpf19-associated factors and downstream targets recapitulate prpf19(RNAi) 
phenotypes…………………………………………………………………………………………………………………107 

Supplemental Figure S2.3: WISH to NTC core elements cdc5l, pflg1, and spf27, and 
spliceosomal RNP members prpf3 and prpf8………………………………………………………………..109 

Figure 2.4: Inhibition of cPRC1 function disrupts pharyngeal patterning and histone 
ubiquitylation……………………………………………………………………………………………………………..110 

Supplemental Figure S2.4……………………………………………………………………………………………111 

Figure 2.5: Loss of PRC1 function causes changes to gene expression levels and spatial 
patterns……………………………………………………………………………………………………………………...112 

Supplemental Figure S2.5:…………………………………………………………………………………………..114 

  



xi 
 

List of Tables 

 

Supplemental Table S1: Cullin gene present in the planarian Schmidtea mediterranea…….68 

Supplemental Table S2: Identification and analysis of F-box genes present in the planarian 
Schmidtea mediterranea………………………………………………………………………………………………..69 

Supplemental Table S3: Accession numbers and primers……………………………………………….70 

Table 2.1: RING and U-box E3 ubiquitin ligases with phenotypes after inhibition in S. 
mediterranea………………………………………………………………………………………………………………115 

Table 2.2: Summary of RNA-seq results. Totals of differentially expressed genes at FDR 
cutoff value < 0.1………………………………………………………………………………………………………...116 

Supplemental Table S2.1 List of planarian contigs with RING or U-box domain and top 
BLAST hit to human E3 ligases…………………………………………………………………………………….117 

Supplemental Table S2.2: List of significantly differentially expressed genes following 
phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1…………………………………………………….131 

  



xii 
 

Acknowledgements 

There is a long list of people that contributed directly to this work, my development 

as a scientist, or both. Thank you to my professors in graduate school, for teaching me how 

to think scientifically and critically. Thank you to Drs. Bernstein and Zeller for taking me 

into their labs for rotation projects. Thank you to the Grainger, Glembotski, Luallen, 

Shikuma, and Zeller labs for the use of equipment and reagents. Thank you to the support 

staff in the biology department, Gina, Medora, Cecilia, Jamie, and especially Patti.  

Thank you to the ARCS  foundation for the amazing and generous personal support. 

To Helga, Rachel, Holly, and Dr. Atkins for your dedication to running such an amazing 

organization, and to the donors the Rubin H. Fleet Fund that support my fellowship. 

Thank you to my lab members past and present, Dr. Ross for her early training and 

collegiality, Dr. Tunes for our candid collaborations, both inside and outside of lab, the 

undergraduates that I have had the pleasure of working with, Celeste, Carolina, and 

Elizabeth and to Madison, thank you for all the hard work and long hours, it has been a 

privilege to watch you grow and develop. 

To my committee members, Drs. Bennett, Traver, Shikuma, and Zeller, thank you for 

all that you have done to help me through the years. From instruction as professors, 

support though letters, your time, and guidance on my project. 

And finally, I would like to thank Dr. Zayas for his guidance and mentorship through 

my graduate training. Thank you for all the opportunities and encouragement that you 

have given me.  



xiii 
 

The introduction, in part, is a reprint of the material as it appears in eLS 2016. Allen, 

JM. Ross, KG. Zayas, RM. The dissertation author was the primary author of this journal 

article. 

Chapter 1, in full, is a reprint of the material as it appears in Developmental Biology 

2018. Strand, NS.; Allen, JM.; Ghulam, M.; Taylor, MR.; Munday, RK.; Carrillo, M.; Movsesyan, 

A.; Zayas, RM. The dissertation author was a primary investigator and author of this 

manuscript. 

Chapter 2, in full, is currently being prepared for submission for publication of the 

material. Allen, JM.; Balagtas M.; Barajas, E.; Cano, C.; Iberkleid, I.; Zayas, RM. The 

dissertation author was the primary investigator and author of this manuscript. 

  



xiv 
 

Vita 

Education 
 

Doctor of Philosophy, Cell and Molecular Biology, September 2021 
San Diego State University and University of California, San Diego Joint Doctoral Program  
 San Diego, CA 
Advisor: Dr. Ricardo Zayas 
Thesis Title: Functional analysis of RING E3 ubiquitin ligases involved in stem cell 

regulation and regeneration in the planarian flatworm Schmidtea mediterranea. 
 
Embryology: Concepts and Techniques in Modern Developmental Biology, June-July 
2018 
Marine Biological Laboratory, Woods Hole, MA 
Directors: Dr. Rich Schneider, Dr. Dave Sherwood 
 
Bachelor of Science in Molecular Biology, June 2009,  
Harvey Mudd College, Claremont, CA 
Advisor: Dr. Robert Drewell 
 
 
Professional Presentations 
 
 Aquatic Cell Biology Meeting. San Diego, CA. February 2020. PRC1 function in patterning 
and regeneration. John M. Allen. (Presentation) 
 
Guest Lecturer. Biology 100. San Diego State University, San Diego, CA. March 2019, 
October 2018. Stem Cells and Regeneration. John M. Allen. (Presentation) 
 
ASCB/EMBO 2018 Meeting. San Diego, CA. December 2018. Investigating RING E3 
Ubiquitin Ligase Function in Stem Cell Regulation and Regeneration. John M. Allen, Ionit 
Iberkleid and Ricardo M. Zayas. (Poster) 
 
Guest Presentation. EpiCypher Inc. Durham, NC. July 2018. Reverse genetic screen 
uncovers PRC1 components as critical epigenetic regulators of regeneration in the 
planarian flatworm. John M. Allen, Madison Balagtas, Ricardo Zayas. (Presentation) 
 
10th Annual Student Research Symposium. San Diego State University, San Diego, CA. 
March 2017. Using the Planarian flatworm to investigate RING E3 ligase function in stem 
cell regulation and regeneration. John M. Allen and Ricardo M. Zayas. (Presentation) 
 
4th European Meeting on Planarian Biology. Sant Feliu de Guíxols, Catalunya. September 
2016. A screen to identify RING E3 ubiquitin ligases involved in stem cell regulation in vivo. 
John M. Allen, Ionit Iberkleid, Celeste Romero, and Ricardo M. Zayas. (Presentation) 
 



xv 
 

49th Annual Drosophila Research Conference. San Diego, CA. April 2008. Molecular 
dissection of the IAB5 cis-regulatory module in Drosophila. Sara E. Goetz, John M. Allen, 
Robert A. Drewell. (Poster) 
 
 
Publications 
 
Stacy D. Ochoa, Michael R. Dores, John M. Allen, Tuan Tran, Maryan Osman, Nidia P. Vázuez 
Castellanos, JoAnn Trejo and Ricardo M. Zayas. June 2019. A modular laboratory course 
using planarians to study genes involved in tissue regeneration. In: Biochemistry and 
Molecular Biology Education. 
 
Nicholas S. Strand, John M. Allen, Ricardo M. Zayas. March 2019. Post-Translational 
Regulation of Planarian Regeneration. In: Seminars in Cell and Developmental Biology. 
 
Luiza G. Tunes, John M. Allen, Ricardo M. Zayas and Rubens L. do Monte-Neto. November 
2018. Planarians as models to investigate the bioactivity of gold(I) complexes in vivo. In: 
Scientific Reports. 
 
Nicolas S. Strand*, John M. Allen*, Mahjoobah Ghulam, Matthew R. Taylor, Roma K. 
Munday, Melissa Carrillo, Artem Movsesyan and Ricardo M. Zayas. January 2018. Dissection 
the function of Cullin-RING ubiquitin ligase complex genes in planarian regeneration. In: 
Developmental Biology 433(2).  
*Equal Authorship 
 
Allen, John M; Ross, Kelly G; and Zayas, Ricardo M. May 2016. Regeneration in 
Invertebrates: Model Systems. In: eLS. John Wiley & Sons, Ltd: Chichester. 
 
Ho MC, Johnsen H, Goetz SG, Schiller BJ, Bae E, Tran DA, Shur AS, Allen JM, Rau C, Bender 
W, Celniker SE, Drewell RA. November 2009. Functional Evolution of cis-Regulatory 
Modules at a Homeotic Gene in Drosophila. In: PLOS Genetics 5(11). 
 
Ho MC, Goetz SE, Schiller BJ, Allen JM, Drewell RA. 2008. Between transcription and 
translation: Re-defining RNA and regulation. In Fly 2(3). 
 
 
Honors and Awards 
 
Achievement Award for College Scientists Fellowship, ARCS Foundation, San Diego 
Chapter, Fall 2017 – current 
 
University Graduate Fellowship, Graduate and Research Affairs, San Diego State 
University, Fall 2017 - current  
 
Instructionally Related Activities Travel Funding Award, College of Sciences, San Diego 
State University, October 2011 



xvi 
 

Dean’s List, Harvey Mudd College Fall 2007, Spring 2008, Fall 2008 
 
DePietro Scholarship Award, Harvey Mudd College 2005-2009 
 
 
Professional Memberships 
 
American Association for the Advancement of Science, 2019-current 
 
American Society for Cell Biology, 2018-current 
 
Society for Developmental Biology, 2016-current 
 
 
Teaching and Mentoring Experience 
 
Teaching Assistant, Biology 496L: Functional Genomics Lab, San Diego State University 
(Spring 2017) 
 
Volunteer, San Diego Festival of Science and Engineering, San Diego State University 
(Spring 2017) 
 
Teaching Assistant, Biology 366L: Biochemistry, Cell and Molecular Biology Lab I, San 

Diego State University (Spring 2016) 
 
Guest Discussion Leader, Biology 589: Stem Cell and Regenerative Biology, San Diego 

State University (Fall 2015) 
 
Teaching Assistant, Biology 203L: Cell and Molecular Biology Lab, San Diego State 
University (Fall 2014)  
 
 
Professional Experience 
 
Research Associate, Nucelis Inc., Jun. 2013 – Aug. 2014 
Supervisor: Steve Danso 
 
Manufacturing Technician, Sangart Inc., Aug. 2011 – Jun. 2013 
Supervisor: Robert Burrus 
 
Manufacturing Technician II, SAFC Pharma Carlsbad, Aug. 2009 – Jul. 2011 
Supervisor: Mary Tomasini 
 
Student Researcher/Teaching Assistant, Harvey Mudd College, Fall 2007 – Spring 2009,  
Advisor: Dr. Robert Drewell 
  



xvii 
 

ABSTRACT OF THE DISSERATION 

 

Functional Analysis of RING E3 Ubiquitin Ligases Involved in Stem Cell Regulation and 

Regeneration in the Planarian Flatworm Schmidtea mediterranea 

 

by 

 

John M. Allen 

 

Doctor of Philosophy in Biology 

 

University of California San Diego, 2021 

San Diego State University, 2021 

 

Professor Ricardo Zayas, Chair 

 

 Regeneration is a widely distributed but not universal phenomenon in metazoans 

that involves the regrowth and repair of lost or damaged body parts that are damaged or 

lost. The dynamic process of regeneration requires the integration of wound response and 
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patterning signals to establish a response that can regrow, repattern, and functionally 

integrate missing body parts. Ubiquitin is a small polypeptide with broad functions in cell 

biology including protein degradation, subcellular localization, and transcription. The 

specificity of ubiquitin signaling is controlled by the E3 ligases, a large protein family, that 

are understudied in the context of regeneration. The E3 ligases often act complexes 

including CRLs which utilize a cullin factor as an organizing scaffold and a substrate 

recognition factor, an example of which are the f-box genes as part of the SCF complex. We 

used the planarian, Schmidtea mediterranea, as a model organism to identify and 

investigate E3 ligases that regulate stem cells and regeneration. We used RNAi to perturb 

gene function for 103 RING/U-boxes, six cullins and 30 f-boxes and found phenotypes for 31 

of these genes. We examined prpf19 and rnf2 in greater depth and for prpf19 found, using 

marker genes and TUNEL, that the basis of the phenotype was not stem cell loss as 

expected but rather a loss of progeny cells and an increase in apoptosis. rnf2 ubiquitylates 

H2A and functions within the epigenetic complex PRC1 to repress transcription. While 

rnf2(RNAi) demonstrated a mild phenotype, inhibition of PRC1 factor phc gave a striking 

phenotype of regional tissue misspecification. To understand the transcriptional targets of 

rnf2 and phc we used RNA-seq to understand and found surprisingly that phc and rnf2 

largely regulated different target genes, explaining the differences in observed phenotypes. 

Using WISH, we found striking spatial shifts in expression for phc target genes after 

phc(RNAi). These findings demonstrate key roles for E3 ligases in regeneration and stem 

cells and uncovered a role for cPRC1 in specifying regional tissue identity in planarians. 
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Introduction of the dissertation 

 

Stem cells in development and homeostasis 

The complexity of cell types observed in multicellular organisms is achieved 

through the coordinated behavior of cells through the process of development. During 

development cells progressively differentiate into functionally and phenotypically distinct 

fates. The information that provides this coordinated behavior is encoded by the DNA of an 

organism and is completely retained in nearly every somatic cell of an organism1. 

Differentiated cell states are enabled by a cell type-specific gene expression program and 

can be preserved through repeated cell divisions. The genetic information that specifies 

developmental processes must be expressed and then interact with environmental factors 

that shape and influence development. A degree of plasticity and buffering is then 

introduced into development to allow acclimatization to changing environmental 

conditions while still forming a functional body plan. In some situations, including that of 

sea urchin larva separated at the two-cell stage, the developing embryo can compensate for 

even severe perturbations and still develop a normal morphology2,3. The action of gene 

products can be influenced at numerous levels by various factors, by controlling the 

temporal and spatial expression of the genes themselves4, through the modification, 

suppression and localization of the mRNA5,6, and by chemical modification of proteins7, 

including controlling rates of degradation8,9. 

To specify differentiated cell types and to maintain cellular identity throughout the 

lifespan of an organism requires that certain sets of genes be activated in some cells and 

silenced in others. At the same time cellular specification is occurring this activity must be 
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balanced against the proliferative demands of an organism, both during embryogenesis to 

form the tissues and organs of the developing organism and throughout the lifespan of an 

organism to support homeostatic turnover of tissues and regenerative processes. The 

ability to proliferate and self-renew, while also maintaining the ability to differentiate into 

other, more specialized cell types, is the distinguishing feature of stem cells10,11. Stem cells 

can be categorized using degree of potency (e.g., totipotent, pluripotent, multipotent, 

unipotent) and by derivation (e.g., embryonic, adult somatic, induced). Embryonic stem 

cells (ESCs) are developed early during embryogenesis and before the formation of the 

primitive germ layers can give rise to any tissues, including extra-embryonic, of the 

developing organisms and are termed totipotent. As development progresses stem cell 

potency decreases with the pluripotent cells of the inner cell mass being able to 

differentiate into any tissue of the embryo proper. Cellular ontology is progressive and 

sequential through development and spatiotemporally controlled. The fate of a cell during 

development is dependent upon prior cell states that influence the activation or inhibition 

of ensuing genetic pathways12. Mammalian induced pluripotent stem cells (iPSCs) can also 

be generated in vitro from somatic cells through the transduction of four transcription 

factors (termed Yamanaka Factors), Oct3/4, Sox2, c-Myc, and Klf413,14. Introduction of these 

factors into differentiated cells causes changes in cell morphology, including a reduction in 

cell size, loss of somatic cell markers, and an increase in proliferation15,16. Other genes that 

are enriched in human ESCs were found to be able to substitute for certain Yamanaka 

factors and induce pluripotency17. Other evidence exists that lineage specifying factors, in 

some circumstances, can unexpectedly facilitate reprogramming and replace 



3 
 

reprogramming factors, which suggests that a balance of mutually exclusive lineage 

specifiers is sufficient to maintain or induce stem cell potency18,19.  

The high degree of potentiality for both ESC and iPSCs offers enormous potential for 

regenerative therapies to treat degenerative diseases and ageing-related disorders. iPSCs 

offer advantages of being derived from a patient’s somatic cells, potentially obviating some 

issues regarding immuno-rejection, and circumventing any ethical concerns related to the 

harvesting of ESCs20. The use of iPSCs may not be feasible to treat conditions with an 

underlying genetic etiology as the underlying genetic defect would still be present in the 

patient iPSCs. Application of gene therapies would be easier to perform in vitro and could 

be screened for efficacy before reintroduction into a patient. Outside of reintroduction 

therapies, iPSCs offer additional potential clinical applications in the testing and screening 

of drug compounds on certain types of cell or in a particular genetic background21. 

The value of iPSCs as a therapeutic tool is contingent upon the development of a 

deep understanding of how to reestablish gene regulatory networks that specify cellular 

identity. Reprogramming of cells by Yamanaka factor induction to a de-differentiated state 

is initially unstable and will reactivate somatic genes if the transforming factors are 

removed. Only a small fraction of somatic cells that express Yamanaka factors give rise to 

iPSC colonies and cells undergoing de-differentiation pass through a number of 

intermediate cell states that are proliferative but do not develop pluripotency without 

continued Yamanaka factor exposure22,23. Excess transgenic expression of reprogramming 

factors can cause cells to adopt a novel cell state that does not exhibit typical ESC-type 

morphologies but demonstrates pluripotency24. Profiling of intermediate-state cells 

indicates that partially reprogrammed cells fail to transcriptionally activate pluripotency 
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genes and that the action of chromatin remodelers are necessary to convert these cells to a 

pluripotent state25. The early transcriptional dynamics of iPSCs are restricted to pre-

existing, accessible chromatin, and that progression from this state requires a concerted 

change in the somatic epigenome to activate host cell pluripotent factors26. The 

preservation of the somatic epigenome and limited chromatin remodeling observed early 

during reprogramming demonstrates the stability of epigenetic regulation of somatic cell 

identity12, and illustrates the necessity of understanding the mechanisms of epigenetic 

regulation of stem cells and progeny. Once the transition to a pluripotent state has 

occurred, comparison of global methylation profiles indicates that iPSCs are epigenetically 

more similar to ESCs than their tissue of origin27, and that the methylation profile of iPSCs 

becomes more like that of ESCs through continued passaging28. The epigenomes of ESCs 

and iPSCs are not identical with labs reporting that, iPSCs have a preference to 

preferentially differentiate towards the lineage from which they were originally 

derived29,30, disease-associated gene imprints that were maintained during iPSC 

generation31,32, and regions of the chromosome near centrosome and telomeres that are 

particularly resistant to reprogramming33. 

If cells that are derived from iPSCs are to be reintroduced to a patient the cellular 

state must be stable, both to ensure continued functioning and prevent any reversion 

towards an undifferentiated, proliferative state that could result in unchecked cell division. 

Effective iPSCs therapies will require an understanding of how residual epigenetic marks 

can affect the potency and stability of derived iPSCs and their re-differentiated progeny. 

Studying the mechanisms by which cellular identity is established and maintained, 
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especially in an adult organismal context, will be critical to ensure safe and effective 

therapies developed from iPSC technology.  

Outside of embryogenesis, stem cells are maintained throughout the lifetime of most 

organisms, termed adult somatic stem cells (ASCs), these cells, in contrast to ESCs typically 

display limited potency and proliferation. ASCs have been identified for many of the major 

mammalian tissue and organ systems, including the blood cells, the liver, mammary glands, 

skin epithelium, intestinal cells, testis, and neurons. Organisms utilize ASCs to replenish 

and renew tissues, especially epithelial layers subjected to environmental insults, with 

some tissues like the epidermis, testis, and intestinal epithelia, being constantly self-

renewing. Other organ systems, like the liver, pancreas, and lung, undergo little turn over 

during homeostasis but can mobilize resident ASCs to proliferate in response to damage34. 

Hematopoietic stem cells (HSCs) reside in the bone marrow35 and are multipotent stem 

cells36 that sit atop of a hierarchy of progenitor cells that become progressively lineage 

restricted and give rise to mature blood cells, including red blood cells, megakaryocytes, 

myeloid cells, and lymphocytes37. As one of the initial ASCs that was characterized38, the 

HSC established many of the features thought to define ASCs, HSCs are relatively rare and 

do not divide frequently (quiescence), when division occurs it is asymmetric, creating an 

actively dividing daughter progenitor and new, quiescent HSC, and that the daughter 

progenitor progresses down a progressively lineage-restricted, unidirectional 

differentiation hierarchy39. While many ASCs share traits with HSCs, characterization of 

ASCs populations in other mammalian tissues and in other model organisms demonstrates 

a diversity of stem cell types. 
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ASCs were initially hypothesized to be slow-cycling cells, identified by the retention 

of labeled DNA, and this characteristic was thought to preserve their proliferative potential 

and minimize DNA errors induced by replication. While label retention has been a useful 

parameter to use to screen for potential ASCs and has led to the identification of several 

ASCs, quiescence as a defining characteristic of stem cells and its utility in identifying novel 

ASCs, is nondiscriminatory and limited as the majority of mammalian cells are 

nondividing34. Despite the limitations of using quiescence as a characteristic of ASCs, DNA 

label retention has been used to identify or confirm the locations of ASCs in their niche. 

Skeletal muscle has the capacity to regenerate from injury, an ability dependent on 

mononucleated satellite cells. Satellite cells were first identified based on morphology and 

were correctly hypothesized, without functional evidence, to be myoblasts that did not 

differentiate during development and could “recapitulate” embryonic development when 

muscle damage occurred40. Experiments using radioactively labeled thymidine established 

the satellite cell as mitotically dormant during homeostasis, the cellular source for 

regenerated muscle fibers, and capable of asymmetric division to generate both satellite 

cells and differentiated muscle cells41-43. Quiescence as a property of ASCs has also been 

useful in identifying populations of ASCs that contribute to the maintenance of hair follicles 

in the epidermis44-46.  

Other work from studying epidermal specification challenges the requirement that 

ASCs must be both quiescent and set strict hierarchical structure. Maintenance of the 

epidermis and hair follicle involves several, distinct populations of both stem cells and 

progenitor cells, some of which are highly proliferative under homeostatic conditions, with 

the interfollicular epidermis being predominantly maintained by a population of 
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committed progenitor cells that stochastically47-49. During normal homeostatic 

maintenance heterogeneous stem cell populations independently maintain compartments 

of tissues, outside of a hierarchical structure49,50. When wounding occurs stem cells 

contribute substantially to repair48 and progeny from multiple distinct stem cell 

populations acquire lineage plasticity49 to contribute to tissue repair. These characteristics 

of epidermal tissue regulation, multiple stem cell populations, progenitor plasticity, and 

stochastic determination of progenitor fate, do not agree with a classically designed stem 

cell hierarchies and might be common in spatially restricted epithelia50, including 

mammary glands51,52 and prostate epithelium53. Another example of a tissue system that 

relies on a system of self-renewal disparate from the HSC paradigm is the liver which 

normally has low rates of hepatocyte turnover during homeostasis but is capable of 

remarkable compensatory growth after partial hepatectomy or acute chemically induced 

injury54. The homeostatic turn-over of hepatocytes is likely replenished by pre-existing 

hepatocytes and substantial contributions of new hepatocytes during regenerative events 

come from mature hepatocytes that have re-entered the cell cycle55,56.  

Differing organisms and even differing tissue systems within an organism have 

divergent biological properties and are subject to different challenges and likely rely on 

multiple strategies for self-renewal or regeneration. Some tissues, such as circulating blood 

cells, rely on a dedicated, quiescent, hierarchical stem cell whereas others rely on 

distributed sources for cells during renewal, including differentiated cells in certain 

contexts. A complete understanding of ASC function will require the study of multiple stem 

cell populations in a variety of contexts, as homeostatic maintenance and regenerative 
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events can rely on different cellular populations and have different underlying regulatory 

networks.  
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Principles of regeneration and model systems 

Regeneration is a fundamental capacity of biological organisms: “If there were no 

regeneration there could be no life. If everything regenerated there would be no death. All 

organisms exist between these two extremes.”57 When considered broadly, regeneration is 

observed at any considered scale of biological organization. In the broadest sense at the 

population level, reproduction is necessary to ensure the intergenerational maintenance of 

a species. At a subcellular level, biological systems exist in a state of flux, with organelles 

and molecules constantly being turned over and recycled. At an organismal level 

regeneration is the restoration of a body part that is damaged or lost. Within an organism 

regeneration can occur at multiple hierarchical levels, cellular, tissue, organ, structure, and 

even whole-body regeneration. When considered as a phenomenon separate from 

homeostatic turnover, reparative regeneration is the ability of an organisms to regrow a 

lost or missing body part and represents a postembryonic recapitulation of developmental 

processes. Often regenerative events occur as the result of a traumatic injury but should 

also be considered in the contexts of asexual reproduction and metamorphosis. 

The regenerative potential of organisms varies widely with little consistent 

correlation between the phylogenic position of a species and its regenerative capabilities58. 

The ability to regenerate is fairly common and occurs in most phyla that have been 

interrogated but the degree of regenerative potency and distribution of regenerative ability 

varies widely, even between related species. As an example, annelid worms show wide 

variation in regenerative ability, with both complete regeneration and a lack of 

regeneration reported for sister clades59. Even within an organism variability is observed 

in regenerative potential between organ systems, with the mammalian liver showing 
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considerable regenerative ability following hepatectomy while the heart is notably one of 

the least regenerative organs and responds to injury insults primarily through the 

formation of scar tissue60. This extensive variation in regenerative abilities is not easily 

explained, but the presence of whole-body regeneration in all basal metazoan lineages and 

in several lophotrochozoan and deuterostome phyla argues for an deep ancestral origin for 

regeneration that has been lost and potentially regained throughout metazoan evolution61.  

Understanding the principles of regeneration, and how and why regenerative 

potential varies drastically between species, will require the study of multiple animal 

models, especially to understand regeneration in an evolutionary context. The wholesale 

regrowth of lost appendages is a striking event that was described even in ancient 

literature by Aristotle62,63 and features in myths, including that of Prometheus regenerating 

his liver every night and that of the Lernaean Hydra regenerating lost heads. Modern 

experimental investigation of animal regeneration begins with Abraham Trembley in the 

eighteenth century who wrote describing the regenerative abilities and his surgical 

manipulations of a small freshwater cnidarian polyp64, commonly known as Hydra for the 

explicit comparisons Trembley made with the Lernaean Hydra58,65. These observations by 

Trembly disrupted contemporary philosophies on preformation in biology and were 

followed by studies on regeneration in, among others, earthworms66 and salamander 

appendages67, beginning a new field of experimental inquiry into understanding 

regeneration65,68. This experimental approach to understanding regeneration continues 

apace using modern imaging and molecular techniques to discover the cellular sources of 

regenerated tissues and the molecular signals that transduce wound signals and respecify 

cellular identity. A variety of models, both vertebrate and invertebrate, are employed to 
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study the process of regeneration, based on phenotypic position, degree of regenerative 

potential, tractability to laboratory culturing, and amenability to experimental techniques. 

Vertebrate models of regeneration draw considerable interest due to their 

anatomical and evolutionary similarity to humans and thus serve an important role to 

study the process of regeneration in a context that potentially has more immediate clinical 

applications. The zebrafish, Danio rerio, was established as model for vertebrate 

embryogenesis but has been adapted to study the developmental process of regeneration. 

The zebrafish as a model is tractable to both forward and reverse genetic techniques and 

has large brood sizes with short generation times. One of the first genetic studies of 

regeneration in zebrafish was a genetic screen for regulators of caudal fin regeneration that 

utilized temperature-sensitive mutant to recover genes that were embryonic lethal69. Cell 

labelling and tracking has been implemented to understand the identity and source of cells 

that contribute to the restoration of lost tissues and form the regeneration blastema, with 

the findings that, like urodele limb regeneration, the cells that form the blastema are 

dedifferentiated cells that retain their cellular “memory” and in the regenerated structure 

contribute only to the same linage as their original derivation70,71. Zebrafish is also a useful 

vertebrate model for exploring regeneration in organ systems that show extremely limited 

degrees of regeneration in mammals and includes cardiac72 and spinal cord 

regeneration73,74. Amphibian models, including Xenopus, newts, and axolotls, have the 

ability to regenerate missing limbs to varying degrees. Transgenic fate mapping of cell 

linages in axolotl limb regeneration indicates that, like zebrafish, upon injury cells 

dedifferentiate to proliferate and create lineage-restricted progenitor cells that form the 

regeneration blastema75. Mammals show a reduced degree of regenerative potential when 
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compared to fish and amphibians, but instances of mammalian regeneration include, male 

deer antlers76, digit tips in young individuals77, ear pinna78, and full skin regeneration in the 

African spiny mouse79 .  

Invertebrate models of regeneration have diverse capabilities, which includes, 

unlike vertebrate models, complete regeneration of any missing structures in some species. 

These models are essential to study modes of regeneration that are not present in 

vertebrate models, offer insights into the evolution of regenerative processes, and offer 

advantages in laboratory culturing and application of experimental techniques.  
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Ubiquitin signaling in stem cells and regeneration 

 Ubiquitin is a small (≈8.5 kD80) polypeptide that acts as a post-translational modifier 

of proteins (including itself) and is expressed ubiquitously in tissues throughout the 

eukaryotes. Ubiquitylation functions in a wide variety of cellular and regulatory processes, 

including transcription, cell cycle regulation, translational fidelity, protein turnover, and 

degradation9,81-84. As a critical signaling molecule, ubiquitin is associated with several 

diseases, including cancer progression and neurodegenerative diseases85,86. Furthermore, 

ubiquitylation has been implicated in development, embryonic stem cell fate 

determination, sea cucumber intestinal regeneration, and in planarian regeneration87-92. 

 The conjugation of ubiquitin onto a target substrate is typically achieved through a 

tripartite enzymatic cascade that begins with an E1 ubiquitin-activating enzyme that binds 

ubiquitin via a thioester bond93. The activated ubiquitin is then transferred to an E2 

conjugating enzyme which usually interacts with an E3 ligase to transfer ubiquitin onto a 

target substrate through an isopeptide bond, most commonly on a lysine residue94. Once 

attached ubiquitylation can occur multiple times, either directly on the substrate again 

(multi-monoubiquitylation) or on ubiquitin itself, forming ubiquitin chains95. The nature of 

ubiquitin chains can become quite complex as ubiquitin can be elongated at the same 

residue, usually lysine, each time (homotypic), different residues (heterotypic), or even 

multiple times at the same ubiquitin forming branched chains95. It has been proposed that 

these ubiquitin chains can be read in the cell as a sort of ubiquitin code, and for some types 

of chains, notably Lys48-linked chains marking proteins for degradation, the signaling is 

well understood, while other types of chains remain uncharacterized95,96. 



23 
 

The residue specificity of this cascade is supposed to be largely attributable to the 

E3 ligases97. The E3 ligases are a large and diverse protein family comprising over 600 

members in humans98 and can be classified into two major classes, the HECTs and RINGs, 

that differ in their catalytic E2-binding domains94. Many of the members of this protein 

family remain poorly characterized, and in many cases the individual target substrates 

remain unknown99. Understanding the roles of E3 ligases and their target substrates will be 

essential in understanding ubiquitin biology and the diseases that are caused by 

ubiquitylation dysregulation. The RINGs, or Really Interesting New Genes, are the largest 

class of E3 ligases (RING E3s), containing 300 predicted members in humans98. The RINGs 

are defined by the presence of a RING-domain100, which is a conserved pattern of cysteine 

and histidine residues that bind two atoms of zinc101,102. Unlike HECT-domain ligases, the 

RING E3s do not bind ubiquitin directly, but rather bind activated E2 and either directly or 

through a protein complex bind a target substrate, bringing the two elements into 

proximity with each other103. The RING E3s might also have further activating activity 

towards bound E2 as an additional regulatory step to prevent spurious ubiquitylation 

events103,104. RING E3s can act as monomers, homo- or hetero-typic dimers, or as members 

of larger multi-subunit complexes, an example of which is the Cullin-RING-Ligase (CRL) 

superfamily103. The CRLs contain a Cullin protein that acts as a scaffold to coordinate the 

remaining members of the complex. This complex will generally contain a RING-domain 

protein to bind activated E2, various adaptor and activator members, and a substrate 

recognition receptor105. The substrate recognition proteins include the F-box, SOCS-box, 

BTB, and DCAF protein families, and tend to each associate with a particular Cullin. Within 

each CRL family, differential association with members of the recognition receptor family 
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allow for modularity in substrate targeting. The RING E3s and CRLs constitute the majority 

of known ubiquitin ligases, target a diverse array of substrates, and are critical regulatory 

factors in nearly every aspect of cell biology. A current challenge in understanding RING E3 

biology is that substrates for most RING-type E3:E2 pairs remain unknown103. As most 

previous studies on RING E3s have been performed in cell culture or yeast models, 

understanding of the roles and targets of RING E3s in an in vivo, whole organismal context 

remains underdeveloped. In particular, understanding the role of ubiquitin signaling in 

stem cell regulation is insufficiently addressed in ex vivo experiments, given the criticality 

of surrounding tissues in regulating stem cell niches106. 
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NTC function in cellular processes 

 The Prp19 complex or NineTeen Complex (NTC) is a multifunctional protein 

complex that is named after its founding member, pre-mRNA processing factor 19 (PRP19), 

and is highly conserved throughout eukaryotes. NTC is a large complex that in 

Saccharomyces consists of eight core proteins and up to 19 associated proteins, which 

expands to more than 30 associated proteins in higher eukaryotes107. Human NTC displays 

heterogeneous complex formation with at least three distinct NTC-like complexes 

biochemically defined, with a core complex that is comprised of PRP19, CDCL5, PRL1, and 

SPF27 based on stringent purification conditions108. NTC functions in diverse cellular 

processes including splicing, DNA damage repair (DDR), transcriptional regulation109, 

protein degradation, and lipid biogenesis107,110. 

 PRP19 was first identified as PSO4 in a screen in Saccharomyces cerevisiae for 

mutants that conferred sensitivity to DNA damage from X-rays and psoralen111 and 

contains three recognized motifs, a predicted coil-coil domain, a C-terminal WD40 domain, 

and an N-terminal U-box112. The U-box is a domain that has E3 ligase activity and is 

structurally similar to the RING finger domain but lacks the zinc-chelating residues that 

define the RING protein family113. While PRP19 has been demonstrated to interact with 

elements of the proteasome114 and has been genetically shown to be involved in the 

proteolytic regulation of the cell cycle115 and notch signaling factors116, the direct 

involvement of PRP19 in ubiquitylating a target substrate for degradation has not been 

established. 
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 A role for PRP19 in maintaining genomic integrity was suggested from the initial 

yeast screens that identified Pso4 mutants as being sensitive to DNA damage. In human cell 

lines PRP19 was reported using pull down assays to associate with terminal 

deoxynucleotidyl transferase (TdT) which is involved in repairing DNA double strand 

breaks (DSB)117. Depletion of PRP19 delays resumption of DNA replication after chemically 

induced stalling and is necessary for the timely progression through the cell cycle118. 

Functional studies have demonstrated that PRP19 can sense single stranded DNA (ssDNA) 

by binding to RPA-coated ssDNA and that this binding of PRP19 facilitates the 

accumulation of factors necessary to activate master DNA damage regulator ataxia 

telangiectasia mutated and Rad3-related (ATR) kinase. The ability of PRP19 to activate the 

DNA damage response is dependent upon its E3 ligase activity119. 

 The best described role for NTC and PRP19 is its function as a regulator of RNA 

splicing in the nucleus. Most genes in eukaryotes are first expressed as precursor mRNA 

(pre-mRNA) that contains both intronic and exonic sequence elements that must be 

processed to remove introns and ligate the appropriate exons to form mature mRNAs for 

nuclear export and subsequent translation. This process is catalyzed by the spliceosome, a 

large macromolecular complex that consists of five small nuclear RNP (snRNPs) and 

several non-RNP factors and is highly dynamic in its conformation and composition. The 

snRNPs are composed of a uridine-rich snRNA (U1, U2, U4, U5, or U6) and associated 

proteins, including NTC120. NTC has a critical role in mediating the dynamic interactions of 

the snRNPs through its E3 ligases activity where it ubiquitylates U4 RNP factor PRP3 with 

nonproteolytic K63-linked chains. The ubiquitylation of PRP3 increases the affinity of PRP3 

for U5 snRNP component PRP8, thus stabilizing the formation of the U4/U6.U5 tri-snRNP. 
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The E3 ligase activity of PRP19 is counteracted by the combined action of USP4 and the 

substrate targeting factor, Sart3, to de-ubiquitylate PRP3 and allow for spliceosome 

disassembly after pre-mRNA processing and the recycling of snRNP121. 

 The E3 ligase activity of PRP19 and its function through NTC has a critical 

regulatory role in many cellular processes but the role for this complex in a developmental 

context is largely unexplored. Initial identification of PRP19 was done in yeast screens and 

much subsequent work has been performed in cell culture models. More recent work has 

placed PRP19 and spliceosome function as essential regulators of germline stem cells in 

both Caenorhabditis elegans and Drosophila melanogaster116,122 as well as a role for prpf19 

in a screen for regulators of head regeneration in S. mediterranea123. 
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Histone modifications and epigenetic regulation of development by polycomb 

repressive complexes 

 Multicellular organisms utilize a common set of genetic instructions encoded by 

DNA to specify diverse cell types. These developmental decisions that determine linage 

commitment are the effect of coordinated gene expression networks that activate and 

silence the genes appropriate for differentiated cell identity and function. These gene 

programs must adapt to both developmental and environmental signals while concurrently 

be stable through cell divisions and environmental insults to a degree necessary to prevent 

deleterious neoplasia. The DNA of a eukaryotic cells is organized in a spatial manner 

beyond a linear code sequence and the nature of this higher order organization of the DNA 

is one mechanism by which the cell is able to regulate differential gene programs during 

differentiation. This organization is comprised of a complex of DNA and proteins called 

chromatin, the basic structural unit of which is the nucleosome of ≈146 base pairs (bp) of 

DNA that is wound around an octamer of histone proteins comprised of a tetramer of H3-

H4 combined with two H2A-H2B dimers124. The histone protein family contains five major 

classes, H2A, H2B, H3, H4, and linker histones H1/H5, that are small (between 11 kDa and 

21 kDa), rich in basic amino acids, and highly conserved throughout eukaryotes (100 of 

102 amino acids are conserved between bovine and pea histone H3)125. The core histone 

proteins are structurally similar and feature a globular core from which terminal “tail” 

domains extend. The histone proteins, especially the unstructured N-terminal tail regions, 

are extensively modified using several different biochemical groups, including methylation, 

acetylation, phosphorylation, and ubiquitylation126. These histone modifications are 

strongly associated with gene transcriptional states are have been proposed to work 
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together to form a “histone code” that can be read out by the cell127. Interestingly, the same 

modification can be associated with differential transcriptional outputs based on which 

histone protein is modified (i.e. monoubiquitylation of H2B-Lys120 and H2A-Lys119 are 

associated with transcriptional activation and silencing respectively128,129) or even which 

amino acid residue that is modified on a particular histone protein (i.e. methylation of 

lysine 4 and lysine 27 on histone H3 are associated with transcriptional activation and 

silencing respectively130,131). Each post-translational modification (PTM) is associated with 

associated factors that are necessary to create these modifications, “writers”, those that can 

recognize and bind to these marks, “readers”, and often a set of enzymes necessary to 

remove these modification, “erasers”132. The identification of specific domains that can 

recognize modified histones to recruit other factors suggests a role in recruiting trans-

acting factors to regulate transcription, condensation, and DNA repair133. The precise 

mechanism of action for histone modifications in epigenetic gene regulations remains in 

most cases controversial. Unlike some other epigenetic regulation, like DNA methylation 

with hemi-methylated DNA methyltransferases, a mechanism of heritability for histone 

modifications through the DNA synthesis and the cell cycles remains unclear, although 

evidence exists that retention of parental histones after replication can reestablish histone 

PTMs on newly synthesized DNA134. The difficulty in translating histone PTMs into 

readable outcomes and that most histone PTMs are only associated with a transcriptional 

state have led to challenges to the causality of histone PTMs in regulating genes and to the 

notion that histone PTMs can be considered a “code” to the same degree to that of the 

genetic code of DNA sequence135. Independent of the precise nature of histone PTMs, the 
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complexes associated with the various marks are essential regulators of chromatin and 

have critical roles during development. 

 The Polycomb group (PcG) proteins are a family of complexes that can remodel 

chromatin and can epigenetically silence genes. The PcGs were named for the homeotic 

transformations of posterior legs towards a more anterior leg identity that were observed 

in PcG mutants in D. melanogaster136 and are comprised of two major complexes, Polycomb 

Repressive Complex 1 and 2 (PRC1 and PRC2), that act as the major silencing complexes 

during development. The two complexes have significant overlap in their genomic targets 

and can work synergistically to effect gene silencing but do have distinct regulatory targets 

and catalyze the addition of different histone modifications. 

 PRC2 consists of three core subunits, SUZ12, EED, and EZH1/2, and in mammals can 

be subdivided into two main forms, PRC2.1 and PRC2.2. All the core components are 

essential in embryonic development as homozygous mutants in mice causes embryonic 

lethality while heterozygous mutations cause congenital defects. The SET domain of 

EZH1/2 catalyzes the addition of up to three methyl groups onto histone H3K27137. The 

other core units enhance this methyltransferase activity of EZH1/2 and have roles in 

stabilizing the complex, mediating interactions with other factors, and targeting the 

complex to genomic sites138. In the canonical model of PcG recruitment to target loci PRC2 

was thought to be necessary for the subsequent binding of PRC1 and as a result generated 

much study on the mechanisms of PRC2 targeting. PRC2-target genes have strong overlap 

with CpG islands and that GC-rich genomic elements are sufficient to recruit PRC2139, with 
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other proposed mechanisms of sequence-specific transcription factors or long noncoding 

RNAs138.  

 The composition of PRC1 is more variable than PRC2 and can broadly be divided 

into canonical PRC1 (cPRC1) and variant PRC1 (vPRC1) and in vertebrates has an 

expanded number of orthologs for each component. cPRC1 is comprised of four core 

subunits each present in stoichiometric amounts, a RING E3 ligase (RING1 or RNF2), a 

Polycomb group Ring finger (PCGF), a chromobox factor (CBX), and a Polyhomeotic 

homolog (PHC). vPRC1 is defined by the lack of the CBX and PHC subunits and instead 

contain either a RYBP or YAF2 subunit which compete for the same interaction pocket as 

CBX with RING1/RNF2 and are thus mutually exclusive subunits140. In contrast to PRC2 

where the only expansion of core subunits between Drosophila and mammals is the 

duplication of E(z) to EZH1 and EZH2, PRC1 subunits have undergone substantial 

expansion with paralogs for every core subunit existing in mammals. The core of PRC1 

consists of a heterodimer of an E3 ligase RNF2 (or its paralog RING1) and a PCGF paralog. 

In mammals there are six PCGF paralogs and proteomic profiling of PRC1 indicates that 

which PCGF is present determines the composition of the remainder of the complex141. 

Broadly, PCGF2/4 form cPRC1 complexes and the other PCGFs define at least three distinct 

forms of vPRC1. These vPRC1s have distinct interacting factors and have distinct but 

overlapping functions and genomic locations141. The role of each complex in repressing 

genes is complicated by redundancy and crosstalk between forms of PRC1 and between 

PRC2 function but it is likely that the vPRC1 complexes work synergistically to efficiently 

silence genes142. The precise role of the PRC1s in mammals remains a topic of contention 

with some groups even reporting a role for vPRC1 in transcriptional activation143 while 
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other groups do not find evidence for PRC1 function as a transcriptional activator142. 

Invertebrates are believed to only have a single PCGF gene (Psc in Drosophila) that is 4-5 

times larger than vertebrate PCGFs and mediates both cPRC1 and vPRC1 functions144. The 

conclusion that invertebrates have only a single copy of each cPRC1 core component is 

based on sparse data from limited model organisms (mostly Drosophila as C. elegans lacks 

PRC1) and sequencing of genomic data from new model organisms indicates that some 

invertebrates contain multiple copies of the PCGF gene. These multiple copies are often 

assumed to indicate paralogous expansion within a lineage145, but the precise evolutionary 

linage of the PCGF genes remains unresolved as Ecdysozoa may instead be a derived 

lineage with ancestral PCGF gene loss. 

 To form the core structure of PRC1, a PCGF subunit forms a heterodimer with either 

RING1 or RNF2. RING1 and RNF2 (Ring1A and Ring1B in mouse) are RING E3 ubiquitin 

ligases and have E3 ligase activity that targets histone H2A for mono-ubiquitylation at 

lysine 119 (H2AK119ub1)146. The in vitro ubiquityl ligase activity of RNF2 is stimulated by 

the addition of other PRC1 components, especially RING1 and PCGF4 (BMI1)129. The role of 

ubiquitylation of histone H2A in PRC1 function and mediating gene repression is 

controversial and appears to be dependent on the context and genomic target. The ability 

of PRC1 to compact in vitro is not impacted by the removal of N-terminal histone tails from 

nucleosome templates147. These in vitro experiments used trypsinization treatment to 

remove tails, as opposed to a genetic approach, so it is unclear if the lysine 119 residue 

targeted by PRC1 is affected by the enzymatic treatment, but the conditions used during 

the compaction assays likely did not support ubiquityl ligase activity. The chromatin 

compaction activity of PRC1 is thus separable from its E3 ligase activity, at least in an in 
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vitro context, suggesting that the H2AK119ub1 is either dispensable to PRC1 repressive 

function or that it has roles in other aspects of chromatin biology such as recruiting other 

factors or the maintenance of repressed domains. Reinforcing these in vitro results, fruit 

flies with a point mutation in Sce (Drosophila RNF2 homolog) that ablates the E3 ubiquityl 

ligases activity of PRC1 do not show phenotypes characteristic of Polycomb group mutants 

and fully maintain repression of PRC1 target genes148. The same point mutation when 

expressed in ESCs was found to be sufficient to compact chromatin and maintain target 

gene repression149 as well as rescue early embryonic mouse development in a Ring1b 

knock out (KO)150. Importantly, catalytically inactive mutant PRC1 flies and mice do exhibit 

developmental defects and lethality which suggests that PRC1 ligase activity is needed for 

long term maintenance of chromatin states or has specific functions in certain cell types.  

Support for lineage-specific requirements for PRC1 catalytic activity is demonstrated by 

experiments where the loss of this activity in epidermal progenitor cells leads to an 

expansion of Merkel cells151. The myriad compositions of PRC1 and the interaction with 

PRC2 activity further complicates analysis. Early experiments on Ring1B function were not 

necessarily performed in a Ring1A null background and had H2AK119ub1 present at low 

levels. Experiments on Ring1B performed in a Ring1A-/- background indicate that H2A 

ubiquitylation is not necessary for chromatin compaction at Hox loci but is indispensable 

for continued repression of target genes and necessary to maintain ESC potency81. 

Conditional mutation systems to completely ablate PRC1 E3 ligase activity demonstrate a 

central role for H2AK119ub1 in maintaining PRC1-mediated gene repression, recruitment 

of PRC2 to target loci, and the formation of PcG chromatin domain formation152,153. 
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 The complex interplay between PRC1 and PRC2 in maintaining gene repression and 

promoting linage commitment is only beginning to become appreciated. In the best 

understood relationship PRC2 is recruited to target loci where it catalyzes the di- and tri- 

methylation of H3K27. This histone modification is recognized and bound by the CBX 

subunit of cPRC1 which is necessary to compact chromatin and maintain efficient gene 

repression. In this hierarchical model the E3 ligase function of PRC1 was thought to be 

dispensable as in a Ring1b-/- ESC line H3K27me3 levels at Hox gene loci is not decreased  

and the observed chromatin decompaction can be rescued by the introduction of a mutant 

form of Ring1b that lacks in vitro ligase activity129,149. Conversely, Eed-/- ESCs demonstrate 

de-repression of PcG target genes and a significant reduction of PRC1 components Ring1b 

and Cbx2 bound at target loci154. These studies helped establish the canonical model for 

PcG activity where PRC2 is first recruited to a target locus and through its catalytic action 

establishes domains marked with H3K27me3 for repression. The H3K27me3 mark is 

bound by the Cbx subunit of cPRC1 which, together with PRC2, forms higher order 

chromatin structures. The sterile alpha motif (SAM) domain of the Polyhomeotic (Ph in 

Drosophila, PHC in humans) subunit of cPRC1 facilitates the polymerization of PRC1 and is 

required for the subnuclear organization of PRC1 to mediate gene repression155,156.  

 This canonical model of PcG recruitment is challenged by vPRC1s that lack a Cbx 

subunit and cannot bind H3K27me3. These vPRC1s are recruited to chromatin and 

establish domains of H2AK119ub1 independently of PRC2141. The ability of vPRC1 to be 

recruited to chromatin separately from PRC2 explains the observation that the genome-

wide distributions of PRC1 and PRC2 do not fully overlap. A new model of PcG recruitment 

was proposed when it was demonstrated that PRC2 preferentially associates with and can 
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be recruited by nucleosomes that contained H2AK119ub1 and that the ubiquityl 

modification promoted the catalytic activity of PRC2157,158. This established a feed forward 

mechanism where PRC2 or vPRC1 is recruited to a target locus and through their catalytic 

activity provide a recognition motif that allows the recruitment of the other complex. The 

presence of both epigenetic marks on a nucleosome provides a stable mechanism to recruit 

and maintain PcG localization. The precise interplay between the various forms of the two 

complexes and the mechanisms of recruitment to specific targets in a highly context 

specific manner159,160. 

 While the function of the PcGs was discovered and first appreciated in an 

embryological context, additional critical roles for the complexes have emerged in stem cell 

regulation, regeneration, and cancer biology. As expected, given their role in 

embryogenesis the PcGs are necessary in both regulating stem cell maintenance and 

differentiation. PRC2 subunits have been reported as being required for the self-renewal 

and pluripotency in mouse ESCs161, but this result appears to be the result of specific 

culture conditions as other studies reported PRC2 function as dispensable for the 

expression of pluripotency factors162. The finding that PRC2 activity is not required for ESC 

self-renewal remains unresolved but a limited role in self-renewal is consistent with PRC2 

mutant mice dying during and after implantation rather than during early 

embryogenesis163,164. The phenotypes of PRC1 single KO mutants (excepting RNF2, which 

has gastrulation arrest165) likewise manifest relatively late in development and the role of 

PRC1 in promoting pluripotency is complicated by the numerous variant forms and 

redundancy between the elements. This redundancy is supported by experiments in mice 

where single Phc knockout mice have phenotypes of homeotic transformations and 
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perinatal lethality, that become a much stronger phenotype of embryonic lethality when 

two paralogs are knocked out simultaneously166. Similar synergistic effects have been 

observed in mice that are doubly deficient for cPRC1 components Mel18 and Bmi1 (PCGF2 

and PCGF4) that exhibit embryonic lethality earlier than knockouts for either gene alone167. 

While initially unclear due to redundancy, experiments on Ring1b-KO and catalytically 

inactivated Ring1b that were performed in a Ring1a genetic null background demonstrated 

a critical role for the enzymatic function of PRC1 in repressing Polycomb targets and 

maintaining ESCs81. 

 The overlap and redundancies in PcG-mediated gene regulation make studying the 

individual roles of each member element challenging but various biochemical and genetic 

approaches are uncovering the role for PRC1 in specific conformations and developmental 

contexts. Changes in the subunits that comprise PRC1 has been shown to be an important 

factor in regulating pluripotency and differentiation toward specific lineages. Cbx7 has 

been shown to be highly expressed in ESCs and to negatively regulate the expression of 

other Cbx factors, Cbx2, Cbx4, and Cbx8. MicroRNAs miR-125 and miR-181 regulate Cbx7 

and mediate the switch of Polycomb orthologs during differentiation168. This switching of 

Polycomb ortholog expression allows for changes in PRC1 conformation to regulate 

different developmental pathways, including cbx4 in thymic epithelial cells and cbx2 in the 

negative regulation of neurite development169,170. In a similar manner, incorporation of 

vPCR1 component PCGF1 was found to be necessary for the positive regulation of the 

expression of endoderm- and mesoderm-associated transcription factors171. PcG protein 

RNF2 is necessary to repress certain genes in order to direct the development of specific 

linages, examples include the repression of tbx transcription factors in zebrafish cardiac 
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development172 and in mice the repression proneural gene neurogenin1  in a temporal 

manner to restrict the neurogenic competence of neural progenitor cells to allow the 

development of astrocytes173. Ring1b has further roles in the developing mouse neocortex 

through regulating the timing of Fez2f expression and the termination of the production of 

subcerebral projection neurons from neural precursor cells174. The use of a synthetic 

RING1B inhibitor on human ESC lines caused an increase in the expression of 

neuroectodermal marker genes in differentiating embryoid bodies and a reduction in 

endodermal and mesodermal marker genes demonstrating a role for PRC1 in directing 

early fate decisions during embryonic development175. 

 PcG proteins are important in lineage commitment in contexts outside of 

embryogenesis and hox gene regulation. PRC1 has been shown to function in oocyte 

development as Ring1/Rnf2 doubly deficient mice have defects in oocyte maturation and 

their progeny fail to develop past the two-cell stage due to a failure to activate the zygotic 

genome176. PcGs are among the most up-regulated genes during vertebrate diapause in 

African turquoise killifish and maintain epigenetic marks at key developmental genes 

including the repression of metabolism and muscle genes by CBX7177. The long-term 

stability but also reversibility of epigenetic marks through PcG action allows for the 

switching or suspension of developmental trajectories in response to environmental 

conditions while minimizing any long-term trade-offs in adult growth, fertility, and life 

span. PRC1 functions throughout the lifespan of organisms to regulate the effective long-

term repression of target genes to support the maintenance of ASCs and during 

regenerative events. In intestinal stem cells PRC1 preserves cellular identity by repressing 

non-lineage-specific transcription factors and sustaining Wnt/β-Catenin transcriptional 
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activity178. PRC1 is also involved in adult hematopoiesis as phc1-defficient (rae28-/-) HSCs 

were able to support the survival of lethally irradiated mice but were unable to increase 

HSC numbers long-term and through transplantation experiments179. A role for PRC1 in 

liver regeneration was suggested by the observation that mouse Cbx2 (M33) translocates to 

the nucleus following partial hepatectomy180. Further post-embryonic developmental roles 

for PcGs are demonstrated in insect studies where the tissue transdetermination o 

Drosophila imaginal discs regeneration in was found to depend on the suppression of PcGs 

through the JNK signaling pathway181 and in Tribolium castaneum (flour beetle) where 

inhibition of PRC1 gene Polycomb (Cbx homolog) or PRC2 gene Enhancer of zeste (E(z)) was 

found to cause homeotic transformations during metamorphosis and a failure of tissue re-

differentiation during leg regeneration182. The PcGs have extensive roles outside of the 

traditional contexts of embryogenesis that are beginning to be appreciated and contribute 

to the specification and maintenance of cellular identity throughout the lifespan of an 

organism. 

 As critical regulators of cellular identity and in maintaining stem cell plasticity it is 

not surprising that the PcGs are associated with several cancers. The multiple roles and 

myriad conformations of the PcG complexes mean that the action of the PcGs in cancer 

progression can be context and tissue dependent, with even a single PcG having both 

oncogenic and tumor suppressor activities. A wide variety of cancer types have been shown 

to involve the action of the PcGs (see 183 and 184 and references therein for summary tables) 

and many PcGs were initially discovered outside of Drosophila development as oncogenes. 

The context specificity of PcGs in cancer is demonstrated by the action of PRC1 gene CBX7 

which was found to be highly expressed in prostate cancers and have oncogenic properties 
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by promoting the growth of prostate cells though the repression of the Ink4a/Arf locus185 

while CBX7 was demonstrated to have tumor-suppressor activities in thyroid cancer where 

the loss of CBX7 expression correlates with a highly malignant phenotype186. The PCGF 

gene bmi1 (Pcgf4) was first characterized as an oncogene that promoted lymphomagenesis 

by collaborating with c-myc to regulate the INK4a/ARF locus187,188. The mel18 paralog of 

bmi1, despite substituting for bmi1 in cPRC1 in a redundant manner, is thought to mostly 

act in cancer cells as a tumor-suppressor189. The expression patterns of bmi1 and mel18 are 

generally negatively correlated and may compete for integration into PRC183. Interestingly, 

the opposing roles for mel18 and bmi1 in cancer are mirrored in ESCs where Mel-18 is 

down-regulated and Bmi1 upregulated during differentiation190. The complicated nature of 

PcGs in cancer etiology underpins the necessity of studying the complexes in a variety of 

complexes, especially to understand the potential for off-target effects for any potential 

developed therapeutics.  
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The introduction, in part, is a reprint of the material as it appears in eLS 2016. Allen, 

JM. Ross, KG. Zayas, RM. The dissertation author was the primary author of this journal 

article. 
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Fig. S1. Relationships of Schmidtea mediterranea Cullin proteins to those of other species 
were inferred using the Neighbor-Joining method. The percentages of replicate trees in 
which the associated taxa clustered together in the bootstrap test (1000 replicates) are 
shown next to the branches. The evolutionary distances were computed using the Jones-
Taylor-Thornton matrix-based method and are in the units of the number of amino acid 
substitutions per site. Sequences were selected from Caenorhabditis elegans (CAEEL), 
Drosophila melanogaster (DROME), Homo sapiens (HUMAN), Mus musculus (MOUSE), and 
Schmidtea mediterranea (SMED). The accession numbers for sequences included in the 
analysis are: C. elegans Cullin-1 (Q17389), Cullin-2 (Q17390), Cullin-3 (Q17391), Cullin-4 
(Q17392), Cullin-5 (Q23639), Cullin-6 (Q21346); D. melanogaster Cullin-1 (Q24311), 
Cullin-2 (Q9V9R2), Cullin-3, isoform C (Q9V475), Cullin-3, isoform F (Q8IP45), Cullin-4 
(Q5BI50), Cullin-5 (Q9VAQ0); H. sapiens Cullin-1 (Q13616), Cullin-2 (Q13617), Cullin-3 
(Q13618), Cullin-4A (Q13619), Cullin-4B (Q13620), Cullin-5 (Q93034), Cullin-7 (Q14999), 
Cullin-9 (Q8IWT3); M. musculus Cullin-1 (Q9WTX6), Cullin-2 (Q9D4H8), Cullin-3 (Q9JLV5), 
Cullin-4A (Q3TCH7), Cullin-4B (A2A432), Cullin-5 (Q9D5V5), Cullin-7 (Q8VE73), Cullin-9 
(Q80TT8). 
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Fig. S2. Expression analysis of cullins and skp1 in Schmidtea mediterranea. A) Single-cell 
expression profile of cullin genes and skp1 in S. mediterranea from 
https://radiant.wi.mit.edu/app/ (Wurtzel et al., 2015). B) Whole-mount in situ 
hybridization to cullin genes and skp1. Scale bar = 500 µm. 
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Fig. S3. Reported expression of f-box genes in cul1+ cells. A) Quantification of mitotic cells 
following f-box RNAi. Animals were fed dsRNA 6 times over 3 weeks against gfp or f-box 
genes indicated below each bar, amputated pre-pharyngeally, allowed to regenerate for 10 
days, and then stained with anti-phospho-Histone H3 (PH3) to visualize mitotic neoblasts. 
Experiments were performed twice for each gene (N = 4–5 worms for each experiment). 
Graph shows the mean±s.d. of values normalized to gfp controls. *P<0.05, **P<0.01, or 
****P<0.0001, Student's t-test. B) Co-expression of fbox genes in cul1+ cells obtained from 
https://radiant.wi.mit.edu/app/ (Wurtzel et al., 2015). For each individual plot, cul1 
expression is on the y-axis; f-box gene expression is on the x-axis. f-box gene IDs are 
indicated above each plot. Legend abbreviations: sNB: sigma neoblast; zNB: zeta neoblast; 
gNB: gamma neoblast; EEP: early epidermal progenitors; LEP: late epidermal progenitors; 
E1: epidermis I; E2: epidermis 2; Gut: intestine; PN: protonephridia; PP: parapharyngeal; 
Mu: muscle; N: neural; N-C: neural-ciliated. 
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Table S1.  Cullin genes present in the planarian Schmidtea mediterranea. 

 
  

S. mediterranea 
Gene ID dd_Smed_v6 ID Top BLAST hit sequence ID E-value 

Smed-cullin-1 dd_Smed_v6_5770_0_1 CUL1_MOUSE name: Full=Cullin-1 
Short=CUL-1 0 

Smed-cullin-2 dd_Smed_v6_5180_0_1 CUL2_MOUSE name: Full=Cullin-2 
Short=CUL-2 2.6e-130 

Smed-cullin-3-1 dd_Smed_v6_5680_0_1 CUL3B_XENLA name: Full=Cullin-3-B 
Short=CUL-3-B 0 

Smed-cullin-3-2 dd_Smed_v6_15476_0_1 CUL3_RAT name: Full=Cullin-3 0 

Smed-cullin-4 dd_Smed_v6_3730_1_1 CUL4A_HUMAN name: Full=Cullin-4A 
Short=CUL-4A 1.16e-164 

Smed-cullin-5 dd_Smed_v6_8238_0_1 

CUL5_HUMAN name: Full=Cullin-5 
Short=CUL-5 name: Full=Vasopressin-
activated calcium-mobilizing receptor 1 
Short=VACM-1 

0 
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Table S2. Identification and analysis of F-box genes present in the planarian Schmidtea mediterranea. 

Schmidtea mediterranea 
Gene ID dd_Smed_v6 ID Top BLAST hit sequence ID E-value Morphological phenotype 

Nervous 
system 

patterning 
phenotype 

Smed-btrcp/fbw1a dd_Smed_v6_3757_0_1 FBW1A_MOUSE ame: Full=F-box WD repeat-containing 
1A/Full=Beta-transducin repeat-containing protein 0 Lesions/lysis (13/13)  

Smed-ect2-like dd_Smed_v6_14243_0_1 ECT2L_HUMAN ame: Full=Epithelial cell-transforming sequence 2 
oncogene-like 1.25E-74 Absent PR (9/27), delayed PR 

regeneration (5/27) 
 

Smed-fbw-1 dd_Smed_v6_14791_0_1 FBW1B_HUMAN ame: Full=F-box WD repeat-containing 11 5.60E-16   

Smed-fbw-3 dd_Smed_v6_13495_0_1 FBXW7_MOUSE ame: Full=F-box WD repeat-containing 7 2.45E-25 
Absent PR (3/43), asymmetric PR 

regeneration (7/43), immobile 
(10/43) 

None Observed 

Smed-fbw10 dd_Smed_v6_13271_0_1 FBW10_HUMAN ame: Full=F-box WD repeat-containing 10 1.55E-91 None Observed  

Smed-fbw7-like-1 dd_Smed_v6_6428_0_1 F-box WD repeat-containing 7-like 5.36E-123 
Asymmetric PR regeneration 

(9/26), reduced blastema 
formation (3/26) 

CG anterior 
commissure 
defect (7/14) 

Smed-fbw7-like-2 dd_Smed_v6_8211_0_1 F-box WD repeat-containing 7-like isoform X2 1.70E-104 
Delayed PR regeneration (18/30); 
delayed tail regeneration (5/18); 

ectopic PR (5/18) 

CG anterior 
commissure 
defect (7/14), 

decreased 
neuropil density 

of CG (7/14) 

Smed-fbx-1 dd_Smed_v6_11811_0_1 FBX40_MOUSE ame: Full=F-box only 40 5.43E-14 None Observed  

Smed-fbx-10 dd_Smed_v6_14221_0_1 FBX10_MOUSE ame: Full=F-box only 10 2.12E-29 
Absent PR (7/31), 

asymmetric/delayed PR 
regeneration (18/31), 

None Observed 

Smed-fbx-11 dd_Smed_v6_12861_0_1 FXL21_MOUSE ame: Full=F-box LRR-repeat 21 4.30E-06 Asymmetric/delayed PR 
regeneration (27/42) None Observed 

Smed-fbx-2 dd_Smed_v6_3337_0_1 FBX4_MOUSE ame: Full=F-box only 4 2.97E-24 Absent PR (4/15), delayed PR 
regeneration (11/15) None Observed 
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Table S3. Accession numbers and primers.

S. mediterranea PlanMine Acc. #
gene dd_Smed_v6 ID (cDNA clones) EST Clone ID Forward Primer (XhoI) Reverse Primer (Not I) Outer Reverse Primer Inner Reverse Primer (NotI)

Smed-cullin-1 dd_Smed_v6_5770_0_1 DN289356, DN313957PL010001001A05, PL06017A1B11
Smed-cullin-2 dd_Smed_v6_5180_0_1 XXXXXXX
Smed-cullin-3-1 dd_Smed_v6_5680_0_1 HO005153 PL08001B2G08
Smed-cullin-3-2 dd_Smed_v6_15476_0_1XXXXXXX
Smed-cullin-4 dd_Smed_v6_3730_1_1 DN309863, HO005153PL06005B2E10, PL08001B2G08
Smed-cullin-5 dd_Smed_v6_8238_0_1 XXXXXXX CAAGTCTCCCATGGCCAAAC ATAAGAATGCGGCCGCGACTTTCGAGAGACAACC
Smed-skp1 dd_Smed_v6_1337_0_1 DN305227 PL05008A1A12
Smed-
btrcp/fbw1a

dd_Smed_v6_3757_0_1 DN312044 PL06011B2D09

Smed-ect2l dd_Smed_v6_14243_0_1XXXXXXX CCGCTCGAGAGTGCAGGCCAACTTCTTTG ATAAGAATGCGGCCGCAGATAGATAGTGCCGTTTCCAG
Smed-fbw-1 dd_Smed_v6_14791_0_1XXXXXXX CATTACCATCCCGCATTGAAACAGACTTTGGAACCAATTCTACCCGTCCCAATTTTCTGCGCATAA
Smed-fbw10 dd_Smed_v6_13271_0_1XXXXXXX AGAAACAGCAACCAACAAACC ATAAGAATGCGGCCGCACGCAACGGGTCTCTATTTC
Smed-fbw-3 dd_Smed_v6_13495_0_1XXXXXXX TATCCCGCAACTGCAATACG ATAAGAATGCGGCCGCTTGAAACAGCACATGACTCA
Smed-fbw7l-1 dd_Smed_v6_6428_0_1 DN311839 PL06011A2B12
Smed-fbw7l-2 dd_Smed_v6_8211_0_1 XXXXXXX TCTTGTAAAAACATCCCAAATCC ATAAGAATGCGGCCGCGATCGTCGAATCCCTACTTC
Smed-fbx-1 dd_Smed_v6_11811_0_1XXXXXXX AACCTGATGAAGGCAAAACG ATAAGAATGCGGCCGCAGACAATCGCTGGAAAGTG
Smed-fbx-10 dd_Smed_v6_14221_0_1XXXXXXX CCGCTCGAGAGGACGACGAGAAAACATGATAAGAATGCGGCCGCTCTGAATTGGCATGAATTGC
Smed-fbx-11 dd_Smed_v6_12861_0_1XXXXXXX AAGTGCCAATTTTCGTTTGC ATAAGAATGCGGCCGCCAACAGGAGACCTTTCAATC
Smed-fbx16 dd_Smed_v6_12714_0_1DN313935 PL06016B2H11
Smed-fbx-2 dd_Smed_v6_3337_0_1 DN315733 PL06021B2C12
Smed-fbx-3 dd_Smed_v6_12894_0_1XXXXXXX CCGAATACCAGTTCAGTTTTAGC ATAAGAATGCGGCCGCCAATCAAACGCATAGGAGAA
Smed-fbx32 dd_Smed_v6_11888_0_1HO006413 PL08006B2B01
Smed-fbx36 dd_Smed_v6_5335_0_1 DN315088 PL06020A1D06
Smed-fbx38 dd_Smed_v6_7155_0_1 XXXXXXX CCGCTCGAGTGACGCAGAAGATCAAAACG ATAAGAATGCGGCCGCCCGCAAACCAATCATTATCC
Smed-fbx-4 dd_Smed_v6_5616_0_1 DN309031 PL06002X1F01
Smed-fbx41 dd_Smed_v6_36984_0_1XXXXXXX CATTACCATCCCGTGTCCAAGCTCTGGTATGCGCCAATTCTACCCGGAACCAAAGCTTGCTTTTGC
Smed-fbx45 dd_Smed_v6_11757_0_1XXXXXXX CATTACCATCCCGGCTGGTCTTTCATTCCGTGG CCAATTCTACCCGTTATCACAACTGCTGCCCCG
Smed-fbx-5 dd_Smed_v6_13046_0_1XXXXXXX CATTACCATCCCGAACACCAACGTCGTTTCGAGCCAATTCTACCCGGCTCACGATTCCCATTTGCG
Smed-fbx-6 dd_Smed_v6_15599_0_1XXXXXXX ACAGCATTTGCAGCTTTGC ATAAGAATGCGGCCGCGATTTCAACAATCGTCTCAAC
Smed-fbx-7 dd_Smed_v6_2677_0_1 DN308025 PL05015B1C05
Smed-fbx8 dd_Smed_v6_11857_0_1XXXXXXX CCGCTCGAGCCATTATTTTGCTCGCATGTC ATAAGAATGCGGCCGCGAGAAGCAACGTGACCCAAC
Smed-fbx-9 dd_Smed_v6_3570_0_1 DN307842 PL05015A1C11 ATGATATCCTGCGGGTCTTG ATAAGAATGCGGCCGCAATACCGCACCAACAAGAA
Smed-fxl-1 dd_Smed_v6_10134_0_1XXXXXXX CCGCTCGAGATAGACGTTGGCATCAACTGG ATAAGAATGCGGCCGCTATACGTTTCCGGCATTTGG
Smed-fxl13 dd_Smed_v6_14890_0_1XXXXXXX CGTAACAATGACGCCCAAG ATAAGAATGCGGCCGCTTTGAGTCGTTTCGAGTTTCA
Smed-fxl16 dd_Smed_v6_12738_0_1HO007899 PL08005A1E04
Smed-fxl-2 dd_Smed_v6_9752_0_1 XXXXXXX ACCAATTTATGGTTACGGGAAAAG ATAAGAATGCGGCCGCAATCGGCGTTGAGCAAAAG
Smed-fxl20 dd_Smed_v6_6761_0_1 DN304091 PL05004B2F01 ATTTCGACAACCCCCACTTG ATAAGAATGCGGCCGCCACTTGGCATTTCAACAAGC
Smed-fxl2-1 dd_Smed_v6_7875_0_1 DN314474 PL06018A2G06
Smed-fxl-3 dd_Smed_v6_3719_0_1 DN292526 PL030011A10D02
Smed-fxl4-1 dd_Smed_v6_9358_0_1 XXXXXXX GCAGCACAACATCATTAACAGC ATAAGAATGCGGCCGCAATTCACATTTTTGCCACACC
Smed-fxl7-1 dd_Smed_v6_10647_0_1XXXXXXX GCTCGCAGATTTCCTCAACC ATAAGAATGCGGCCGCGATCTGCTGGTGATTTGTGG
Smed-fxl7-2 dd_Smed_v6_15551_0_1XXXXXXX CCGCTCGAGCTTCGTGGCTTTACCAAACG ATAAGAATGCGGCCGCACAATCTCCGCAAACAGTGC
Smed-morgue/ubc2dd_Smed_v6_6773_0_1 DN300983 PL04021A1D08

Primers for nested PCR cloningPrimers used  for restriction enzyme-based or ligation-independent cloning
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Chapter 1, in full, is a reprint of the material as it appears in Developmental Biology 

2018. Strand, NS.; Allen, JM.; Ghulam, M.; Taylor, MR.; Munday, RK.; Carrillo, M.; Movsesyan, 

A.; Zayas, RM. The dissertation author was a primary investigator and author of this 

manuscript.
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CHAPTER 2: 

Genetic screen of RING and U-box E3 ligases in planarians identifies critical 

spliceosomal and epigenetic regulators of stem cell differentiation and specification. 

 

John M. Allen, Madison Balagtas, Elizabeth Barajas, Carolina Cano, Ionit Iberkleid, Ricardo 

M. Zayas 
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Abstract 

Planarians are capable of regenerating from nearly any injury in a dynamic process 

that must integrate wound response and patterning signals to direct proper specification 

and functional integration of missing tissues. Ubiquitylation is a small protein that post-

transcriptionally modifies other proteins and regulates many cellular pathways including 

protein degradation, mRNA splicing, and transcription. The specificity of ubiquitin 

signaling is conferred by the action of the E3 ligases, a large protein family whose roles in 

regeneration remain largely unexplored. Here we screen RING and U-box E3 ligases for 

function in planarians using RNAi and uncovered roles for nine genes and further explored 

the phenotypes of spliceosomal factor prpf19 and epigenetic regulator rnf2. We examined 

other cofactors of rnf2 in PRC1 and observed a striking phenotype of regional tissue 

misspecification. To uncover the transcriptional targets of PRC1 we performed RNA-seq 

and found that rnf2 and phc were largely regulating separate genes despite being predicted 

to function in the same complex. We found using in situ hybridization that rnf2 regulated 

levels of expression within a tissue type while phc was necessary for the spatial restriction 

of genes to the proper cell types. Collectively, this work reveals E3 ligases that regulate 

stem cells and regeneration, uncovers roles for RNA splicing in progenitor specification, 

and finds differential gene targets for PRC1 factors in invertebrates. 
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Introduction 

A deep understanding of the networks and signaling pathways that direct the 

maintenance and differentiation of adult stem cells is essential for the development of 

regenerative therapies. The freshwater planarian, Schmidtea mediterranea, is an important 

model for the study of the molecular mechanisms that underpin stem cell-based 

regeneration. These worms maintain a large population of adult stem cells, a subset of 

which have been demonstrated to be pluripotent1,2. This population of stem cells is utilized 

during homeostasis to continually turn-over and renew planarian tissues and is also 

mobilized in response to injury to contribute to regenerating tissues. As such, they offer an 

amenable model to study stem cell biology in a whole-organism in vivo context.  

Extensive work has been performed to understand the molecular basis of planarian 

regeneration3, yet most studies have primarily examined transcriptional changes4,5. 

Comparatively fewer studies have focused on proteomic regulation in planarian stem 

cells6,7 or the post-translational regulation of proteins important for stem cell function8. An 

essential post-translation regulator of proteins is the addition of a small, highly conserved 

polypeptide called ubiquitin which modifies protein function in a variety of cellular 

contexts, including transcription, cell cycle regulation, translational fidelity, protein 

turnover, and degradation9-12.  

Ubiquitin-dependent signaling events have emerged as essential regulators of stem 

cell functions, including self-renewal and differentiation13. The transfer of free ubiquitin 

onto a target substrate typically occurs through a tripartite enzymatic cascade that 

terminates with the E3 ubiquitin ligases. The E3 ligases can be grouped into two major 
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classes, the HECT (Homologous to the E6-AP Carboxyl Terminus) and more prevalent RING 

(Really Interesting New Gene) class. Of the  approximately 617 genes encoding putative E3 

ligases identified in the human genome, 309 were predicted to contain a RING finger (RNF) 

or the related U-box domain; a further 270 E3 genes are RNF-dependent through complex 

associations14. The RNFs are defined by a zinc-finger domain that has an evolutionarily 

conserved arrangement of cysteine and histidine residues that coordinate two zinc ions 

and bind an E2-ubiquitin conjugate15. The U-box domain forms a similar structure to the 

RING domain and can bind conjugated E2 but does not coordinate zinc16. Substrate 

recognition and binding is achieved by additional domains within the RNF protein or by 

association with other proteins as part of a multi-protein complex. Previous work on E3 

ligase function in planarians has implicated HECT E3 and Cullin-Ring complex member 

ligases as essential regulators of regeneration and stem cells8,17.  

Here we performed a functional analysis on a subset of the large RING and U-box 

domain-containing gene family that are expressed in the planarian stem cells or progeny. 

We found several to be essential for homeostatic maintenance, regeneration, and tissue 

patterning. These genes included spliceosomal factor prpf19 and epigenetic factors rnf2 

and bre1, which are known to ubiquitylate of histones. We found that prpf19 was required 

for worm survival but not required for stem cell maintenance, suggesting a role in 

promoting cell differentiation. Polycomb Repressive Complex 1 (PRC1) component gene 

rnf2 was required for global monoubiquitylation of Histone H2A (H2Aub1) and promoting 

proper regeneration. When we inhibited other homologous PRC1 genes, phc and cbx, we 

did not observe a global reduction in H2Aub1 levels but did observe consistent, specific, 

functional defects in the organization of tissue near the base of the planarian pharynx. In 
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summary, this functional screen of E3 ligases identified essential regulators of stem cell 

biology and regeneration including spliceosomal and epigenetic factors, and led to the 

discovery of uncovered differential phenotypes and transcriptional targets for PRC1 

factors.  
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Methods 

Planarian care 

A clonal line of asexual S. mediterranea (CIW4) was used in all experiments and kept 

in 1X Montjuïc salts (1.6 mM NaCl, 1.0 mM CaCl2, 1.0 mM MgSO4, 0.1 mM MgCl2, 0.1 mM KCl, 

1.2 mM NaHCO3, pH 7.0) in food-grade plastic containers at 20°C18. Animals selected for 

experiments were 3-6 mm in length and starved for one week prior to experimentation. 

Gene identification 

To find RING and U-box domain containing genes in S. mediterranea we filtered the 

Dresden transcriptome19 using InterPro Domain IDs, IPR001841 (Zinc finger, RING-type) 

and IPR003613 (U box domain). This list was filtered to include only the longest gene 

contig for each hit and was used as query sequences for a BLAST search to a curated list of 

human RING and U-box genes14 at an expected value cut-off of 10-3. We additionally filtered 

the Dresden transcriptome for contigs annotated with IPR013083 (Zinc finger, 

RING/FYVE/PHD-type). This list was filtered to remove duplicate entries and a BLAST 

search was performed against our list of human RING and U-box genes and as the 

IPR013083 family contains non-RING and U-box genes, only genes that had predicted 

homology to a human gene at an expected cut-off of 10-3 were appended to our initial list. 

RNA interference 

During initial screening animals were fed double stranded RNA (dsRNA) mixed with 

a ≈3:1 mixture of liver:water paste twice per week for eight feeds and were amputated pre-

pharyngeally on day 28 of treatment to observe regeneration. dsRNA used during the initial 
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screening was synthesized using an in vitro transcription reaction or expressed bacterially; 

secondary screenings and RNAi for sample collection was performed using bacterially 

expressed dsRNA. In vitro dsRNA was synthesized as previously described20 and the entire 

reaction mixture was separated into eight aliquots, mixed with liver paste, and stored until 

feeding. Bacterially expressed dsRNA was prepared by growing cultures of E. coli strain 

HT115 transformed with the pPR-T4P plasmid21 containing the gene of interest and 

inducing dsRNA expression using IPTG. Bacteria pellets were purified using centrifugation 

and mixed with liver paste for administration to animals. 

TUNEL staining 

Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick 

end labeling (TUNEL) was performed to assay levels of apoptotic cells. Animals were 

incubated in 5% n-acetyl cysteine (diluted in PBS) for 5 minutes and fixed in 4% 

formaldehyde (diluted in PBS-Tx [PBS with 0.3% Triton X-100]) for 15 minutes. Samples 

were then permeabilized in 1% SDS (diluted in PBS) and bleached overnight in 6% H2O2 

(diluted in PBS-Tx). Samples were then rinsed and stained using the Apoptag Kit 

(Millipore-Sigma) as previously described22. 

In situ hybridization 

Antisense probes for in situ hybridization were synthesized as previously 

described23 from DNA templates amplified from pBS II SK(+) (Stratagene) or pPR-T4P21 

plasmid vectors incorporating either digoxigenin or FITC labeled UTPs. Animals for whole-

mount in situ hybridization were processed and hybridized as outlined previously 24. 

Briefly samples were sacrificed in 5% N-Acetyl Cysteine, fixed in 4% formaldehyde, and 
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bleached in formamide/hydrogen peroxide bleaching solution. Samples were pre-

hybridized for two hours and then hybridized with probe overnight at 56°C. Samples were 

incubated with an appropriate antibody, depending on the probe-label and subsequent 

development strategy. For chromogenic development samples were incubated with an 

anti-digoxigenin-AP antibody (Roche, 1:2000) and developed with NBT/BCIP in AP buffer. 

Fluorescent development was performed using Fast Blue salts or Tyramide Signal 

Amplification (TSA) after incubation with anti-digoxigenin-AP or anti-FITC-POD (Roche, 

1:300) antibodies respectively following previously described protocols25. 

Immunohistochemistry 

Animals were incubated in ice cold 2% hydrochloric acid for 5 minutes and fixed for 

2 hours in Carnoy’s solution at 4°C. Samples were washed in methanol for 1 hour at 4°C 

and bleached overnight in 6% H2O2 diluted in methanol at room temperature. Animals 

were washed out of methanol and into PBS-Tx and blocked in 1% Bovine serum albumin 

(BSA) diluted in PBS-Tx for 4 hours at room temperature. Samples were incubated with 

anti-phosphohistone H3 (Ser 10) (Cell Signaling, 1:1000) diluted in 1% BSA/PBS-Tx 

overnight at 4°C. Antibody was developed using TSA as previously described24. 

Protein extraction and western blotting 

Protein samples from RNAi worms were homogenized in Trizol and extracted from 

the organic phase following the manufacturer-provided protocol with a modified 

solubilization buffer (4M Urea, 0.5% SDS) and added sonication step of 10 one second 

pulses that were performed to increase protein recovery26. Samples were loaded onto 

AnyKD TGX gels (BioRad), transferred using the semidry method to a 0.45m PVDF 
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membrane, and blocked in 5% nonfat milk/TBS-Tw (Tris-buffered saline with 0.1% 

Tween-20). Antibodies to monoubiquityl-Histone H2A (Cell Signaling 8240) and 

monoubiquityl-Histone H2B (Cell Signaling 5546) were diluted in 5% Bovine serum 

albumin in TBS-Tw at 1:2000 and 1:1000 respectively and incubated overnight at 4°C. 

Washes were performed with TBS-Tw and anti-rabbit-HRP (Cell Signaling 7074) was 

diluted in 5% nonfat milk/TBS-Tw at 1:2500 and incubated 1 hour at room temperature. 

Signal was developed using BioRad Clarity Western ECL Substrate (BioRad 1705061). 

RNA sequencing 

Worms from three independent control and experimental RNAi groups per time 

point were homogenized in Trizol and RNA was extracted and purified following 

manufacturer protocol. RNA was treated with the Turbo DNA-free kit and column purified 

using the RNeasy MinElute Cleanup kit. Three independent biological groups were 

collected at each time point assayed for both control and experimental (rnf2 or phc) RNAi 

treatments. Samples were sequenced on an Illumina HiSeq to a read depth of at least 15 

million 150bp paired-end reads. Reads were pseudo aligned to the Dresden transcriptome 

using Kallisto27 and differential gene expression analysis was performed using the R 

Bioconductor package28 and DESeq229 with an FDR cutoff value of ≤ 0.1 applied. To 

perform Gene Ontology (GO) analysis differentially expressed transcripts from the d28 

rnf2(RNAi) data set were compared to the human proteome using BLASTX (cutoff e-value < 

1e-3). Human UniProt IDs were used as input for annotation and overrepresentation 

analysis (http://geneontology.org/) using Fisher’s Exact test with an FDR multiple 

comparisons correction cutoff of ≤ 0.05 applied.  
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Results 

Identification of RING and U-Box E3 ubiquitin ligase genes in S. mediterranea 

The RING and U-Box protein domains have been identified as having a key role in 

mediating the ubiquitylation of a target substrate. To identify genes in S. mediterranea that 

are predicted to encode a RING or U-box domain we filtered a reference planarian 

transcriptome19 using InterPro domain annotations and generated a list of 393 transcripts. 

We took this list of putative RING and U-box domain-containing gene transcripts and 

performed BLAST analysis using a curated list of human E3 ubiquitin ligases14 and found 

376 planarian genes that were predicted to have homology with a human RING or U-box 

gene (Supplemental Table S2.1) and 17 planarian transcripts that did not have predicted 

significant homology to a human RING or U-box gene. 

 

A functional screen reveals genes with roles in planarian stem cell regulation and 

regeneration 

To identify RING and U-box E3 ubiquitin ligases that regulate planarian stem cells 

and regeneration we selected a subset of genes on our list based on their enriched 

expression in FACS-isolated planarian stem cells or stem cell progeny using a previously 

generated transcriptomic data set4. We then performed RNA interference (RNAi) to 

perturb the function of 93 of these genes. RNAi treatments were performed over four 

weeks and the worms were amputated at day 28 of treatment to assess effects on 

regeneration (Figure 2.1A); we found that RNAi of nine genes produced phenotypes related 

to stem cell function in homeostasis and during regeneration (Table 2.1). Phenotypes 
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observed during homeostasis included head regression, epidermal lesions, ventral curling, 

and lysis (Figure 2.1B); other genes displayed abnormalities and delays during 

regeneration when inhibited (Figure 2.1C). Head regression was observed during 

homeostasis after depletion of prpf19, march5, traf2-like, not4, and bre1; lesions were 

observed during homeostasis after depletion of march5, ran, and rnf8-like inhibition; 

ventral curling was observed during homeostasis after depletion of prpf19 and not4. The 

genes prpf19, march5, and ran were essential for worm survival and depletion of these 

genes caused worm lysis. Knockdown of rnf8-like, bre1, rnf2, and ring1 caused defective 

regeneration which was typically manifested as a delayed appearance of visible eyespots 

when compared to control(RNAi) treatments. We chose to further characterize a subset of 

these phenotypes based on their strong expression in stem cells or predicted roles as 

epigenetic regulators of stem cells during developmental processes. 

 

Spliceosomal factor prpf19 is required for worm survival and stem cell function 

We chose prpf19 for further characterization based on its enriched expression in 

planarian stem cells and identification during our initial screen as being necessary for 

worm survival. Other aspects of the RNAi phenotype, including head regression and ventral 

curling, are typically associated with a depletion or loss of stem cells in planarians. These 

phenotypes are consistent with an earlier report for prpf19 as being upregulated during 

and necessary for head regeneration in planarians30. prpf19 is known to function as a 

member of NineTeen Complex (NTC), with a well described role in regulating mRNA 

splicing that is conserved in Saccharomyces cerevisiae. Consistent with a role in an essential 
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cellular process we found broad expression of this gene using whole-mount mRNA in situ 

hybridization (WISH) (Supplemental Figure S2.1A). We confirmed that at least a subset of 

this expression is in the neoblasts by performing double fluorescent in situ hybridization 

(FISH) for prpf19 and neoblast marker piwi-1 and observed overlapping expression for 

these two genes (Supplemental Figure S2.2B). As prpf19 is known to function as an E3 

ligase we assayed by western blotting the effect of prpf19 inhibition on ubiquitylated 

proteins and found no obvious difference with control samples (Supplemental Figure 

S2.2C), suggesting that prpf19(RNAi) does not disrupt general proteasome function but 

rather or has only a minor effect on global ubiquitylation or is targeting specific proteins 

that are not resolvable on a total ubiquitin blot.  

To investigate if the prpf19(RNAi) phenotypes observed were the result of stem cell 

depletion, we performed WISH to planarian stem cell marker genes, tgs-1, piwi-1, and h2b, 

on prpf19(RNAi) and control(RNAi)-treated worms and we found, surprisingly, that all 

marker genes analyzed demonstrated robust expression, even in worms where the 

phenotype had significantly progressed (Figure 2.2A, Supplemental Figure S2.2B). Because 

prpf19 was found to be expressed in additional cell types besides stem cells (Supplemental 

Figure S2.2B), we examined the effect of prpf19 inhibition on epidermal progeny by 

performing WISH analysis using prog-1 and agat-1 as markers for early and late epidermal 

progeny, respectively, and found that, consistent with the epidermal lesions observed 

during the progression of the prpf19 phenotype, staining for epidermal lineage markers is 

reduced in prpf19(RNAi) worms. Taken together, these results suggest that prpf19 function 

is not required for the maintenance and survival of planarian stem cells but may affect the 
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differentiation of stem cells into progenitors or the maintenance of certain progenitor 

populations. 

Inhibition of prpf19 causes defects in stem cell proliferation and increases apoptosis 

Despite being dispensable for stem cell maintenance, the strong expression of 

prpf19 in stem cells and robust phenotypes that resulted from prpf19 inhibition suggested 

a role for prpf19 in regulating stem cell dynamics. To examine the effect of prpf19(RNAi) on 

cell proliferation we stained control(RNAi) and prpf19(RNAi) treated worms with anti-

phospho-Histone H3 (pH3) to mark mitotic cells across several time points of treatment. 

We found that at late time points (day 18) when the phenotype is beginning to manifest, 

there was a significant decrease in the number of mitotic cells, normalized for worm size, in 

prpf19(RNAi) worms (Figure 2.2B and 2.2C). This decrease in the number of mitotic cells 

was not correlated with a decrease in expression of stem cell marker genes (Figure 2A, 

Supplemental Figure S2.2A), which further suggests that prpf19(RNAi) treatment is causing 

existent stem cells to not differentiate or differentiate at a lower rate to reflect this 

reduction in mitotic rates without depletion of the stem cell pool.  

To better understand the severe phenotypes observed in prpf19(RNAi) worms, 

including epidermal lesioning and worm lysis, we assayed the worms for apoptotic cells. 

Not surprisingly, we found an increase in apoptotic cells in prpf19(RNAi)-treated worms 

compared to control worms at the time point prior to observing phenotypes and a marked 

increase was observed as the prp19f(RNAi) phenotype progressed (Figure 2.2D and 2.2E). 

Together with the observed loss of epidermal progenitor markers (Figure 2.2A), these data 

suggest that the phenotypes observed after prpf19 depletion are not caused by a loss of 



86 
 

stem cells but rather by dysfunction in the proper homeostatic replacement of 

differentiated tissues. As the stem cells are unable to replenish tissues the worm begins to 

experience an increase in apoptosis and a decrease in proliferation as epidermal integrity 

becomes compromised. There could also be a role for prpf19 as an antiapoptotic factor in 

differentiated tissues resulting in increased apoptosis in prpf19(RNAi) worms. Roles for 

prpf19 in regulating differentiation and in regulating apoptosis are not exclusive and could 

both be contributing to the phenotype. 

 

NTC components and targets are necessary for regeneration and homeostasis 

NTC is a large protein complex that has a variety of cellular roles but has its best-

described role in regulating pre-mRNA splicing. Named after its founding member, prpf19, 

the complex is conserved between human and yeast. In the spliceosome NTC, through its 

PRPF19 subunit, functions as an E3 ligase (Figure 2.3A). To examine if the observed effects 

of prpf19 inhibition were being mediated through disruption of spliceosomal assembly and 

function we used RNAi knock down three homologs of core NTC component members, 

cdc5l, prlg1, and spf27, and found that these genes were also necessary for worm survival 

and regeneration (Figure 2.3B and Figure 2.3D). cdc5l and prlg1 are essential for NTC 

function in yeast and presented very severe phenotypes of head regression, ventral curling 

and lysis that mirrored the observations for prpf19(RNAi). spf27(RNAi) presented a milder 

phenotype than other NTC genes that were examined and showed delayed or absent 

regeneration in 28/37 head fragments and 33/37 trunk fragments with an additional 3 

trunk fragments having more severe phenotypes of ventral curling or lysis. Likewise, we 
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reasoned that if the prpf19 phenotype was the result of its ubiquityl ligase activity in NTC 

and the subsequent stabilization of prpf3 interaction with prpf8, then disruption of this 

interaction by inhibiting either partner should have a similar phenotype to prpf19(RNAi); 

indeed, we found that prpf3(RNAi) and prpf8(RNAi) worms exhibited severe phenotypes 

like prpf19(RNAi) and included head regression, ventral curling, epidermal lesions, and 

lysis (Figure 2.3C). WISH analysis of NTC genes, prpf3, and prpf8, both demonstrated broad 

parenchymal expression patterns similar to prpf19, with prpf8 demonstrating a noticeable 

stem cell expression pattern (Supplemental Figure S2.3A). The similar phenotypes and 

expression patterns observed for NTC genes and downstream factors to prpf19 suggests 

that the phenotype for prpf19(RNAi) is mediated through its role in NTC and that the NTC 

and spliceosome function are critical for stem cell regulation during homeostasis and 

regeneration. 

 

Histone-modifying ubiquitin ligases are essential for regeneration and homeostasis 

Histone proteins package DNA to form the nucleoprotein structure known as 

chromatin, the organization of which affects the transcriptional state of genes. Chromatin 

organization can be modulated by the post-translational modification of histones including 

ubiquitylation of histones H2A and H2B. Ubiquitylation of histone H2B is associated with 

transcriptional activation and is mediated by the E3 ligase complex RNF20/40 (Bre1 in 

yeast). We found that planarians have a single homolog for this complex designated Smed-

bre1 and that knockdown of bre1 caused the worms to exhibit head regression and lesions 

prior to day 28 of treatment in 33/53 worm assayed (Figure 2.1B). When amputated most 
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bre1(RNAi) worms failed to regenerate and many lysed with 31/53 head fragments and 

21/53 trunk fragments lysing by the end of the observation period (day 14 post 

amputation). To investigate if bre1(RNAi) was affecting global levels of monoubiquityl-

histone H2B (H2Bu1) we performed western blotting analysis using a H2Bub1-specific 

antibody and found reduced levels of H2Bu1 in whole worm homogenates as soon as 14 

days after beginning RNAi treatment (Supplemental Figure S2.4A). 

In contrast to histone H2B ubiquitylation, monoubiquitylation of histone H2A is 

associated with transcriptional repression and occurs in a variety of cellular contexts, 

including developmental processes, stem cell regulation, and the DNA damage response. 

Histone H2A is targeted for ubiquitylation by RING1 and RNF2, which act as RING E3 

ligases within Polycomb Repressive Complex 1 (PRC1). PRC1 is a repressive epigenetic 

complex that is active during development and acts to compact chromatin, stably silence 

genes, and monoubiquitylate histone H2A (Figure 2.4A). We identified two candidate 

homologs of RING1 and RNF2 and found that depletion of each gene caused delayed or 

absent regeneration when compared to controls. These phenotypes were most evident in 

the trunk fragments where 37/58 rnf2(RNAi) and 19/29 ring1(RNAi) worms exhibited a 

phenotype of delayed regeneration (measured by the appearance of dark eyespots) 

compared to 7/54 and 2/30 control(RNAi) worms assayed at the same regeneration time 

point (7 days post amputation). Of the 37/58 rnf2(RNAi) trunks and 19/29 ring1(RNAi) 

trunks with regeneration defects, 13/37 and 4/19 failed to form regeneration blastemas, 

respectively, whereas all control(RNAi) worms formed normal-sized blastemas (Figure 

2.1C). No obvious phenotypes were observed during homeostatic maintenance even during 

long-term RNAi treatment (> 16 feeds over 8 weeks). In other organisms rnf2 is 
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responsible for the bulk of H2Aub1 deposition and we confirmed that rnf2(RNAi) reduced 

bulk levels of H2Aub1 by western blot analysis on homogenates using a H2Aub1 specific 

antibody (Figure 2.4B). In contrast, we found that ring1(RNAi) did not have an appreciable 

effect on global H2Aub1 levels (Supplemental Figure S2.4B), which is consistent with rnf2 

being the E3 ligase subunit within PRC1 that is responsible for most of the catalytic activity 

on H2A31. 

 

Inhibition of canonical PRC1 subunit phc affects the patterning of the planarian 

pharyngeal domain 

To better understand the role of this major developmental complex in planarian 

biology and regeneration we examined the functional requirements for other subunits of 

PRC1. In vertebrates the composition of PRC1 is variable and the complex is defined by 

which of the six mammalian paralogs of PGCF is present. PCGF2 and PCGF4 define the 

canonical mammalian PRC1 complex which also includes one each of several chromobox 

(CBX) and Polyhomeotic paralogs (PHC) (Figure 2.4A). We identified planarian homologs 

for these other core PRC1 genes and found one homolog each for cbx and phc, and two 

homologs for pcgf. To investigate if the phenotypes for rnf2(RNAi) and ring1(RNAi) were 

mediated through their function in canonical PRC1 we used RNAi to deplete cbx, phc, pcgf2, 

and pcgf3. In contrast to the impaired regeneration observed after rnf2 or ring1 

knockdown, RNAi for phc or cbx demonstrated a complex homeostasis phenotype that 

included the abnormal appearance of a dorsal lesion anterior to the pharynx (Figure 2.4C). 

In some cases, we observed the pharynx protruding from the lesioned region and 
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extending ectopically from the dorsal surface of the worm. As the phenotypes progressed, 

these RNAi worms began to exhibit defects along the body axis, showing crimped tails that 

were unable to affix to the dish and epidermal lesions. We also assayed the effect of 

inhibition of the cPRC1 genes on H2Aub1 levels and found that inhibition of phc or cbx did 

not have a noticeable effect on bulk H2Aub1 levels (Supplemental Figure S2.4B), which 

suggests that cPRC1 is not responsible for the majority of H2Aub1 deposition, similar to 

findings in vertebrate models32. Both phc and cbx had similar mRNA expression patterns as 

assayed by WISH suggesting that they can function in the same complex (Supplemental 

Figure S2.4C). This expression pattern overlapped with the diffuse parenchymal expression 

pattern for rnf2 and ring1 (Supplemental Figure S2.1A) but had stronger specific 

expression near the planarian brain and intestinal branches, the latter of which are areas 

known to be enriched in stem cells. 

While similar, the penetrance of the phc(RNAi) phenotype was higher than for 

cbx(RNAi) and we chose to further examine the phc(RNAi) phenotype using known markers 

of tissue patterning. The appearance of a dorsal lesion and mis-localization of the pharynx 

to the dorsal surface in phc(RNAi) animals suggests that planarian PRC1 may be involved in 

the specification of specific tissues related to the pharynx or in regulating genes that 

provide axial positioning cues to stem cell progeny during homeostatic tissue turnover. We 

examined dorsal-ventral patterning factor bmp-4 and anterior-posterior factor ndl-3 

expression after phc(RNAi) and found that there was no change in the expression pattern of 

these factors relative to controls (Supplemental Figure S2.4D). We then further examined 

genes that mark specific tissues related to the pharynx, including the pharynx marker, 

laminin, and the gene NB.22.1E, which labels marginal adhesive gland cells, the ventral 
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mouth opening, and a population of cells near the base of the pharynx. Following phc 

inhibition we observed that laminin expression was reduced to a single condensed spot of 

expression near where the dorsal lesion was observed and a few scattered cells near the 

midline of the animal (Figure 2.4D). Likewise, we observed the specific disappearance of 

the NB.22.1E+ population of cells at the base of the pharynx following phc(RNAi), while 

expression along the body margin and ventral mouth opening was unaffected (Figure 

2.4D). This data establishes a role for PRC1 factors in maintaining tissue identity in a non-

embryological context. 

 

RNA-seq analysis of gene expression after PRC1 subunit inhibition reveals 

transcriptional targets of PRC1 

To gain insights into which genes are dysregulated after PRC1 inhibition and to 

understand the transcriptional basis for the observed phenotypes for rnf2 and phc we 

performed RNA-seq on rnf2(RNAi) or phc(RNAi) worms to determine differentially 

expressed genes. We chose timepoints for RNA extraction based on the phenotypic 

progression, qPCR analysis to confirm a robust reduction in target RNAi transcript levels, 

and, for rnf2(RNAi), western blot analysis to ensure the RNAi treatment was reducing levels 

of H2Aub1. Based on these parameters we chose to extract RNA after 11 days of phc(RNAi) 

treatment and 14 and 28 days after rnf2(RNAi) (Supplemental Figure S2.5A). 

Between both rnf2(RNAi) time points, we identified a combined 264 differentially 

regulated genes with 126 downregulated and 138 upregulated genes (Figure 2.5A, 

Supplemental Figure S2.5B). Not surprisingly, a longer RNAi treatment period for rnf2 
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resulted in an increase in the number of differentially expressed genes with 247 

differentially expressed after 28 days of treatment compared to only 29 differentially 

expressed genes after 14 days of treatment (Table 2.2). There was substantial overlap 

between the rnf2(RNAi) data sets with 12 of 29 genes in the day 14 data set represented in 

the larger day 28 data set (Supplemental Figure S2.5C). After 11 days of phc(RNAi) 

treatment we found that 49 genes that were differentially expressed; 20 were 

downregulated and 29 upregulated (Figure 2.5C). Consistent with a repressive role in 

transcriptional regulation more genes were found to be significantly upregulated when 

either phc or rnf2 was inhibited. Importantly, rnf2 and phc, were each found to be 

significantly downregulated when targeted for RNAi. 

Surprisingly, despite being predicted to function in a shared complex, only a single 

gene was found to be in common between the phc(RNAi) and rnf2(RNAi) data sets. This lack 

of overlap between the data sets suggests that phc and rnf2 regulate different processes 

and pathways in vivo and this difference explains the disparate phenotypes that were 

observed after RNAi treatment. One common upregulated gene between the data sets was 

cbx, which is itself a chromatin binding element within cPRC1, and was moreover the most 

significantly upregulated gene in the phc knockdown data set. 

To analyze the RNA-seq data set further we performed gene ontology (GO) analysis 

on both upregulated and downregulated genes from the d28 rnf2(RNAi) data set. Genes 

downregulated during rnf2(RNAi) were found to be significantly enriched for GO biological 

process terms related metabolic and catabolic processes (Supplemental Figure S2.5D). 

Among the GO terms significantly enriched in genes upregulated following rnf2 depletion 
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were several related to cellular stress (Supplemental Figure S2.5E), especially low oxygen 

conditions, including, “response to hypoxia” (GO:0001666), “cellular response to decreased 

oxygen levels” (GO:0036294), “ATF6-mediated unfolded protein response” (GO:0036500), 

“regulation of transcription from RNA polymerase II promoter in response to stress” 

(GO:0043618), “chaperone cofactor-dependent protein refolding” (GO:0051085), “protein 

folding in endoplasmic reticulum” (GO:0034975), and “protein refolding” (GO:0042026). 

These GO terms suggest that the activity of rnf2 represses cellular responses to stress 

during normal homeostatic conditions and that epigenetic mechanisms facilitate the switch 

between homeostasis and cellular stress responses. 

To investigate the spatial expression changes of differentially expressed genes from 

our RNA-seq data sets, we selected a subset to examine using WISH following phc(RNAi) or 

rnf2(RNAi). For rnf2 we selected 33 differentially expressed genes that were predicted to 

be involved in the extracellular matrix, stress response factors, cell signaling, and 

regulation of chromatin or transcription and assayed their expression after rnf2 depletion. 

In general, rnf2(RNAi) caused a subtle effect on gene expression levels. In some instances, a 

robust change in expression occurred after rnf2(RNAi), as seen clearly for smed-colec10 and 

smed-colec11; expression of these genes is nearly undetectable in control(RNAi) worms as 

compared to rnf2(RNAi) worms developed for the same length of time (Figure 2.5B). Taken 

together, the GO and in situ analyses indicate that rnf2 functions in broad cellular processes 

and that it maintains gene expression in differentiated tissues at appropriate levels. 

In contrast to the mild effect on gene expression observed in rnf2(RNAi) animals, 

assaying mRNA expression of putative PHC target genes revealed striking changes in both 
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expression levels and spatial patterning after phc(RNAi). We examined 11 genes using in 

situ hybridization, including genes involved in cell-adhesion, cell signaling, transcription, 

and chromatin regulation. For 7 of these 11 genes, strong ectopic expression was observed 

in phc(RNAi) worms in the region of the worm where the dorsal lesion forms (Figure 2.5D). 

Genes shown to be ectopically expressed in this region included the cell adhesion factor 

icam5, the Cut homeobox transcription factor onecut1, and an orphan nuclear receptor 

(roar). We also found that several chromatin regulators that were misexpressed in the 

region near the pharynx, including cbx, pc-like, smc4, and kat6a. Additionally, we found that 

the extra cellular matrix protein, egflam, which is normally expressed in the nervous 

system and pharynx tip, was significantly down regulated throughout the worm. 

 The ectopic expression of specific factors and disruption of NB.22.1E and laminin 

expression at the site of tissue defects in phc(RNAi) worms indicates that phc function is 

required to maintain the proper specification and integrity of tissues in this region. 
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Discussion 

Planarians are an effective in vivo model for the screening of gene function in stem 

cells and regeneration. The use of a whole organism, in contrast to cell-based models, 

allows for the study of how specific factors regulate stem cells in a dynamic regenerative 

context as differentiate into complex tissues and structures. Regeneration after injury 

requires the integration of signaling pathways to effectively recover from injury, initiate 

regeneration responses, and to direct proper cellular differentiation to recreate missing 

tissues; the post-translational modification of proteins by ubiquitin is an important 

regulatory step in many of these pathways but remains understudied in a regenerative 

context. 

To address the role of ubiquitin signaling in stem cell regulation and regeneration in 

a whole organism in vivo context we performed a functional screen of RING and U-box class 

of E3 ubiquitin ligases that are expressed in stem cells and progeny in S. mediterranea. This 

functional screen returned nine genes that demonstrated phenotypes related to stem cell 

function or regeneration, building on previous studies from our lab on the HECT17 and 

Cullin8 classes of E3 ligases. 

One gene that we chose to investigate in further detail was the U-box factor, prpf19, 

which is the founding member of the large protein complex NTC. First characterized in 

yeast, the best described role for NTC is in the spliceosome, where the E3 ligase function of 

Prpf19 is essential in the formation of snRNP conformations. We found that depletion of 

prpf19 caused a strong homeostasis phenotype that included head regression, lesioning, 

ventral curling, and lysis, morphological effects that are often caused by stem cell depletion. 
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We depleted other NTC member genes in this study and observed similar phenotypes to 

prpf19(RNAi), which suggests that the prpf19(RNAi) phenotype is mediated through its role 

in NTC. Surprisingly, we found that the stem cell population was maintained in 

prpf19(RNAi) worms, suggesting an alternative mechanism of dysregulation. Our results 

are consistent with a previous study that observed a similar phenotype upon depletion of 

prpf19, which showed an effect on head regeneration without disruption of the stem 

cells30. 

Post-transcriptional processing of RNAs is emerging as a major regulator of 

planarian stem cells and differentiation. The PIWI homolog smedwi-2 was identified as 

being dispensable for stem cell maintenance but necessary for proper differentiation33, and 

smedwi-3 was shown to regulate planarian stem cell mRNA transcripts through two distinct 

activities34. Similarly, the CCR4-NOT complex regulates the post-translational degradation 

of mRNAs and has been shown to have a critical role in planarian stem cell biology. The 

phenotype of CCR4-NOT complex member gene smed-not1 was reported to have a similar 

phenotype to that of prpf19, where the animals maintained proliferative stem cells in 

not1(RNAi) worms despite presenting a phenotype that suggests loss of tissue renewal35. In 

this study we found that an additional CCR4-NOT subunit, not4, is critical for worm 

homeostasis and causes head regression and ventral curling upon inhibition (Figure 2.1B). 

This phenotype is consistent with that of not1(RNAi), but in the future it will be necessary 

to examine the stem cell population using marker genes in not4(RNAi) worms to resolve if 

the phenotype is mediated through a similar mechanism. Regulation of mRNAs in planarian 

stem cells by several pathways, including piRNAs, de-adenylation, or splicing is a crucial 

process for homeostasis and regeneration while being dispensable for stem cell 
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maintenance. Together these studies implicate post-transcriptional regulation of mRNAs in 

planarian stem cells as a critical process for regulating differentiation. 

Epigenetic regulation of gene expression is essential during development and 

throughout organismal life span to maintain cellular identity. Understanding how 

epigenetic factors regulate adult stem cells has implications for how we understand these 

factors as drivers of cancers and how epigenetic “memory” can affect the dedifferentiation 

and subsequent reprogramming of induced pluripotent stem cells. In our RNAi screen we 

uncovered planarian homologs of histone-targeting RING E3 ubiquitin ligases that affected 

worm homeostasis and regeneration and used western blotting to confirm that inhibition 

of bre1 and rnf2 reduced levels of monoubiquityl-histone H2B and H2A, respectively. This 

work demonstrates that both activating and repressive signals provided though histone 

modifiers are essential for the proper specification of stem cells and establishment of 

cellular identity during regenerative events. 

PRC1 is a major repressive complex that works during development to ubiquitylate 

histone H2A, compact chromatin, and silence target gene expression. PRC1 function was 

first discovered and remains perhaps best characterized as a repressor of the HOX genes 

during development36. The core of the complex is defined by a RING and PCGF protein that 

together form either canonical or variant PRC1 depending on which other factors are 

present37. The RING subunit acts as an E3 ligase that targets histone H2A, and in 

vertebrates is either RING1 or RNF238. In contrast to other invertebrates, we found that 

planarians have two genes predicted to be homologs of RING1 and RNF2. While these are 

likely to be lineage-specific paralogs instead of direct homologs of each vertebrate genes, 
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we do find that as in vertebrates, the S. med rnf2 paralog acts as the major ligase and is 

responsible for the bulk of histone H2A ubiquitylation. We did not observe a noticeable 

difference in global levels of H2Aub1 levels after Smed-ring1 inhibition (Supplemental 

Figure S2.4B). However, as both genes demonstrated similar regeneration-specific 

phenotypes suggests that they may share common targets or pathways. In contrast to 

rnf2(RNAi), when we inhibited other PRC1 core elements, phc and cbx, we did not see a 

reduction in bulk H2Aub1 levels by western blotting. From work in mammalian cell lines, it 

was determined that variant PRC1 activity is responsible for the majority of H2A 

ubiquitylation with a minimal contribution from canonical PRC1 complexes32,39. 

Invertebrates were not thought to contain vPRC1 but more recent phylogenic analysis that 

included a greater variety of invertebrate model organism indicates that vPRC1 likely 

evolved as early as cnidarians40. Our western blot results showing the conserved catalytic 

activity of specific planarian RING protein and the identification of two S. med pcgf genes 

strongly support the presence of vPRC1 in S. mediterranea. Moreover, our data suggests 

that cPRC1 has a minor contribution to overall H2Aub1 levels in vivo. 

To gain insight into the unexpected discrepancy in the phenotypes after rnf2 or phc 

depletion and to understand which genes are regulated by each factor we performed RNA-

sequencing after rnf2 or phc RNAi. Consistent with predicted roles as subunit of a complex 

that represses transcription, we identified more upregulated than downregulated genes 

after depletion of either rnf2 or phc. There was only a single gene in common between 

these data sets, supporting a transcriptional link to the different rnf2(RNAi) and phc(RNAi). 

Interestingly the gene that was in common between the data sets was cPRC1 gene cbx; this 

gene was upregulated in both data sets and was the most significantly upregulated gene 
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after phc(RNAi). It is possible that PRC1 autoregulates its own expression in planarians and 

that the disruption to chromatin homeostasis induced by PRC1 inhibition induces a 

compensatory response involving other chromatin factors. 

Using GO analysis, we found that rnf2 regulates genes related to the cellular stress 

response; when we examined the expression of candidate genes from our RNA-seq data set 

using WISH we observed that gene expression changes in rnf2(RNAi) animals occurred 

mainly within the endogenous expression pattern. In short, these data support a role for 

RNF2, and potentially H2A ubiquitylation, in tuning transcription levels within a particular 

cell type, especially for pathways that are adaptive and responsive to stressful stimuli. 

In contrast, we saw dramatic shifts in the spatial expression of specific genes after 

phc(RNAi), including several genes that showed ectopic expression near the base of the 

pharynx where the phc(RNAi) phenotype presented. In this affected region, we observed 

both up (intercellular adhesion molecule 5) and down regulation (pikachurin) of genes that 

encode extracellular matrix and intercellular adhesion molecules, suggesting that their 

dysregulation is likely linked to the formation of the dorsal lesion seen after phc(RNAi). The 

ectopically expressed genes also included regulators of cellular specification, including 

nuclear receptors, transcription factors, and chromatin modifiers. One gene we identified 

as being misexpressed after phc depletion was that encoding the nuclear factor onecut1, a 

CUT and homeobox domain-containing transcription factor that promotes hepatocyte 

proliferation, remodels chromatin accessibility, and promotes tumor growth in colorectal 

cancers41-43. Based on its role in regulating transcription and tissue identity in other animal 

models, we suspect it may be contributing to the change in patterning near the pharynx. 
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Future investigation into this factor would elucidate if onecut1 misexpression is driving 

regional tissue misspecification and if inhibition of onecut1 is suppressive towards the 

phc(RNAi) phenotype. 

Epigenetic factors work through the modification of chromatin, a deeper 

understanding of the role of epigenetics in the regulation of regeneration will require 

understanding the genomic elements that are being regulated by each factor. Application of 

assays to measure where in the planarian genome certain histone marks are localized using 

ChIP-seq or to assay changes in chromatin accessibility more generally using ATAC-seq, 

would inform how genes are regulated epigenetically to promote a robust regenerative 

response during injury and tissue re-specification and remodeling. 
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Figure 2.1. RNAi screen of RING and U-Box E3 ligases identifies regulators of stem 
cells and regeneration. (A) Feeding and amputation schedule for RNAi screening. Worms 
were fed twice per week for a total of eight feeds and amputated pre-pharyngeally on day 
28. (B) Knockdown of the indicated genes displayed phenotypes including ventral curling 
and lesions (white arrow). Animals are shown after RNAi feedings prior to amputation. (C) 
Knockdown of indicated genes that demonstrated phenotypes of delayed or absent 
regeneration after amputation shown by smaller than normal or absent blastemas (white 
arrow) and missing or faint eyespots (white arrowhead) when compared to control(RNAi) 
worm at the same regeneration time point. Scale bars = 200 µm  
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Supplemental Figure S2.1. (A) Whole mount in situ hybridization patterns for genes that 
showed phenotypes in RNAi screen. All genes examined were expressed throughout the 
parenchyma with some genes displaying enriched expression near the cephalic ganglion or 
near the intestine of the worm. Scale bars = 200 µm. 
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Figure 2.2. Inhibition of prpf19 disrupts neoblast function but is not required for stem cell 
maintenance. (A) WISH to stem cell markers tgs-1 and piwi-1 and early and late epidermal 
progeny markers prog-1 and AGAT-1, respectively, in control(RNAi) (upper panels) and 
prpf19(RNAi) animals at 14 (middle panels) and 18 (bottom panels) days after first RNAi 
feeding. (B) Representative image of animals fixed 14 days after first RNAi feeding for 
control(RNAi) (left) or prpf19(RNAi) (right) and immunostained for mitotic marker 
phospho-Histone H3. (C) Quantification of phospho-Histone H3+ cells per mm2 of worms 
fixed at 11, 14, and 18 days after first RNAi feed (N = 9 – 13 per time point, ***p-value < 
0.001). (D) Representative image of animals fixed 14 days after first RNAi feeding for 
control(RNAi) (left) or prpf19(RNAi) (right) and processed for TUNEL staining. (E) 
Quantification of TUNEL+ cells per mm2 of worms fixed at 10, 14, and 17 days after first 
RNAi feed (N = 5 – 6 per time point, *p-value < 0.05). Scale bars = 200 µm. 
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Supplemental Figure S2.2. (A) WISH to stem cell marker H2B in control(RNAi) animals 
(upper panel) and prpf19(RNAi) animals at 14 (middle panel) and 18 (bottom panel) days 
after first RNAi feeding. (B) Double fluorescence in situ hybridization showing co-
expression of prpf19 (red) with marker genes (green) for neoblasts (piwi-1), early 
epidermal progeny marker (prog-1), and late epidermal progeny marker (AGAT-1). (C) 
Western blot probed using anti-ubiquitin antibody for whole worm homogenate protein 
extracts from control(RNAi) or prp19f(RNAi) treated animals collected at days 11, 14, and 
18 of treatment. Scale bars = 200 µm (A), 20 µm (B) (C). 
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Figure 2.3. prpf19-associated factors and downstream targets recapitulate prpf19(RNAi) 
phenotypes. (A) Prpf19 acts as an E3 ligase in NTC,  interacting with core complex 
members PLRG1, CDC5l, and SPF27 to modify U4/U6 snRNP subunit PRPF3 with 
nonproteolytic K63-linked ubiquitin chains. This ubiquityl mark stabilizes the interaction 
of PRPF3 with U5 snRNP subunit PRPF8 to allow the stable formation of the U4/U6.U5 tri-
snRNP and the catalytic activity of the spliceosome. (B) Knockdown of indicated NTC core 
components cdc5l and prlg1 displaying head regression. (C) Knockdown of NTC core 
component SPF27 caused a reduced and delayed regenerative response in amputated 
worms. At 6 days post amputation spf27(RNAi) worms have blastemas that are reduced in 
size relative to control(RNAi) worms at the same time point. At day 11 post amputation the 
regenerative response in control(RNAi) worms is largely concluded with large blastemas 
and visible reformed eyespots present in trunk fragments. In comparison spf27(RNAi) 
worms have smaller blastemas and have not regenerated eyespots. (D) Inhibition of Prpf19 
target prpf3 and ubiquityl-Prpf3 binding factor prpf8 demonstrate phenotypes similar to 
prpf19(RNAi) and includes head regression, lesions, and ventral curling. Scale bars = 200 
µm. 
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Supplemental Figure S2.3. (A) WISH to NTC core elements cdc5l, pflg1, and spf27, and 
spliceosomal RNP members prpf3 and prpf8. Scale bars = 200 µm. 
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Figure 2.4. Inhibition of cPRC1 function disrupts pharyngeal patterning and histone 
ubiquitylation. (A) Composition and function of cPRC1. PRC1 functions to ubiquitylate 
Histone H2A and compact chromatin to repress gene expression. (B) Western blot analysis 
showing reduction in H2Aub1 levels following rnf2 inhibition across 3 biological replicates 
across two experimental time points. (C) Inhibition of cPRC1 genes phc and cbx 
demonstrates phenotypes of a dorsal lesion anterior to the pharynx and mislocalization of 
the pharynx on the dorsal surface of the worm. (D) WISH to nb.22.1e marks adhesive 
glands, mouth opening, and a population of cells at the base of the pharynx and for laminin, 
which marks the pharynx feeding organ in control(RNAi) animals (upper panels) and 
phc19(RNAi) animals at 21 (middle panels) and 28 (bottom panels) days after first RNAi 
feeding. Scale bars = 200 µm.  
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Supplemental Figure S2.4. (A) Western blot analysis showing reduction in ubiquityl-
Histone H2B levels following inhibition of bre1 at 14, 21 and 28 days of RNAi treatment. (B) 
Western blot analysis shows no reduction in H2Aub1 levels following inhibition of cPRC1 
genes ring1, cbx, and phc following 21 days of RNAi treatment. (C) WISH analysis showing 
expression patterns for cPRC1 genes phc, and cbx. (D) WISH marker gene analysis for D-V 
marker bmp4 and A-P marker ndl-3 showing no change in expression domains following 
phc inhibition. Scale bars = 200 µm. 
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Figure 2.5. Loss of PRC1 function causes changes to gene expression levels and spatial 
patterns (A) Volcano plot of differentially expressed genes between rnf2(RNAi) and 
gfp(RNAi) worms after 28 days of treatment. (B) WISH analysis of selected genes indicated 
to be differentially expressed after rnf2(RNAi) by RNA-seq. (C) Volcano plot of differentially 
expressed genes between phc(RNAi) and gfp(RNAi) after 11 days of treatment. (D) WISH 
analysis of selected genes indicated to be differentially expressed after phc(RNAi). Arrows 
indicate up or down regulated expression by RNA-seq. Red arrows highlight regions with 
changed expression after RNAi in the brain (B) and mouth (D) regions of the worm. 
Arrowheads indicate regions of ectopic gene expression after RNAi treatment. Scale bars = 
200 µm. 
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Supplemental Figure S2.5. (A) Feeding and sampling schedule for RNA-seq experiments. 
Worms were fed twice a week and sampled for RNA extraction at the days indicated by 
arrowheads. (B) Volcano plot of differentially expressed genes between rnf2(RNAi) and 
gfp(RNAi) worms after 14 days of treatment. (C) Venn diagram showing overlap between 
day 28 and day 14 sample sets for rnf2(RNAi). (D) GO analysis of downregulated genes in 
rnf2(RNAi) worms after 28 days of treatment. (E) GO analysis of upregulated genes in 
rnf2(RNAi) worms after 28 days of treatment  
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Table 2.1: RING and U-box E3 ubiquitin ligases with phenotypes after inhibition in S. 

mediterranea. HR: Head regression. VC: Ventral Curling. DR: Delayed regeneration. 

Gene Name Dresden Contig ID Human RING or U-
box homolog 

E Value Phenotypes 
Observed 

Smed-prpf19 dd_Smed_v6_1276_0_1 PRPF19 0.0 HR, VC, Lysis 
Smed-march5 dd_Smed_v6_4602_0_1 MARCH5 8e-93 HR, Lesions, 

Lysis 
Smed-traf2-like dd_Smed_v6_3837_0_1 TRAF2 2e-69 HR 
Smed-ran dd_Smed_v6_330_0_1 CBLB* 3e-94 Lesions, Lysis 
Smed-not4 dd_Smed_v6_4767_0_1 CNOT4 5e-87 HR, VC 
Smed-rnf8-like dd_Smed_v6_1137_0_5 RNF8 4e-05  DR, Lesions 
Smed-bre1 dd_Smed_v6_4070_0_1 RNF40 1e-88 HR, DR 
Smed-rnf2 dd_Smed_v6_8989_0_1 RNF2 6e-46 DR 
Smed-ring1 dd_Smed_v6_12141_0_1 RING1 6e-33 DR 

*Top Human BLAST hit: RAN, e-value: 9e-116 
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Table 2.2: Summary of RNA-seq results. Totals of differentially expressed genes at 
FDR cutoff value < 0.1. 

Gene 
Name 

Days of 
RNAi 

treatment 

Downregulated 
Genes 

Upregulated 
genes 

Total 

Smed-phc 11 20 29 49 
Smed-rnf2 14 16 13 29 
Smed-rnf2 28 113 134 247 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID 
Bitsco
re Evalue Gene Name 

Gene 
Symbol 

dd_Smed_v6_1075
1_0_1 

gi|52487176|ref|NP_001005
207.1| 640 0 tripartite motif-containing 37 TRIM37 

dd_Smed_v6_1276
_0_1 sp|Q9UMS4|ref|NP_055317| 571 0 

PRP19/PSO4 pre-mRNA processing factor 
19 homolog  PRPF19 

dd_Smed_v6_4224
_0_1 

gi|187761373|ref|NP_00573
5.2| 549 0 ariadne homolog ARIH1 

dd_Smed_v6_1223
4_0_1 

gi|21361137|ref|NP_002495
.2| 476 

7.10E-
154 

nuclear transcription factor, X-box binding 
1 NFX1 

dd_Smed_v6_9115
_0_1 

gi|57863277|ref|NP_001009
921.1| 498 

3.50E-
153 

vacuolar protein sorting 8 homolog (S. 
cerevisiae) VPS8 

dd_Smed_v6_4217
_0_1 sp|Q13356|ref|NP_055152| 440 

3.91E-
151 

peptidylprolyl isomerase (cyclophilin)-like 
2 PPIL2 

dd_Smed_v6_9989
_0_1 

gi|190341104|ref|NP_05597
8.4| 457 

1.16E-
149 tripartite motif-containing 9 TRIM9 

dd_Smed_v6_2194
_0_1 

gi|27436925|ref|NP_115807
.1| 440 

1.03E-
148 synovial apoptosis inhibitor 1, synoviolin SYVN1 

dd_Smed_v6_6226
_0_1 

gi|55749557|ref|NP_001006
611.1| 409 

5.52E-
143 seven in absentia homolog 1 (Drosophila) SIAH1 

dd_Smed_v6_4795
_0_1 

gi|21361137|ref|NP_002495
.2| 442 

1.91E-
139 

nuclear transcription factor, X-box binding 
1 NFX1 

dd_Smed_v6_6104
_0_1 

gi|30348954|ref|NP_065825
.1| 447 

2.18E-
137 mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_4887
_0_1 

gi|21361732|ref|NP_060790
.2| 389 

1.40E-
136 ring finger protein 121 RNF121 

dd_Smed_v6_4558
_0_1 sp|Q14139|ref|NP_004779| 434 

2.83E-
136 

ubiquitination factor E4A (UFD2 homolog, 
yeast) UBE4A 

dd_Smed_v6_6780
_0_1 

gi|52426745|ref|NP_005179
.2| 387 

8.96E-
126 

Cas-Br-M ecotropic retroviral transforming 
sequence CBL 

dd_Smed_v6_3481
_0_1 

gi|114199475|ref|NP_05521
1.2| 390 

2.22E-
123 

vacuolar protein sorting 41 homolog (S. 
cerevisiae) VPS41 

dd_Smed_v6_7882
_0_1 

gi|45594312|ref|NP_115647
.2| 374 

5.59E-
123 TNF receptor-associated factor 7 TRAF7 

dd_Smed_v6_7475
_0_1 sp|O95155|ref|NP_006039| 392 

1.14E-
119 

ubiquitination factor E4B (UFD2 homolog, 
yeast) UBE4B 

dd_Smed_v6_9945
_0_1 

gi|291190787|ref|NP_05587
2.4| 417 

1.51E-
118 MYC binding protein 2 MYCBP2 

dd_Smed_v6_6166
_0_1 

gi|160948610|ref|NP_74206
7.3| 394 

2.98E-
113 zinc finger protein 650 ZNF650 

dd_Smed_v6_5173
_0_1 

gi|5032071|ref|NP_005776.
1| 314 

8.09E-
108 ring finger protein 41 RNF41 

dd_Smed_v6_5473
_0_1 

gi|45387949|ref|NP_588609
.1| 335 

9.03E-
108 ring finger and SPRY domain containing 1 RSPRY1 

dd_Smed_v6_330_
0_1 

gi|54112420|ref|NP_733762
.2| 321 

5.09E-
96 

Cas-Br-M ecotropic retroviral transforming 
sequence b CBLB 

dd_Smed_v6_4070
_0_1 

gi|7662230|ref|NP_055586.
1| 305 

2.49E-
90 ring finger protein 40 RNF40 

dd_Smed_v6_5649
_1_1 

gi|37588869|ref|NP_071347
.2| 316 

3.66E-
90 ring finger protein 123 RNF123 

dd_Smed_v6_5198
_0_1 

gi|113417068|ref|XP_00112
8827.1| 308 

2.94E-
87 

mitogen-activated protein kinase kinase 
kinase 1 MAP3K1 

dd_Smed_v6_4767
_0_1 

gi|56550059|ref|NP_001008
226.1| 283 

3.44E-
87 

CCR4-NOT transcription complex, subunit 
4 CNOT4 

dd_Smed_v6_1293
_0_1 

gi|5454168|ref|NP_006453.
1| 272 

5.85E-
87 

RanBP-type and C3HC4-type zinc finger 
containing 1 RBCK1 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_2121_
0_1 

sp|Q9UNE7|ref|NP_005852| 253 1.70E-
84 

STIP1 homology and U-box containing 
protein 1 

STUB1 

dd_Smed_v6_1409
9_0_1 

gi|71043932|ref|NP_87232
7.2| 

266 1.04E-
82 

zinc finger, SWIM-type containing 2 ZSWIM2 

dd_Smed_v6_1704_
0_1 

gi|30348954|ref|NP_06582
5.1| 

276 3.59E-
79 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_5467_
0_1 

gi|24025688|ref|NP_69920
2.1| 

263 2.03E-
77 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_7536_
0_1 

gi|5902158|ref|NP_008909.
1| 

233 1.01E-
76 

ring finger protein 113A RNF113A 

dd_Smed_v6_1317_
0_1 

gi|30348954|ref|NP_06582
5.1| 

251 2.54E-
73 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_7689_
0_1 

gi|21071001|ref|NP_00113
5.3| 

238 9.64E-
72 

autocrine motility factor receptor AMFR 

dd_Smed_v6_4440_
0_1 

gi|5454168|ref|NP_006453.
1| 

228 6.73E-
70 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_2313
1_0_1 

sp|O95155|ref|NP_006039| 233 1.31E-
69 

ubiquitination factor E4B (UFD2 homolog, 
yeast) 

UBE4B 

dd_Smed_v6_2627_
0_1 

gi|38788243|ref|NP_03739
4.2| 

229 1.60E-
67 

myosin regulatory light chain interacting 
protein 

MYLIP 

dd_Smed_v6_1136_
0_1 

gi|7657508|ref|NP_055063.
1| 

194 2.54E-
66 

ring-box 1 RBX1 

dd_Smed_v6_1215
0_0_1 

gi|13569903|ref|NP_11219
8.1| 

207 1.05E-
65 

ring finger protein 32 RNF32 

dd_Smed_v6_4148_
0_1 

gi|22027612|ref|NP_06696
1.2| 

210 1.29E-
63 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_6165_
0_1 

gi|33300635|ref|NP_00677
3.2| 

199 5.71E-
62 

zinc finger protein-like 1 ZFPL1 

dd_Smed_v6_3477_
0_1 

gi|31742478|ref|NP_00630
6.2| 

192 7.33E-
62 

polycomb group ring finger 3 PCGF3 

dd_Smed_v6_5532_
0_1 

gi|58331204|ref|NP_06577
5.1| 

206 1.15E-
60 

ring finger protein 150 RNF150 

dd_Smed_v6_4025_
0_1 

gi|109150431|ref|NP_0604
69.4| 

216 3.80E-
60 

ring finger protein 31 RNF31 

dd_Smed_v6_1351
7_0_1 

gi|22027612|ref|NP_06696
1.2| 

201 9.65E-
60 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_3937_
0_1 

gi|231573214|ref|NP_0563
80.2| 

220 2.45E-
59 

zinc finger protein 294 ZNF294 

dd_Smed_v6_8994_
0_1 

gi|24025688|ref|NP_69920
2.1| 

205 1.89E-
57 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_5004_
0_1 

gi|31542783|ref|NP_68948
0.2| 

174 1.73E-
54 

ring finger protein 185 RNF185 

dd_Smed_v6_7487_
0_1 

gi|109150431|ref|NP_0604
69.4| 

196 4.49E-
54 

ring finger protein 31 RNF31 

dd_Smed_v6_6678_
0_1 

gi|17978477|ref|NP_06837
5.3| 

192 1.11E-
53 

vacuolar protein sorting 11 homolog (S. 
cerevisiae) 

VPS11 

dd_Smed_v6_4392_
0_1 

gi|22027616|ref|NP_00329
1.2| 

186 1.55E-
53 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_1035_
1_1 

gi|54112420|ref|NP_73376
2.2| 

196 1.74E-
52 

Cas-Br-M ecotropic retroviral transforming 
sequence b 

CBLB 

dd_Smed_v6_1084
1_0_1 

gi|53729361|ref|NP_00100
5373.1| 

189 3.06E-
52 

leucine rich repeat and sterile alpha motif 
containing 1 

LRSAM1 

dd_Smed_v6_6206_
0_1 

gi|62865649|ref|NP_00101
7368.1| 

174 9.75E-
52 

ring finger and FYVE-like domain containing 
1 

RFFL 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_12753
_0_1 

gi|6005964|ref|NP_009075.
1| 

170 1.20E-
51 

polycomb group ring finger 2 PCGF2 

dd_Smed_v6_11736
_0_1 

gi|239048907|ref|NP_06069
3.2| 

175 3.21E-
50 

checkpoint with forkhead and ring finger 
domains 

CHFR 

dd_Smed_v6_4083_
0_2 

gi|188497705|ref|NP_00675
9.3| 

175 4.33E-
48 

BRCA1 associated protein BRAP 

dd_Smed_v6_8989_
0_1 

gi|6005747|ref|NP_009143.
1| 

163 9.38E-
48 

ring finger protein 2 RNF2 

dd_Smed_v6_3780_
0_1 

gi|33620769|ref|NP_008841
.2| 

177 1.59E-
46 

retinoblastoma binding protein 6 RBBP6 

dd_Smed_v6_1110_
0_1 

gi|22027616|ref|NP_003291
.2| 

167 3.78E-
46 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_7918_
0_1 

gi|237858654|ref|NP_11221
6.3| 

149 1.33E-
45 

ring finger protein 170 RNF170 

dd_Smed_v6_1802_
0_1 

gi|5454168|ref|NP_006453.
1| 

158 7.95E-
45 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_13573
_0_1 

gi|71143112|ref|NP_060594
.3| 

162 7.56E-
44 

ring finger and WD repeat domain 3 RFWD3 

dd_Smed_v6_5342_
0_1 

gi|5454168|ref|NP_006453.
1| 

152 6.17E-
43 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_9317_
0_1 

gi|109150431|ref|NP_06046
9.4| 

152 4.30E-
41 

ring finger protein 31 RNF31 

dd_Smed_v6_2436_
0_1 

gi|14150005|ref|NP_115644
.1| 

136 8.38E-
41 

zinc and ring finger 1 ZNRF1 

dd_Smed_v6_2662_
0_1 

gi|5454168|ref|NP_006453.
1| 

145 3.68E-
40 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_802_0
_1 

gi|237858654|ref|NP_11221
6.3| 

141 3.97E-
40 

ring finger protein 170 RNF170 

dd_Smed_v6_168_0
_1 

gi|22027612|ref|NP_066961
.2| 

150 1.78E-
39 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_1923_
0_1 

gi|14149702|ref|NP_056343
.1| 

144 2.23E-
39 

ring finger protein 167 RNF167 

dd_Smed_v6_2819_
0_1 

gi|5454168|ref|NP_006453.
1| 

147 6.78E-
39 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_3201_
0_1 

gi|22027616|ref|NP_003291
.2| 

143 1.29E-
38 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_12318
_0_1 

gi|33620769|ref|NP_008841
.2| 

144 9.51E-
38 

retinoblastoma binding protein 6 RBBP6 

dd_Smed_v6_1139_
0_1 

gi|77404348|ref|NP_001029
082.1| 

140 1.81E-
37 

TNF receptor-associated factor 5 TRAF5 

dd_Smed_v6_3487_
0_1 

gi|7657522|ref|NP_055060.
1| 

118 3.32E-
37 

ring finger protein 7 RNF7 

dd_Smed_v6_8046_
0_1 

gi|4759254|ref|NP_004611.
1| 

138 7.89E-
37 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_7396_
0_1 

gi|58331204|ref|NP_065775
.1| 

135 7.61E-
36 

ring finger protein 150 RNF150 

dd_Smed_v6_14782
_0_1 

gi|32454739|ref|NP_006449
.2| 

138 9.73E-
36 

tripartite motif-containing 3 TRIM3 

dd_Smed_v6_6291_
0_1 

gi|5454168|ref|NP_006453.
1| 

132 1.01E-
35 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_6913_
0_1 

gi|7657520|ref|NP_055187.
1| 

124 2.01E-
35 

ring finger protein 11 RNF11 

dd_Smed_v6_12141
_0_1 

gi|51479192|ref|NP_002922
.2| 

123 1.01E-
34 

ring finger protein 1 RING1 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_1158
0_0_1 

gi|4757762|ref|NP_00428
1.1| 

90.9 3.54E-
34 

ring finger protein 14 RNF14 

dd_Smed_v6_2669
_0_1 

gi|22027616|ref|NP_0032
91.2| 

129 6.68E-
34 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_1755
1_0_1 

gi|22027612|ref|NP_0669
61.2| 

130 8.36E-
34 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_1858
_0_1 

gi|6005964|ref|NP_00907
5.1| 

126 4.37E-
33 

polycomb group ring finger 2 PCGF2 

dd_Smed_v6_1042
4_0_1 

gi|4759254|ref|NP_00461
1.1| 

126 8.74E-
33 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_4074
_0_1 

gi|109150431|ref|NP_060
469.4| 

128 2.33E-
32 

ring finger protein 31 RNF31 

dd_Smed_v6_8395
_0_1 

gi|30794216|ref|NP_1122
23.1| 

127 3.48E-
32 

tripartite motif-containing 56 TRIM56 

dd_Smed_v6_9091
_0_1 

gi|44917608|ref|NP_0560
61.1| 

122 9.79E-
32 

mahogunin, ring finger 1 MGRN1 

dd_Smed_v6_3097
_0_1 

gi|77404348|ref|NP_0010
29082.1| 

121 1.08E-
30 

TNF receptor-associated factor 5 TRAF5 

dd_Smed_v6_7426
_0_1 

gi|209180481|ref|NP_079
090.2| 

118 1.43E-
30 

Cas-Br-M ecotropic retroviral transforming 
sequence-like 1 

CBLL1 

dd_Smed_v6_6485
_0_1 

gi|22027616|ref|NP_0032
91.2| 

119 2.49E-
30 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_5260
_0_1 

gi|21389515|ref|NP_6533
27.1| 

119 2.67E-
29 

ring finger protein 145 RNF145 

dd_Smed_v6_5084
_0_1 

gi|33636758|ref|NP_1122
25.2| 

108 5.32E-
29 

ring finger protein 146 RNF146 

dd_Smed_v6_6800
_0_1 

gi|282394030|ref|NP_543
151.2| 

119 6.86E-
29 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_1147
8_0_1 

gi|4506343|ref|NP_00030
9.1| 

107 7.12E-
29 

peroxisomal membrane protein 3, 35kDa 
(Zellweger syndrome) 

PXMP3 

dd_Smed_v6_6660
_0_1 

gi|194248079|ref|NP_056
086.2| 

118 8.52E-
29 

tripartite motif-containing 2 TRIM2 

dd_Smed_v6_3952
_0_1 

gi|22027612|ref|NP_0669
61.2| 

114 9.43E-
29 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_4187
_0_1 

gi|31542783|ref|NP_6894
80.2| 

102 1.09E-
27 

ring finger protein 185 RNF185 

dd_Smed_v6_974_
0_1 

gi|22027612|ref|NP_0669
61.2| 

109 3.41E-
27 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_7291
_0_1 

gi|4759254|ref|NP_00461
1.1| 

107 1.81E-
26 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_8939
_0_1 

gi|7657520|ref|NP_05518
7.1| 

93.2 2.65E-
26 

ring finger protein 11 RNF11 

dd_Smed_v6_6250
_0_1 

gi|194248079|ref|NP_056
086.2| 

109 9.44E-
26 

tripartite motif-containing 2 TRIM2 

dd_Smed_v6_1180
_0_1 

gi|37622892|ref|NP_0603
46.2| 

103 2.44E-
25 

ring finger protein 126 RNF126 

dd_Smed_v6_4623
_0_1 

gi|22027612|ref|NP_0669
61.2| 

103 6.25E-
25 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_2844
_0_1 

gi|37577175|ref|NP_0736
18.3| 

100 6.59E-
25 

ring finger protein 38 RNF38 

dd_Smed_v6_1439
_0_1 

gi|4759254|ref|NP_00461
1.1| 

100 1.77E-
24 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_2034
1_0_1 

gi|4759254|ref|NP_00461
1.1| 

100 2.34E-
24 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_5507
_0_1 

gi|5031825|ref|NP_00565
8.1| 

102 2.35E-
24 

ring finger protein 103 RNF103 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_1803_
0_1 

gi|32528299|ref|NP_00115
8.2| 

100 6.76E-
24 

baculoviral IAP repeat-containing 4 BIRC4 

dd_Smed_v6_3706_
0_1 

gi|22027616|ref|NP_00329
1.2| 

98.6 1.71E-
23 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_7122_
0_1 

gi|74027249|ref|NP_05699
0.3| 

99.4 2.83E-
23 

tripartite motif-containing 33 TRIM33 

dd_Smed_v6_5432_
0_1 

gi|53729361|ref|NP_00100
5373.1| 

99 5.86E-
23 

leucine rich repeat and sterile alpha motif 
containing 1 

LRSAM1 

dd_Smed_v6_1934_
0_1 

gi|223278368|ref|NP_0042
01.3| 

96.7 7.28E-
23 

neuralized homolog (Drosophila) NEURL 

dd_Smed_v6_5889_
0_1 

gi|4505225|ref|NP_002422.
1| 

91.3 1.17E-
22 

menage a trois homolog 1, cyclin H assembly 
factor  

MNAT1 

dd_Smed_v6_1254
8_0_1 

gi|221139764|ref|NP_0659
52.2| 

98.6 1.81E-
22 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_3486_
0_1 

gi|5454168|ref|NP_006453.
1| 

88.6 8.64E-
21 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_1110
0_0_1 

gi|22027612|ref|NP_06696
1.2| 

87.8 1.06E-
20 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_3677_
0_1 

gi|4759254|ref|NP_004611.
1| 

89 1.31E-
20 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_6768_
0_1 

gi|22027616|ref|NP_00329
1.2| 

89.4 2.61E-
20 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_1574_
6_9 

gi|22027616|ref|NP_00329
1.2| 

89.7 5.30E-
20 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_8109_
0_1 

gi|22027616|ref|NP_00329
1.2| 

86.3 1.54E-
19 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_1430
2_0_1 

gi|22027612|ref|NP_06696
1.2| 

84.3 1.64E-
19 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_1022
0_0_1 

gi|5454168|ref|NP_006453.
1| 

84.7 2.71E-
19 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_4626_
0_1 

gi|32528299|ref|NP_00115
8.2| 

84.7 2.91E-
19 

baculoviral IAP repeat-containing 4 BIRC4 

dd_Smed_v6_9114_
0_1 

gi|30348954|ref|NP_06582
5.1| 

84.3 6.22E-
19 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_5514_
0_1 

gi|7662486|ref|NP_055716.
1| 

81.6 6.58E-
19 

ring finger protein 44 RNF44 

dd_Smed_v6_1306
1_0_1 

gi|22027612|ref|NP_06696
1.2| 

83.2 1.18E-
18 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_1431
8_0_1 

gi|45594312|ref|NP_11564
7.2| 

82.4 8.43E-
18 

TNF receptor-associated factor 7 TRAF7 

dd_Smed_v6_1852_
0_1 

gi|37577175|ref|NP_07361
8.3| 

81.6 8.61E-
18 

ring finger protein 38 RNF38 

dd_Smed_v6_1074
1_0_2 

gi|14149702|ref|NP_05634
3.1| 

77.8 2.13E-
17 

ring finger protein 167 RNF167 

dd_Smed_v6_6905_
0_1 

gi|109134327|ref|NP_0572
09.3| 

77 2.74E-
17 

PTD016 protein LOC51136 

dd_Smed_v6_5782_
0_1 

gi|5454168|ref|NP_006453.
1| 

78.2 2.93E-
17 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_5165_
0_1 

gi|205830432|ref|NP_0046
38.2| 

80.9 3.15E-
17 

D4, zinc and double PHD fingers family 1 DPF1 

dd_Smed_v6_2817_
0_1 

gi|4759254|ref|NP_004611.
1| 

77 7.17E-
17 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_1564
2_0_1 

gi|22027612|ref|NP_06696
1.2| 

74.7 4.69E-
16 

TNF receptor-associated factor 2 TRAF2 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_5715_
0_1 

gi|4759254|ref|NP_004611.
1| 

74.3 8.95E-
16 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_3878_
0_1 

gi|34452681|ref|NP_055683
.3| 

74.7 1.18E-
15 

ring finger protein 10 RNF10 

dd_Smed_v6_6288_
0_1 

gi|22027612|ref|NP_066961
.2| 

73.2 1.51E-
15 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_4880_
0_1 

gi|30348954|ref|NP_065825
.1| 

73.9 1.69E-
15 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_3281_
0_1 

gi|187761373|ref|NP_00573
5.2| 

74.7 1.75E-
15 

ariadne homolog ARIH1 

dd_Smed_v6_2026_
0_1 

gi|22027616|ref|NP_003291
.2| 

73.9 4.27E-
15 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_6297_
0_1 

gi|5032071|ref|NP_005776.
1| 

67.8 8.52E-
15 

ring finger protein 41 RNF41 

dd_Smed_v6_9512_
0_1 

gi|34878787|ref|NP_071898
.2| 

68.9 1.17E-
14 

ring finger protein 25 RNF25 

dd_Smed_v6_15562
_0_1 

gi|40807469|ref|NP_005870
.2| 

69.3 1.54E-
14 

TRAF interacting protein TRAIP 

dd_Smed_v6_2712_
3_9 

gi|5454168|ref|NP_006453.
1| 

66.2 6.16E-
14 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_14376
_0_1 

gi|14149702|ref|NP_056343
.1| 

64.7 1.14E-
13 

ring finger protein 167 RNF167 

dd_Smed_v6_9478_
0_1 

gi|4759254|ref|NP_004611.
1| 

61.6 1.22E-
13 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_81309
_0_1 

gi|14149702|ref|NP_056343
.1| 

61.6 1.49E-
13 

ring finger protein 167 RNF167 

dd_Smed_v6_2015_
0_1 

gi|22027616|ref|NP_003291
.2| 

67.4 1.64E-
13 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_5911_
0_1 

gi|30348954|ref|NP_065825
.1| 

65.5 9.78E-
13 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_10019
_0_1 

gi|4504867|ref|NP_003949.
1| 

61.6 1.41E-
12 

ring finger protein 8 RNF8 

dd_Smed_v6_2599_
0_1 

gi|77404348|ref|NP_001029
082.1| 

63.9 1.83E-
12 

TNF receptor-associated factor 5 TRAF5 

dd_Smed_v6_20691
_0_1 

gi|44680139|ref|NP_203127
.3| 

57.8 2.03E-
12 

baculoviral IAP repeat-containing 8 BIRC8 

dd_Smed_v6_8155_
1_1 

gi|32528299|ref|NP_001158
.2| 

62.8 2.24E-
12 

baculoviral IAP repeat-containing 4 BIRC4 

dd_Smed_v6_3101_
0_1 

gi|157266328|ref|NP_00045
6.2| 

60.8 2.43E-
12 

BRCA1 associated RING domain 1 BARD1 

dd_Smed_v6_12678
_0_1 

gi|5454168|ref|NP_006453.
1| 

62.4 2.48E-
12 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_27885
_0_1 

gi|4759254|ref|NP_004611.
1| 

58.9 2.92E-
12 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_1308_
0_1 

gi|22027612|ref|NP_066961
.2| 

64.7 3.06E-
12 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_27323
_0_1 

gi|5454168|ref|NP_006453.
1| 

62 3.42E-
12 

RanBP-type and C3HC4-type zinc finger 
containing 1 

RBCK1 

dd_Smed_v6_11354
_0_1 

gi|4759254|ref|NP_004611.
1| 

63.2 3.85E-
12 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_10569
_0_1 

gi|22027612|ref|NP_066961
.2| 

62.4 4.53E-
12 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_9703_
0_1 

gi|4759254|ref|NP_004611.
1| 

62.4 6.36E-
12 

TNF receptor-associated factor 6 TRAF6 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitscor
e 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_17046_
0_1 

gi|4759254|ref|NP_004611.1| 61.2 6.84E-
12 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_19217_
0_1 

gi|77404348|ref|NP_0010290
82.1| 

62 7.14E-
12 

TNF receptor-associated factor 5 TRAF5 

dd_Smed_v6_45208_
0_1 

gi|40807469|ref|NP_005870.2
| 

57.8 8.56E-
12 

TRAF interacting protein TRAIP 

dd_Smed_v6_1395_0
_1 

gi|37595537|ref|NP_079402.2
| 

60.5 8.99E-
12 

ring finger protein 34 RNF34 

dd_Smed_v6_14661_
0_1 

gi|4759254|ref|NP_004611.1| 61.2 1.14E-
11 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_18178_
0_1 

gi|4759254|ref|NP_004611.1| 60.5 2.12E-
11 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_5428_0
_1 

gi|47419909|ref|NP_003843.3
| 

62.4 3.83E-
11 

tripartite motif-containing 24 TRIM24 

dd_Smed_v6_29967_
0_1 

gi|4759254|ref|NP_004611.1| 58.5 3.83E-
11 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_5329_0
_1 

gi|4759254|ref|NP_004611.1| 58.9 3.84E-
11 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_3437_0
_1 

gi|30348954|ref|NP_065825.1
| 

60.8 4.47E-
11 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_3875_0
_1 

gi|22027616|ref|NP_003291.2
| 

56.6 8.26E-
11 

TNF receptor-associated factor 3 TRAF3 

dd_Smed_v6_4827_0
_1 

gi|4759254|ref|NP_004611.1| 57.8 1.13E-
10 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_5906_0
_1 

gi|34452684|ref|NP_057204.2
| 

55.8 1.22E-
10 

ring finger protein 12 RNF12 

dd_Smed_v6_3416_0
_1 

gi|30348954|ref|NP_065825.1
| 

58.5 1.53E-
10 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_3868_0
_1 

gi|37675277|ref|NP_932351.1
| 

55.8 1.59E-
10 

ring finger protein 148 RNF148 

dd_Smed_v6_9026_0
_1 

gi|34452681|ref|NP_055683.3
| 

58.5 1.60E-
10 

ring finger protein 10 RNF10 

dd_Smed_v6_37969_
0_1 

gi|221139764|ref|NP_065952.
2| 

50.8 2.36E-
10 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_7519_0
_1 

gi|4759254|ref|NP_004611.1| 56.6 3.03E-
10 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_42939_
0_1 

gi|40805104|ref|NP_005793.2
| 

51.2 3.14E-
10 

topoisomerase I binding, 
arginine/serine-rich 

TOPORS 

dd_Smed_v6_6290_0
_1 

gi|112421127|ref|NP_056246.
3| 

57.4 3.18E-
10 

tripartite motif-containing 58 TRIM58 

dd_Smed_v6_1097_0
_1 

gi|157266328|ref|NP_000456.
2| 

58.9 3.25E-
10 

BRCA1 associated RING domain 1 BARD1 

dd_Smed_v6_2039_0
_1 

gi|27436877|ref|NP_775107.1
| 

57 3.38E-
10 

tripartite motif-containing 59 TRIM59 

dd_Smed_v6_4921_0
_1 

gi|157266328|ref|NP_000456.
2| 

55.5 3.43E-
10 

BRCA1 associated RING domain 1 BARD1 

dd_Smed_v6_13757_
0_1 

gi|40805104|ref|NP_005793.2
| 

56.2 3.68E-
10 

topoisomerase I binding, 
arginine/serine-rich 

TOPORS 

dd_Smed_v6_13238_
0_1 

gi|33620769|ref|NP_008841.2
| 

50.1 1.11E-
09 

retinoblastoma binding protein 6 RBBP6 

dd_Smed_v6_11059_
0_1 

gi|4759254|ref|NP_004611.1| 49.7 1.34E-
09 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_3562_0
_1 

gi|4759254|ref|NP_004611.1| 54.7 1.39E-
09 

TNF receptor-associated factor 6 TRAF6 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitscor
e 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_2453_0
_1 

gi|282394030|ref|NP_543151.
2| 

53.9 1.50E-
09 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_19170_
0_3 

gi|4502139|ref|NP_001156.1| 48.5 1.67E-
09 

baculoviral IAP repeat-containing 3 BIRC3 

dd_Smed_v6_5689_0
_2 

gi|24025688|ref|NP_699202.1
| 

51.6 1.73E-
09 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_1243_0
_3 

gi|24025688|ref|NP_699202.1
| 

47.8 2.01E-
09 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_28638_
0_1 

gi|22027612|ref|NP_066961.2
| 

53.5 2.14E-
09 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_7660_0
_1 

gi|87241872|ref|NP_777563.2
| 

52.4 2.21E-
09 

ring finger protein 151 RNF151 

dd_Smed_v6_7016_0
_1 

gi|30348954|ref|NP_065825.1
| 

55.5 2.38E-
09 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_6964_0
_3 

gi|30348954|ref|NP_065825.1
| 

49.3 2.53E-
09 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_10104_
0_1 

gi|282394030|ref|NP_543151.
2| 

47.8 2.70E-
09 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_47022_
0_1 

gi|4759254|ref|NP_004611.1| 46.2 2.73E-
09 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_9749_0
_1 

gi|24025688|ref|NP_699202.1
| 

46.6 2.83E-
09 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_12718_
0_1 

gi|4759254|ref|NP_004611.1| 53.5 2.92E-
09 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_27379_
0_1 

gi|30348954|ref|NP_065825.1
| 

47.4 3.26E-
09 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_25112_
0_1 

gi|22027612|ref|NP_066961.2
| 

52.4 3.28E-
09 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_10539_
0_1 

gi|22027624|ref|NP_665694.1
| 

50.1 4.16E-
09 

TNF receptor-associated factor 4 TRAF4 

dd_Smed_v6_11860_
0_1 

gi|55953112|ref|NP_0010072
79.1| 

53.1 4.35E-
09 

tripartite motif-containing 13 TRIM13 

dd_Smed_v6_75625_
0_1 

gi|7662486|ref|NP_055716.1| 47 4.56E-
09 

ring finger protein 44 RNF44 

dd_Smed_v6_12171_
0_2 

gi|57529737|ref|NP_055824.1
| 

48.9 4.83E-
09 

PDZ domain containing RING finger 3 PDZRN3 

dd_Smed_v6_6852_0
_1 

gi|24025688|ref|NP_699202.1
| 

49.7 5.15E-
09 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_30148_
0_1 

gi|221139764|ref|NP_065952.
2| 

46.2 5.21E-
09 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_6556_0
_1 

gi|33620769|ref|NP_008841.2
| 

53.5 5.72E-
09 

retinoblastoma binding protein 6 RBBP6 

dd_Smed_v6_5871_0
_1 

gi|282394030|ref|NP_543151.
2| 

52.4 9.20E-
09 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_14842_
0_1 

gi|22027624|ref|NP_665694.1
| 

49.3 9.61E-
09 

TNF receptor-associated factor 4 TRAF4 

dd_Smed_v6_1271_0
_1 

gi|58743365|ref|NP_443148.1
| 

53.5 1.08E-
08 

ring finger protein 157 RNF157 

dd_Smed_v6_645_0_
1 

gi|282394030|ref|NP_543151.
2| 

53.1 1.21E-
08 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_79682_
0_1 

gi|221139764|ref|NP_065952.
2| 

44.7 1.30E-
08 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_18055_
0_1 

gi|40805104|ref|NP_005793.2
| 

51.2 1.34E-
08 

topoisomerase I binding, 
arginine/serine-rich 

TOPORS 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitscor
e 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_4529_0
_1 

gi|27436925|ref|NP_115807
.1| 

51.2 1.39E-
08 

synovial apoptosis inhibitor 1, 
synoviolin 

SYVN1 

dd_Smed_v6_3468_0
_1 

gi|7657508|ref|NP_055063.
1| 

47.4 1.41E-
08 

ring-box 1 RBX1 

dd_Smed_v6_593_1_
15 

gi|282394030|ref|NP_54315
1.2| 

49.3 1.44E-
08 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_12016_
0_1 

gi|40805104|ref|NP_005793
.2| 

52 1.45E-
08 

topoisomerase I binding, 
arginine/serine-rich 

TOPORS 

dd_Smed_v6_72617_
0_1 

gi|57165361|ref|NP_689683
.2| 

43.5 1.54E-
08 

ring finger protein 165 RNF165 

dd_Smed_v6_7801_0
_1 

sp|O94941|ref|NP_055763| 50.4 1.72E-
08 

U-box domain containing 5 UBOX5 

dd_Smed_v6_15776_
0_1 

gi|221139764|ref|NP_06595
2.2| 

47.4 1.96E-
08 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_5723_0
_1 

gi|24025688|ref|NP_699202
.1| 

44.3 2.03E-
08 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_10411_
0_1 

gi|4505715|ref|NP_002608.
1| 

50.1 2.27E-
08 

peroxisome biogenesis factor 10 PEX10 

dd_Smed_v6_48453_
0_1 

gi|21389515|ref|NP_653327
.1| 

50.4 2.44E-
08 

ring finger protein 145 RNF145 

dd_Smed_v6_26821_
0_1 

gi|29788758|ref|NP_060904
.2| 

44.3 2.73E-
08 

ring finger protein 130 RNF130 

dd_Smed_v6_12211_
0_1 

gi|194248079|ref|NP_05608
6.2| 

50.8 2.79E-
08 

tripartite motif-containing 2 TRIM2 

dd_Smed_v6_57645_
0_1 

gi|37675277|ref|NP_932351
.1| 

44.3 3.38E-
08 

ring finger protein 148 RNF148 

dd_Smed_v6_16504_
0_1 

gi|11545910|ref|NP_071444
.1| 

47.4 3.81E-
08 

baculoviral IAP repeat-containing 7 
(livin) 

BIRC7 

dd_Smed_v6_7538_0
_1 

gi|30348954|ref|NP_065825
.1| 

49.3 3.86E-
08 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_10917_
0_1 

gi|4759254|ref|NP_004611.
1| 

49.7 5.12E-
08 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_2867_0
_1 

gi|282394030|ref|NP_54315
1.2| 

49.7 5.46E-
08 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_3693_0
_1 

gi|282394030|ref|NP_54315
1.2| 

50.4 8.15E-
08 

mindbomb homolog 2 (Drosophila) MIB2 

dd_Smed_v6_88252_
0_1 

gi|7662486|ref|NP_055716.
1| 

41.6 9.42E-
08 

ring finger protein 44 RNF44 

dd_Smed_v6_7124_0
_1 

gi|5032071|ref|NP_005776.
1| 

47.8 1.03E-
07 

ring finger protein 41 RNF41 

dd_Smed_v6_490_0_
20 

gi|24025688|ref|NP_699202
.1| 

43.1 1.07E-
07 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_56572_
0_1 

gi|51479192|ref|NP_002922
.2| 

42.7 1.09E-
07 

ring finger protein 1 RING1 

dd_Smed_v6_5841_0
_1 

gi|30348954|ref|NP_065825
.1| 

48.5 1.11E-
07 

mindbomb homolog 1 (Drosophila) MIB1 

dd_Smed_v6_84672_
0_1 

gi|221139764|ref|NP_06595
2.2| 

44.3 1.19E-
07 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_8691_0
_1 

gi|221139764|ref|NP_06595
2.2| 

47 1.25E-
07 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_1187_0
_1 

gi|4502141|ref|NP_001157.
1| 

47.4 1.78E-
07 

baculoviral IAP repeat-containing 2 BIRC2 

dd_Smed_v6_94197_
0_1 

gi|40805104|ref|NP_005793
.2| 

42.4 1.98E-
07 

topoisomerase I binding, 
arginine/serine-rich 

TOPORS 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitsco
re 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_14467
_0_1 

gi|57529737|ref|NP_055824.
1| 

48.1 2.16E-
07 

PDZ domain containing RING finger 3 PDZRN3 

dd_Smed_v6_91490
_0_1 

gi|4504867|ref|NP_003949.1
| 

40.8 4.20E-
07 

ring finger protein 8 RNF8 

dd_Smed_v6_2170_
0_1 

gi|22027612|ref|NP_066961.
2| 

47 4.23E-
07 

TNF receptor-associated factor 2 TRAF2 

dd_Smed_v6_9146_
0_1 

gi|32528299|ref|NP_001158.
2| 

45.1 5.79E-
07 

baculoviral IAP repeat-containing 4 BIRC4 

dd_Smed_v6_5665_
0_1 

gi|4759254|ref|NP_004611.1
| 

46.6 6.44E-
07 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_1137_
0_5 

gi|4504867|ref|NP_003949.1
| 

46.6 6.46E-
07 

ring finger protein 8 RNF8 

dd_Smed_v6_6465_
0_1 

gi|38679905|ref|NP_775818.
2| 

46.6 6.85E-
07 

tripartite motif-containing 65 TRIM65 

dd_Smed_v6_97741
_0_1 

gi|55749557|ref|NP_001006
611.1| 

40 9.00E-
07 

seven in absentia homolog 1 (Drosophila) SIAH1 

dd_Smed_v6_21033
_0_1 

gi|221139764|ref|NP_06595
2.2| 

43.9 1.12E-
06 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_5673_
0_1 

gi|4759254|ref|NP_004611.1
| 

45.8 1.23E-
06 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_23413
_0_1 

gi|73747840|ref|NP_001027
026.1| 

45.1 1.26E-
06 

LON peptidase N-terminal domain and 
ring finger 3 

LONRF3 

dd_Smed_v6_4082_
0_1 

gi|4502141|ref|NP_001157.1
| 

43.1 2.26E-
06 

baculoviral IAP repeat-containing 2 BIRC2 

dd_Smed_v6_23201
_0_1 

gi|4502141|ref|NP_001157.1
| 

43.5 2.28E-
06 

baculoviral IAP repeat-containing 2 BIRC2 

dd_Smed_v6_2104_
0_1 

gi|4502141|ref|NP_001157.1
| 

42.7 2.33E-
06 

baculoviral IAP repeat-containing 2 BIRC2 

dd_Smed_v6_2937_
0_1 

gi|4759254|ref|NP_004611.1
| 

43.5 2.37E-
06 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_17728
_0_1 

gi|4502139|ref|NP_001156.1
| 

43.9 2.44E-
06 

baculoviral IAP repeat-containing 3 BIRC3 

dd_Smed_v6_4528_
0_1 

gi|4759254|ref|NP_004611.1
| 

45.4 2.68E-
06 

TNF receptor-associated factor 6 TRAF6 

dd_Smed_v6_44806
_0_1 

gi|77404348|ref|NP_001029
082.1| 

37.7 2.70E-
06 

TNF receptor-associated factor 5 TRAF5 

dd_Smed_v6_84492
_0_1 

gi|11545910|ref|NP_071444.
1| 

37.4 3.05E-
06 

baculoviral IAP repeat-containing 7 (livin) BIRC7 

dd_Smed_v6_83991
_0_1 

gi|4505715|ref|NP_002608.1
| 

37.4 3.08E-
06 

peroxisome biogenesis factor 10 PEX10 

dd_Smed_v6_17389
_0_1 

gi|221139764|ref|NP_06595
2.2| 

42.4 9.45E-
06 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_52018
_0_1 

gi|221139764|ref|NP_06595
2.2| 

39.7 1.07E-
05 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_19551
_0_1 

gi|87241872|ref|NP_777563.
2| 

41.2 1.40E-
05 

ring finger protein 151 RNF151 

dd_Smed_v6_67480
_0_1 

gi|284447287|ref|NP_77591
8.2| 

38.5 1.45E-
05 

ring finger protein 149 RNF149 

dd_Smed_v6_47736
_0_1 

gi|4502141|ref|NP_001157.1
| 

40 1.58E-
05 

baculoviral IAP repeat-containing 2 BIRC2 

dd_Smed_v6_15545
_0_1 

gi|24025688|ref|NP_699202.
1| 

42 1.77E-
05 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_17342
_0_1 

gi|51988887|ref|NP_065921.
2| 

39.7 1.79E-
05 

SH3 domain containing ring finger 1 SH3RF1 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 1: Planarian RING_UBOX blast to human RING 

Smed contig ID Human Blast Hit ID Bitscor
e 

Evalue Gene Name Gene 
Symbol 

dd_Smed_v6_42127_
0_1 

gi|21314654|ref|NP_00914
9.2| 

37.4 3.69E-
05 

ring finger protein 139 RNF139 

dd_Smed_v6_35439_
0_1 

gi|21071052|ref|NP_00306
2.2| 

35 1.85E-
04 

helicase-like transcription factor HLTF 

dd_Smed_v6_73473_
0_1 

gi|221139764|ref|NP_0659
52.2| 

35.4 2.23E-
04 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_28174_
0_1 

gi|149408115|ref|NP_0755
64.3| 

35.4 3.17E-
04 

chromosome 16 open reading frame 28 C16orf28 

dd_Smed_v6_4845_0
_1 

gi|24307991|ref|NP_05590
4.1| 

38.5 3.59E-
04 

p53-associated parkin-like cytoplasmic 
protein 

PARC 

dd_Smed_v6_18067_
0_1 

gi|24025688|ref|NP_69920
2.1| 

32 4.15E-
04 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_11314_
0_1 

gi|58743365|ref|NP_44314
8.1| 

36.6 4.42E-
04 

ring finger protein 157 RNF157 

dd_Smed_v6_14096_
0_1 

gi|221139764|ref|NP_0659
52.2| 

35.8 8.98E-
04 

CTD-binding SR-like protein rA9 KIAA1542 

dd_Smed_v6_18686_
0_1 

gi|24025688|ref|NP_69920
2.1| 

30.8 0.001 ligand of numb-protein X 2 LNX2 

dd_Smed_v6_12817_
0_1 

     

dd_Smed_v6_13414_
0_1 

     

dd_Smed_v6_1692_0
_1 

     

dd_Smed_v6_22203_
0_1 

     

dd_Smed_v6_24063_
0_1 

     

dd_Smed_v6_2712_2
_1 

     

dd_Smed_v6_33403_
0_1 

     

dd_Smed_v6_38544_
0_1 

     

dd_Smed_v6_40805_
0_1 

     

dd_Smed_v6_41377_
0_1 

     

dd_Smed_v6_4972_0
_1 

     

dd_Smed_v6_50305_
0_1 

     

dd_Smed_v6_5961_0
_1 

     

dd_Smed_v6_5986_0
_1 

     

dd_Smed_v6_7071_0
_1 

     

dd_Smed_v6_76286_
0_1 

     

dd_Smed_v6_7796_0
_1 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 2: Additional IPR 013083 Contigs 

Smed contig Human Blast Hit ID 
Bitsco
re Evalue Gene Name 

Gene 
Symbol 

dd_Smed_v6_4584
_0_1 

gi|33589846|ref|NP_005
876.2| 608 0 E3 ubiquitin-protein ligase MARCH6 MARCH6 

dd_Smed_v6_8386
_0_1 

gi|190341104|ref|NP_05
5978.4| 474 

2.01E-
157 tripartite motif containing 9 TRIM9 

dd_Smed_v6_4755
_0_1 

gi|19913361|ref|NP_579
891.1| 455 

2.15E-
149 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5  

dd_Smed_v6_1259
5_0_1 

gi|190341104|ref|NP_05
5978.4| 396 

2.79E-
127 tripartite motif containing 9 TRIM9 

dd_Smed_v6_4550
_0_1 

gi|17978485|ref|NP_065
908.1| 384 

9.29E-
120 

VPS18 core subunit of CORVET and HOPS 
complexes VPS18 

dd_Smed_v6_4236
_0_1 

gi|27597061|ref|NP_056
070.1| 394 

2.51E-
113 

ubiquitin protein ligase E3 component n-
recognin 2 UBR2 

dd_Smed_v6_1107
4_0_1 

gi|19913361|ref|NP_579
891.1| 343 

7.04E-
108 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5  

dd_Smed_v6_4602
_0_1 

gi|8923415|ref|NP_0602
94.1| 282 

1.39E-
94 membrane associated ring-CH-type finger 5 MARCH5 

dd_Smed_v6_1018
9_0_1 

gi|19913361|ref|NP_579
891.1| 266 

1.11E-
79 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5  

dd_Smed_v6_3837
_0_1 

gi|22027612|ref|NP_066
961.2| 233 

3.21E-
71 TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_4997
_0_1 

gi|8923613|ref|NP_0603
93.1| 202 

4.85E-
63 membrane associated ring-CH-type finger 1 MARCH1 

dd_Smed_v6_1991
_0_1 

gi|22027616|ref|NP_003
291.2| 199 

4.61E-
59 TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_8933
_0_1 

gi|22027612|ref|NP_066
961.2| 178 

2.38E-
49 TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_5825
_0_1 

gi|205830432|ref|NP_00
4638.2| 163 

3.10E-
47 double PHD fingers 1 DPF1 

dd_Smed_v6_9815
_0_1 

gi|19913361|ref|NP_579
891.1| 156 

2.27E-
41 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5  

dd_Smed_v6_6521
_0_1 

gi|19913361|ref|NP_579
891.1| 154 

1.44E-
40 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5  

dd_Smed_v6_6787
_0_1 

gi|5454168|ref|NP_0064
53.1| 137 

1.81E-
40 

RANBP2-type and C3HC4-type zinc finger 
containing 1 RBCK1 

dd_Smed_v6_2916
_0_1 

gi|22027612|ref|NP_066
961.2| 122 

2.11E-
32 TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_7110
_0_1 

gi|22749145|ref|NP_689
766.1| 117 

2.64E-
31 ring finger protein 217 RNF217 

dd_Smed_v6_4420
_0_1 

gi|22027612|ref|NP_066
961.2| 109 

3.09E-
27 TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_4893
_0_1 

gi|22027616|ref|NP_003
291.2| 110 

1.01E-
26 TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_8166
_0_1 

gi|4505721|ref|NP_0002
77.1| 103 

2.34E-
26 peroxisomal biogenesis factor 12 PEX12 

dd_Smed_v6_5797
_0_1 

gi|205830432|ref|NP_00
4638.2| 107 

3.14E-
26 double PHD fingers 1 DPF1 

dd_Smed_v6_2331
_0_1 

gi|20336207|ref|NP_612
115.1| 112 

3.23E-
26 transcriptional regulator ATRX isoform 3  

dd_Smed_v6_9090
_0_1 

gi|20336207|ref|NP_612
115.1| 102 

2.39E-
23 transcriptional regulator ATRX isoform 3  

dd_Smed_v6_6332
_0_1 

gi|20336207|ref|NP_612
115.1| 95.9 

5.79E-
22 transcriptional regulator ATRX isoform 3  

dd_Smed_v6_5740
_0_1 

gi|22027612|ref|NP_066
961.2| 92.8 

3.95E-
21 TNF receptor associated factor 2 TRAF2 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 2: Additional IPR 013083 Contigs 

Smed contig Human Blast Hit ID 
Bitsco

re 
Evalu

e Gene Name 
Gene 
Symbol 

dd_Smed_v6_5015
7_0_1 

gi|30425370|ref|NP_84854
5.1| 

82.8 1.05E-
20 

membrane associated ring-CH-type finger 3 MARCH3 

dd_Smed_v6_5804
_0_1 

gi|205830432|ref|NP_0046
38.2| 

86.7 3.62E-
20 

double PHD fingers 1 DPF1 

dd_Smed_v6_129_
2_1 

gi|22027612|ref|NP_06696
1.2| 

87 3.65E-
19 

TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_2080
1_0_1 

gi|77404348|ref|NP_00102
9082.1| 

74.7 2.81E-
17 

TNF receptor associated factor 5 TRAF5 

dd_Smed_v6_6283
_0_1 

gi|19913361|ref|NP_57989
1.1| 

80.5 1.30E-
16 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5 

 

dd_Smed_v6_7950
_0_1 

gi|22027616|ref|NP_00329
1.2| 

76.6 1.74E-
16 

TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_1344
6_0_1 

gi|30348954|ref|NP_06582
5.1| 

76.3 1.46E-
15 

mindbomb E3 ubiquitin protein ligase 1 MIB1 

dd_Smed_v6_3650
_0_1 

gi|77404348|ref|NP_00102
9082.1| 

72.4 3.18E-
15 

TNF receptor associated factor 5 TRAF5 

dd_Smed_v6_2171
3_0_1 

gi|30425370|ref|NP_84854
5.1| 

67.4 6.43E-
15 

membrane associated ring-CH-type finger 3 MARCH3 

dd_Smed_v6_1459
1_0_1 

gi|77404348|ref|NP_00102
9082.1| 

52 1.38E-
14 

TNF receptor associated factor 5 TRAF5 

dd_Smed_v6_3038
_0_1 

gi|4759254|ref|NP_004611
.1| 

64.3 1.08E-
12 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_1124
5_0_1 

gi|205830432|ref|NP_0046
38.2| 

63.2 6.57E-
12 

double PHD fingers 1 DPF1 

dd_Smed_v6_1461
4_0_1 

gi|4759254|ref|NP_004611
.1| 

61.2 8.67E-
12 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_7654
_0_1 

gi|12383066|ref|NP_07373
7.1| 

63.5 1.73E-
11 

membrane associated ring-CH-type finger 7 MARCH7 

dd_Smed_v6_6054
_0_1 

gi|4759254|ref|NP_004611
.1| 

60.8 1.91E-
11 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_1031
1_0_1 

gi|47419909|ref|NP_00384
3.3| 

62.8 2.12E-
11 

tripartite motif containing 24 TRIM24 

dd_Smed_v6_8604
_0_1 

gi|47419909|ref|NP_00384
3.3| 

60.5 9.43E-
11 

tripartite motif containing 24 TRIM24 

dd_Smed_v6_7394
_0_1 

gi|221139764|ref|NP_0659
52.2| 

61.2 1.31E-
10 

PHD and ring finger domains 1 PHRF1 

dd_Smed_v6_3334
_0_1 

gi|221139764|ref|NP_0659
52.2| 

59.7 2.68E-
10 

PHD and ring finger domains 1 PHRF1 

dd_Smed_v6_3984
_0_1 

gi|221139764|ref|NP_0659
52.2| 

57.4 7.67E-
10 

PHD and ring finger domains 1 PHRF1 

dd_Smed_v6_1997
_0_1 

gi|188497705|ref|NP_0067
59.3| 

56.6 1.24E-
09 

BRCA1 associated protein BRAP 

dd_Smed_v6_1113
0_0_1 

gi|221139764|ref|NP_0659
52.2| 

54.3 5.85E-
09 

PHD and ring finger domains 1 PHRF1 

dd_Smed_v6_8004
_0_1 

gi|4759254|ref|NP_004611
.1| 

52.4 8.53E-
09 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_2391
_0_1 

gi|4759254|ref|NP_004611
.1| 

53.1 1.32E-
08 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_2071
3_0_1 

gi|4502139|ref|NP_001156
.1| 

45.1 2.17E-
08 

baculoviral IAP repeat containing 3 BIRC3 

dd_Smed_v6_3775
_0_1 

gi|188497705|ref|NP_0067
59.3| 

51.2 3.25E-
08 

BRCA1 associated protein BRAP 

dd_Smed_v6_2277
_0_1 

gi|4759254|ref|NP_004611
.1| 

48.9 4.81E-
08 

TNF receptor associated factor 6 TRAF6 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 2: Additional IPR 013083 Contigs 

Smed contig Human Blast Hit ID 
Bitsco

re 
Evalu

e Gene Name 
Gene 
Symbol 

dd_Smed_v6_1503
9_0_1 

gi|4759254|ref|NP_004611.
1| 

49.3 7.06E-
08 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_8799
_0_1 

gi|47419909|ref|NP_00384
3.3| 

50.1 9.72E-
08 

tripartite motif containing 24 TRIM24 

dd_Smed_v6_3468
_1_1 

gi|50409810|ref|NP_00100
2244.1| 

41.6 9.88E-
08 

anaphase promoting complex subunit 11 ANAPC11 

dd_Smed_v6_1317
4_0_1 

gi|22027612|ref|NP_06696
1.2| 

47.4 2.98E-
07 

TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_4933
_0_1 

gi|221139764|ref|NP_0659
52.2| 

49.7 3.85E-
07 

PHD and ring finger domains 1 PHRF1 

dd_Smed_v6_1728
6_0_1 

gi|4759254|ref|NP_004611.
1| 

46.6 3.91E-
07 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_9426
0_0_1 

gi|77404348|ref|NP_00102
9082.1| 

42.4 4.37E-
07 

TNF receptor associated factor 5 TRAF5 

dd_Smed_v6_5318
8_0_1 

gi|22027616|ref|NP_00329
1.2| 

39.7 4.70E-
07 

TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_1461
7_0_1 

gi|77404348|ref|NP_00102
9082.1| 

45.4 5.64E-
07 

TNF receptor associated factor 5 TRAF5 

dd_Smed_v6_5580
0_0_1 

gi|4759254|ref|NP_004611.
1| 

40 6.22E-
07 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_1871
1_0_1 

gi|22027616|ref|NP_00329
1.2| 

40 6.90E-
07 

TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_1266
7_0_1 

gi|44680139|ref|NP_20312
7.3| 

42.7 9.18E-
07 

baculoviral IAP repeat containing 8 BIRC8 

dd_Smed_v6_1080
3_0_1 

gi|4502139|ref|NP_001156.
1| 

44.3 9.48E-
07 

baculoviral IAP repeat containing 3 BIRC3 

dd_Smed_v6_1163
_0_1 

gi|4759254|ref|NP_004611.
1| 

45.4 1.07E-
06 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_4609
_0_1 

gi|37588869|ref|NP_07134
7.2| 

46.2 1.22E-
06 

ring finger protein 123 RNF123 

dd_Smed_v6_4379
_0_1 

gi|82659109|ref|NP_06581
6.2| 

44.3 1.99E-
06 

ubiquitin protein ligase E3 component n-
recognin 4 

UBR4 

dd_Smed_v6_9528
_0_1 

gi|21361543|ref|NP_05756
7.3| 

45.4 2.44E-
06 

PHD finger protein 7 PHF7 

dd_Smed_v6_1646
8_0_1 

gi|22027612|ref|NP_06696
1.2| 

43.5 2.86E-
06 

TNF receptor associated factor 2 TRAF2 

dd_Smed_v6_6793
6_0_1 

gi|29788758|ref|NP_06090
4.2| 

38.5 2.96E-
06 

ring finger protein 130 RNF130 

dd_Smed_v6_4338
_0_1 

gi|44680139|ref|NP_20312
7.3| 

42.7 2.99E-
06 

baculoviral IAP repeat containing 8 BIRC8 

dd_Smed_v6_8447
_0_1 

gi|4502139|ref|NP_001156.
1| 

42.7 3.15E-
06 

baculoviral IAP repeat containing 3 BIRC3 

dd_Smed_v6_7881
_0_1 

gi|19913361|ref|NP_57989
1.1| 

44.7 3.81E-
06 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5 

 

dd_Smed_v6_1843
4_0_1 

gi|4502141|ref|NP_001157.
1| 

39.3 5.03E-
06 

baculoviral IAP repeat containing 2 BIRC2 

dd_Smed_v6_7294
_0_2 

gi|115430235|ref|NP_0010
41666.1| 

43.9 6.94E-
06 

ubiquitin like with PHD and ring finger 
domains 1 

UHRF1 

dd_Smed_v6_9022
_0_1 

gi|6552299|ref|NP_009225.
1| 

44.3 1.29E-
05 

BRCA1 DNA repair associated BRCA1 

dd_Smed_v6_1618
3_0_1 

gi|57529737|ref|NP_05582
4.1| 

41.6 1.48E-
05 

PDZ domain containing ring finger 3 PDZRN3 

dd_Smed_v6_6633
6_0_1 

gi|221139764|ref|NP_0659
52.2| 

39.7 1.99E-
05 

PHD and ring finger domains 1 PHRF1 
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Supplemental Table S2.1. List of planarian contigs with RING or U-box domain and 

top BLAST hit to human E3 ligases. Continued. 

Tab 2: Additional IPR 013083 Contigs 

Smed contig Human Blast Hit ID 
Bitsco

re 
Evalu

e Gene Name 
Gene 
Symbol 

dd_Smed_v6_1333
1_0_1 

gi|148528975|ref|NP_9408
63.3| 

35.8 2.16E-
05 

LON peptidase N-terminal domain and ring 
finger 2 

LONRF2 

dd_Smed_v6_1090
6_0_1 

gi|22027616|ref|NP_00329
1.2| 

32.3 2.18E-
05 

TNF receptor associated factor 3 TRAF3 

dd_Smed_v6_3655
_0_1 

gi|188497705|ref|NP_0067
59.3| 

40.8 2.29E-
05 

BRCA1 associated protein BRAP 

dd_Smed_v6_1948
7_0_1 

gi|24025688|ref|NP_69920
2.1| 

34.3 3.84E-
05 

ligand of numb-protein X 2 LNX2 

dd_Smed_v6_8460
1_0_1 

gi|21630277|ref|NP_66021
5.1| 

35 4.00E-
05 

tripartite motif containing 11 TRIM11 

dd_Smed_v6_4496
0_0_1 

gi|14042925|ref|NP_11440
4.1| 

34.3 7.43E-
05 

ring finger protein 26 RNF26 

dd_Smed_v6_3398
_0_1 

gi|45594312|ref|NP_11564
7.2| 

42.4 9.52E-
05 

TNF receptor associated factor 7 TRAF7 

dd_Smed_v6_5662
_0_1 

gi|19913361|ref|NP_57989
1.1| 

38.1 9.86E-
05 

Wolf-Hirschhorn syndrome candidate 1 
protein isoform 5 

 

dd_Smed_v6_2321
9_0_1 

gi|54792146|ref|NP_25841
1.2| 

33.5 1.36E-
04 

tripartite motif containing 47 TRIM47 

dd_Smed_v6_1604
6_0_4 

gi|4759254|ref|NP_004611.
1| 

35.8 1.64E-
04 

TNF receptor associated factor 6 TRAF6 

dd_Smed_v6_1277
0_0_1 

gi|37588869|ref|NP_07134
7.2| 

36.2 3.31E-
04 

ring finger protein 123 RNF123 

dd_Smed_v6_4144
_0_1 

gi|57529737|ref|NP_05582
4.1| 

33.1 3.90E-
04 

PDZ domain containing ring finger 3 PDZRN3 

dd_Smed_v6_1018
5_0_1 

gi|6005747|ref|NP_009143.
1| 

37 7.39E-
04 

ring finger protein 2 RNF2 

dd_Smed_v6_2491
0_0_5 

gi|134288906|ref|NP_0010
04342.3| 

32 7.90E-
04 

tripartite motif containing 67 TRIM67 

dd_Smed_v6_1226
1_0_1 

gi|209180481|ref|NP_0790
90.2| 

37 0.001 Cbl proto-oncogene like 1 CBLL1 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. 

Tab 1: Significantly differentially expressed genes after 11 days of phc(RNAi). 

Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_12731_0_1 0.95 4.73E-16 E3 SUMO-protein ligase CBX4 O00257.3 6.00E-09 

dd_Smed_v6_3632_0_1 0.84 1.62E-10 
   

dd_Smed_v6_9909_0_1 0.75 1.84E-06 
   

dd_Smed_v6_2394_0_1 0.58 0.002957566 Cytochrome P450 2J2 P51589.2 1.00E-36 

dd_Smed_v6_15545_0_1 0.56 0.001631982 Ligand of Numb protein X 2 Q8N448.1 0.001 

dd_Smed_v6_1692_0_5 0.51 0.007081075 28S ribosomal protein S5, mitochondrial P82675.2 8.00E-45 

dd_Smed_v6_42763_0_1 0.50 6.86E-05 Nuclear receptor ROR-alpha P35398.2 7.00E-24 

dd_Smed_v6_385_0_2 0.50 0.043329257 
   

dd_Smed_v6_11245_0_2 0.49 0.010360497 Histone acetyltransferase KAT6A Q92794.2 2.00E-17 

dd_Smed_v6_9559_0_2 0.44 0.017636534 WD repeat-containing protein 81 Q562E7.2 3.00E-68 

dd_Smed_v6_8078_0_1 0.44 0.030639653 Eukaryotic translation initiation factor 4 gamma 1 Q04637.4 8.00E-32 

dd_Smed_v6_1636_0_1 0.43 0.003994618 Zonadhesin Q9Y493.5 1.00E-33 

dd_Smed_v6_2869_0_1 0.42 0.07832413 Intercellular adhesion molecule 5 Q9UMF0.3 0.006 

dd_Smed_v6_12353_0_1 0.41 0.087471986 
   

dd_Smed_v6_416_0_1 0.40 0.002957566 
   

dd_Smed_v6_1571_0_1 0.40 0.087925756 
   

dd_Smed_v6_1692_0_2 0.39 0.001319671 28S ribosomal protein S5, mitochondrial P82675.2 8.00E-45 

dd_Smed_v6_5368_0_13 0.31 0.083753657 Serine/threonine-protein kinase 3 Q13188.2 2.00E-17 

dd_Smed_v6_636_0_1 0.30 0.00034698 von Willebrand factor P04275.4 3.00E-07 

dd_Smed_v6_5865_0_1 0.28 0.083087152 Structural maintenance of chromosomes protein 4 Q9NTJ3.2 1.00E-107 

dd_Smed_v6_5235_1_1 0.27 0.026777116 
   

dd_Smed_v6_7877_0_2 0.26 0.000144449 Hepatocyte nuclear factor 6 Q9UBC0.1 4.00E-71 

dd_Smed_v6_11691_0_16 0.25 0.006920318 
   

dd_Smed_v6_16566_0_2 0.14 0.004607497 Protocadherin gamma-A7 Q9Y5G6.1 1.00E-69 

dd_Smed_v6_11691_0_20 0.14 0.038185236 
   

dd_Smed_v6_56732_0_1 0.13 0.064328855 
   

dd_Smed_v6_3286_0_23 0.12 0.059585366 
   

dd_Smed_v6_12323_0_4 0.12 0.07832413 Copine-9 Q8IYJ1.3 1.00E-46 

dd_Smed_v6_10407_0_28 0.09 0.023440614 
   

dd_Smed_v6_14400_0_3 -0.11 0.049532048 Rho GTPase-activating protein 20 Q9P2F6.2 2.00E-07 

dd_Smed_v6_2822_0_17 -0.12 0.000232145 Aurora kinase C Q9UQB9.1 4.00E-27 

dd_Smed_v6_6366_0_3 -0.13 0.044272715 Beta-1,3-glucosyltransferase Q6Y288.2 2.00E-54 

dd_Smed_v6_18182_0_1 -0.14 0.044272715 
   

dd_Smed_v6_20393_0_2 -0.14 0.013877322 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 1: Significantly differentially expressed genes after 11 days of phc(RNAi). 

Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_8834_0_
1 

-0.16 0.011279
334 

Squamous cell carcinoma antigen recognized by T-cells 3 Q15020.1 0.017 

dd_Smed_v6_8062_0_
14 

-0.17 0.007081
075 

Acyl-CoA synthetase short-chain family member 3 Q9H6R3.1 1.00E-11 

dd_Smed_v6_8268_0_
2 

-0.17 0.012072
179 

   

dd_Smed_v6_13044_0
_5 

-0.31 0.005545
916 

   

dd_Smed_v6_12353_0
_3 

-0.32 0.000112
255 

   

dd_Smed_v6_12353_0
_4 

-0.34 3.15E-05 
   

dd_Smed_v6_22230_0
_2 

-0.37 3.07E-05 
   

dd_Smed_v6_1760_0_
1 

-0.37 0.035307
152 

Transformer-2 protein homolog alpha Q13595.1 2.00E-17 

dd_Smed_v6_6686_0_
3 

-0.38 2.96E-05 Dynein assembly factor 3, axonemal Q8N9W5.4 1.00E-84 

dd_Smed_v6_2072_0_
32 

-0.40 0.017926
325 

Ankyrin-3 Q12955.3 0 

dd_Smed_v6_10946_0
_2 

-0.46 0.083753
657 

Pikachurin Q63HQ2.2 1.00E-48 

dd_Smed_v6_5620_0_
8 

-0.47 0.091657
674 

Tensin-1 Q9HBL0.2 5.00E-37 

dd_Smed_v6_5144_0_
3 

-0.55 0.007081
075 

Endosome/lysosome-associated apoptosis and autophagy regulator 
family member 2 

A8MWY0.2 3.00E-126 

dd_Smed_v6_8936_0_
3 

-0.59 5.44E-06 
   

dd_Smed_v6_8875_0_
1 

-1.34 4.93E-28 Polyhomeotic-like protein 3 Q8NDX5.1 7.00E-14 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 2: Significantly differentially expressed genes after 14 days of rnf2(RNAi). 

Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_8989_0_1 -1.53 5.29E-27 E3 ubiquitin-protein ligase RING2 Q99496.1 6.00E-46 

dd_Smed_v6_2184_0_1 -0.88 3.96E-06 
   

dd_Smed_v6_9699_0_2 -0.80 9.30E-06 Band 3 anion transport protein P02730.3 6.00E-45 

dd_Smed_v6_10147_0_5 -0.76 2.81E-08 Monocarboxylate transporter 14 Q7RTX9.1 7.00E-17 

dd_Smed_v6_3066_0_1 -0.57 8.30E-08 Transmembrane protein 41A Q96HV5.1 2.00E-66 

dd_Smed_v6_3286_0_12 -0.52 9.30E-06 
   

dd_Smed_v6_583_0_1 -0.52 2.15E-09 
   

dd_Smed_v6_777_0_1 -0.49 2.65E-05 
   

dd_Smed_v6_1127_0_1 -0.48 0.046195564 Glycine N-methyltransferase Q14749.3 2.00E-116 

dd_Smed_v6_2483_0_1 -0.30 0.000133265 
   

dd_Smed_v6_9205_0_6 -0.24 0.013554565 Guanine nucleotide exchange factor subunit RIC1 Q4ADV7.2 9.00E-159 

dd_Smed_v6_10186_0_3 -0.24 0.029148468 Bardet-Biedl syndrome 2 protein Q9BXC9.1 6.00E-171 

dd_Smed_v6_6500_0_5 -0.23 0.001001943 DNA polymerase eta Q9Y253.1 8.00E-52 

dd_Smed_v6_12745_0_3 -0.19 0.014304774 RNA pseudouridylate synthase domain-containing protein 2 Q8IZ73.2 1.00E-63 

dd_Smed_v6_6366_0_8 -0.18 0.080357031 Beta-1,3-glucosyltransferase Q6Y288.2 6.00E-30 

dd_Smed_v6_7997_1_5 -0.16 0.016522882 
   

dd_Smed_v6_16660_0_2 0.21 0.021373083 Jerky protein homolog-like Q9Y4A0.2 0.002 

dd_Smed_v6_15487_0_2 0.29 0.001117104 
   

dd_Smed_v6_758_1_1 0.48 0.050075382 Endoplasmin P14625.1 0 

dd_Smed_v6_7448_0_1 0.63 0.028916557 Mitofusin-2 O95140.3 2.00E-15 

dd_Smed_v6_2080_0_1 0.65 2.32E-05 Mitofusin-2 O95140.3 8.00E-23 

dd_Smed_v6_79_0_1 0.66 0.003011286 Pulmonary surfactant-associated protein A1 Q8IWL2.2 1.00E-06 

dd_Smed_v6_58_0_1 0.67 0.003543346 Collectin-11 Q9BWP8.1 7.00E-12 

dd_Smed_v6_6390_0_2 0.67 9.01E-05 Tubulin polyglutamylase TTLL5 Q6EMB2.3 2.00E-157 

dd_Smed_v6_909_0_1 0.71 0.000363279 
   

dd_Smed_v6_2777_0_5 0.76 0.000280758 
   

dd_Smed_v6_10791_0_1 0.83 2.81E-08 FAD-dependent oxidoreductase domain-containing protein 1 Q96CU9.2 5.00E-107 

dd_Smed_v6_297_0_1 0.93 8.72E-13 Cytochrome c oxidase subunit 2 P00403.1 1.00E-30 

dd_Smed_v6_10_1_1 1.03 1.73E-09 Collectin-10 Q9Y6Z7.2 1.00E-07 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_79_0_1 1.92 6.10E-29 Pulmonary surfactant-associated protein A1 Q8IWL2.2 1.00E-06 

dd_Smed_v6_58_0_1 1.78 3.79E-26 Collectin-11 Q9BWP8.1 7.00E-12 

dd_Smed_v6_10_1_1 1.47 4.70E-19 Collectin-10 Q9Y6Z7.2 1.00E-07 

dd_Smed_v6_2777_0_5 1.38 8.85E-19 
   

dd_Smed_v6_33_0_1 1.21 5.15E-11 Pulmonary surfactant-associated protein A2 Q8IWL1.1 4.00E-06 

dd_Smed_v6_7448_0_1 1.03 4.44E-08 Mitofusin-2 O95140.3 2.00E-15 

dd_Smed_v6_297_0_1 0.97 2.08E-12 Cytochrome c oxidase subunit 2 P00403.1 1.00E-30 

dd_Smed_v6_606_0_3 0.96 5.32E-06 Alpha-N-acetylgalactosaminidase P17050.2 1.00E-75 

dd_Smed_v6_2080_0_1 0.95 3.73E-11 Mitofusin-2 O95140.3 8.00E-23 

dd_Smed_v6_8_0_2 0.91 4.25E-05 
   

dd_Smed_v6_909_0_1 0.90 2.62E-10 
   

dd_Smed_v6_10364_0_1 0.89 8.48E-06 Dehydrogenase/reductase SDR family member 11 Q6UWP2.1 1.00E-76 

dd_Smed_v6_10504_0_1 0.89 8.17E-08 
   

dd_Smed_v6_3194_0_1 0.86 9.29E-07 Serine/threonine-protein kinase 24 Q9Y6E0.1 1.00E-33 

dd_Smed_v6_28214_0_1 0.81 2.24E-06 Muscarinic acetylcholine receptor M1 P11229.2 1.00E-29 

dd_Smed_v6_9168_0_2 0.80 0.000326886 DNA polymerase alpha catalytic subunit P09884.2 0 

dd_Smed_v6_4595_0_1 0.75 0.003588929 Chromatin-remodeling ATPase INO80 Q9ULG1.2 0 

dd_Smed_v6_585_0_1 0.75 1.01E-05 
   

dd_Smed_v6_122_1_1 0.71 3.80E-14 Lysosomal acid lipase/cholesteryl ester hydrolase P38571.2 4.00E-111 

dd_Smed_v6_2850_0_3 0.70 0.005579583 
   

dd_Smed_v6_2777_0_1 0.70 0.011293493 Mitofusin-2 O95140.3 2.00E-24 

dd_Smed_v6_6738_0_1 0.69 1.66E-06 Ethanolamine-phosphate phospho-lyase Q8TBG4.1 0 

dd_Smed_v6_13191_0_1 0.69 0.012723791 
   

dd_Smed_v6_12731_0_1 0.68 0.000396239 E3 SUMO-protein ligase CBX4 O00257.3 6.00E-09 

dd_Smed_v6_3638_0_1 0.66 0.005943063 Krueppel-like factor 13 Q9Y2Y9.1 2.00E-34 

dd_Smed_v6_916_0_2 0.65 3.27E-05 Fumarylacetoacetase P16930.2 0 

dd_Smed_v6_8_0_1 0.64 2.85E-05 
   

dd_Smed_v6_6819_0_2 0.64 0.036840685 Alpha-1,4-N-acetylglucosaminyltransferase Q9UNA3.1 3.00E-04 

dd_Smed_v6_3177_0_1 0.63 2.31E-09 Tolloid-like protein 2 Q9Y6L7.1 2.00E-28 

dd_Smed_v6_271_0_1 0.63 5.23E-09 Fatty acid-binding protein, brain O15540.3 8.00E-30 

dd_Smed_v6_7637_0_2 0.61 3.36E-07 Inositol 1,4,5-trisphosphate receptor type 1 Q14643.3 0 

dd_Smed_v6_19_0_3 0.61 0.000647842 
   

dd_Smed_v6_5406_0_1 0.60 0.004289082 
   

dd_Smed_v6_3650_0_1 0.60 1.44E-05 TNF receptor-associated factor 5 O00463.2 2.00E-13 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_42_0_1 0.60 0.03944555
6 

   

dd_Smed_v6_12877_0_1 0.59 0.02618344
3 

   

dd_Smed_v6_388_0_1 0.59 7.07E-06 Dynamin-1-like protein O00429.2 3.00E-
134 

dd_Smed_v6_496_0_1 0.59 0.08212226
9 

   

dd_Smed_v6_9441_0_2 0.58 0.04233087 Haloacid dehalogenase-like hydrolase domain-containing 
5 

Q9BXW7.1 7.00E-56 

dd_Smed_v6_668_0_1 0.57 5.56E-10 Hsc70-interacting protein P50502.2 5.00E-52 

dd_Smed_v6_258_0_1 0.57 3.21E-18 NADH-ubiquinone oxidoreductase chain 1 P03886.1 3.00E-42 

dd_Smed_v6_421_0_1 0.57 1.38E-08 10 kDa heat shock protein, mitochondrial P61604.2 1.00E-38 

dd_Smed_v6_2777_0_2 0.56 0.00094328 Mitofusin-2 O95140.3 2.00E-24 

dd_Smed_v6_8766_0_1 0.56 0.00805830
1 

2-amino-3-carboxymuconate-6-semialdehyde 
decarboxylase 

Q8TDX5.1 1.00E-
136 

dd_Smed_v6_19_0_2 0.56 0.00176150
7 

   

dd_Smed_v6_12062_0_1 0.55 0.08001038
9 

Protein ATP1B4 Q9UN42.1 6.00E-14 

dd_Smed_v6_753_0_1 0.53 4.71E-05 Cytochrome c oxidase subunit 1 P00395.1 0 

dd_Smed_v6_5156_0_1 0.52 0.05302258
6 

Histone H2A type 1-A Q96QV6.3 4.00E-43 

dd_Smed_v6_3169_0_1 0.51 0.00561757
9 

   

dd_Smed_v6_601_0_1 0.51 0.03585080
5 

Histone H1.8 Q8IZA3.1 6.00E-09 

dd_Smed_v6_526_0_1 0.51 2.78E-08 Adenosylhomocysteinase P23526.4 0 

dd_Smed_v6_5472_0_1 0.51 0.00925418
9 

   

dd_Smed_v6_5660_0_1 0.50 0.00105009 Sodium/hydrogen exchanger 1 P19634.2 5.00E-59 

dd_Smed_v6_602_0_1 0.50 1.57E-05 NPC intracellular cholesterol transporter 2 P61916.1 1.00E-33 

dd_Smed_v6_315_0_1 0.49 0.00045916
7 

   

dd_Smed_v6_10696_0_3 0.48 0.02050981
4 

NFX1-type zinc finger-containing protein 1 Q9P2E3.2 0 

dd_Smed_v6_3794_0_1 0.48 0.01161746
4 

Pantothenate kinase 3 Q9H999.1 1.00E-08 

dd_Smed_v6_758_1_1 0.48 0.00248307
4 

Endoplasmin P14625.1 0 

dd_Smed_v6_5726_0_1 0.48 0.00382147
9 

D-amino-acid oxidase P14920.3 4.00E-56 

dd_Smed_v6_8422_0_1 0.47 0.09241566
4 

Plasma alpha-L-fucosidase Q9BTY2.2 2.00E-
176 

dd_Smed_v6_3387_0_1 0.47 0.00291590
2 

Proteasome subunit alpha type-6 P60900.1 6.00E-99 

dd_Smed_v6_56_0_1 0.47 6.27E-10 Heat shock protein HSP 90-alpha P07900.5 0 

dd_Smed_v6_4596_0_1 0.46 0.07350400
9 

   

dd_Smed_v6_5862_0_1 0.46 0.08493773
7 

Ribonucleoside-diphosphate reductase subunit M2 B Q7LG56.1 2.00E-31 

dd_Smed_v6_5347_0_2 0.46 0.05025305
9 

Nuclear pore complex protein Nup98-Nup96 P52948.4 3.00E-60 

dd_Smed_v6_1794_0_1 0.45 0.00744220
6 

Catechol O-methyltransferase domain-containing protein 
1 

Q86VU5.1 3.00E-49 

dd_Smed_v6_132_0_1 0.45 0.09855989
4 

   

dd_Smed_v6_19_0_1 0.45 0.00137198 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_511_0_1 0.45 4.84E-09 Endoplasmic reticulum chaperone BiP P11021.2 0 

dd_Smed_v6_11756_0_1 0.45 0.0938081 Mitogen-activated protein kinase kinase kinase 15 Q6ZN16.2 8.00E-23 

dd_Smed_v6_6337_0_1 0.45 0.02138887
8 

Phenylalanine-4-hydroxylase P00439.1 0 

dd_Smed_v6_1251_0_1 0.44 0.00726211
8 

Four and a half LIM domains protein 3 Q13643.4 2.00E-17 

dd_Smed_v6_785_0_1 0.44 0.00039623
9 

Lysosomal protective protein P10619.2 5.00E-
145 

dd_Smed_v6_678_0_1 0.44 0.00099865
9 

PUTATIVE PSEUDOGENE: RecName: Putative heat shock 
protein HSP 90-beta 4 

Q58FF6.1 2.00E-
120 

dd_Smed_v6_862_0_1 0.43 0.04453980
6 

   

dd_Smed_v6_5447_0_1 0.43 0.01710123
4 

Solute carrier family 2, facilitated glucose transporter 
member 1 

P11166.2 2.00E-
115 

dd_Smed_v6_3051_0_1 0.43 0.02882357
2 

   

dd_Smed_v6_6553_0_1 0.43 0.06174394
7 

   

dd_Smed_v6_1536_0_1 0.42 0.06048476
3 

Peptidyl-prolyl cis-trans isomerase FKBP2 P26885.2 7.00E-50 

dd_Smed_v6_1706_0_1 0.42 0.03163213
7 

Prosaposin P07602.2 6.00E-07 

dd_Smed_v6_380_0_1 0.42 0.06708911
1 

   

dd_Smed_v6_2947_0_1 0.42 0.02786527
4 

Succinate--CoA ligase [GDP-forming] subunit beta, 
mitochondrial 

Q96I99.2 3.00E-
153 

dd_Smed_v6_3508_0_1 0.41 0.03206933
7 

Solute carrier family 28 member 3 Q9HAS3.1 7.00E-
110 

dd_Smed_v6_15598_0_4 0.41 0.04232104
1 

1-acyl-sn-glycerol-3-phosphate acyltransferase alpha Q99943.2 3.00E-41 

dd_Smed_v6_3419_0_1 0.41 0.01384206
4 

Kynurenine/alpha-aminoadipate aminotransferase, 
mitochondrial 

Q8N5Z0.2 2.00E-13 

dd_Smed_v6_4792_0_1 0.40 0.08018499
6 

Neurogenic locus notch homolog protein 4 Q99466.2 1.00E-10 

dd_Smed_v6_861_0_2 0.40 0.00842350
5 

   

dd_Smed_v6_1767_0_1 0.40 0.03140384
7 

Bcl-2 homologous antagonist/killer Q16611.1 2.00E-11 

dd_Smed_v6_1557_0_1 0.39 0.03302288 Proteasome subunit alpha type-3 P25788.2 9.00E-
112 

dd_Smed_v6_1235_0_1 0.38 0.04232104
1 

Proteasome subunit alpha type-7 O14818.1 6.00E-
109 

dd_Smed_v6_1921_0_1 0.38 0.00025770
8 

Peptidyl-prolyl cis-trans isomerase FKBP4 Q02790.3 2.00E-
116 

dd_Smed_v6_1_0_1 0.38 0.00565493
1 

   

dd_Smed_v6_4738_0_1 0.38 0.03944555
6 

Pyruvate kinase PKM P14618.4 0 

dd_Smed_v6_2582_1_1 0.38 0.09572883 Methyltransferase-like protein 27 Q8N6F8.2 1.00E-13 

dd_Smed_v6_1771_0_1 0.37 0.04696899
5 

Proteasome subunit beta type-1 P20618.2 4.00E-79 

dd_Smed_v6_9501_0_3 0.37 0.00172474
6 

   

dd_Smed_v6_219_0_1 0.36 0.00787981
2 

Dipeptidyl peptidase 1 P53634.2 8.00E-
159 

dd_Smed_v6_1584_0_1 0.35 0.00091897
6 

Beta-ureidopropionase Q9UBR1.1 2.00E-
174 

dd_Smed_v6_320_0_1 0.35 0.01347359
2 

Heat shock cognate 71 kDa protein P11142.1 0 

dd_Smed_v6_1711_0_1 0.35 0.07716927
7 

Glutamine--tRNA ligase P47897.1 0 
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Supplemental Table S2.2. List of significantly differentially expressed genes 

following phc(RNAi) or rnf2(RNAi) at FDR cutoff value of ≤ 0.1. Continued. 

Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_1170_0_1 0.35 3.48E-06 Haloacid dehalogenase-like hydrolase domain-containing 
5 

Q9BXW7.1 7.00E-90 

dd_Smed_v6_220_0_4 0.35 0.05302258
6 

Calreticulin P27797.1 2.00E-
151 

dd_Smed_v6_2087_0_1 0.34 0.05510600
9 

Phosphatidylserine decarboxylase proenzyme, 
mitochondrial 

Q9UG56.4 5.00E-68 

dd_Smed_v6_4058_0_1 0.34 0.05885847
4 

Phosphoglucomutase-2 Q96G03.4 6.00E-
176 

dd_Smed_v6_4449_0_1 0.33 0.09715301
9 

Cytochrome P450 2A6 P11509.4 2.00E-80 

dd_Smed_v6_423_0_1 0.33 0.02138887
8 

Cystatin-A P01040.1 2.00E-16 

dd_Smed_v6_16045_0_2 0.32 0.00496137
6 

   

dd_Smed_v6_921_0_1 0.32 0.00334869
4 

LIM domain and actin-binding protein 1 Q9UHB6.1 6.00E-19 

dd_Smed_v6_1599_0_1 0.32 0.00099865
9 

Coronin-1B Q9BR76.1 6.00E-72 

dd_Smed_v6_278_0_1 0.32 0.00615361
5 

   

dd_Smed_v6_22388_0_2 0.31 0.00476030
6 

   

dd_Smed_v6_1986_0_1 0.30 0.01890028
2 

Stress-induced-phosphoprotein 1 P31948.1 0 

dd_Smed_v6_23320_0_1 0.30 0.00757678
7 

   

dd_Smed_v6_1087_0_1 0.30 0.02842829
7 

Heat shock 70 kDa protein 4L O95757.3 0 

dd_Smed_v6_4296_0_2 0.30 0.00563256
6 

RNA-binding protein with multiple splicing Q93062.1 2.00E-23 

dd_Smed_v6_929_0_1 0.29 0.01905379
5 

Advillin O75366.3 1.00E-59 

dd_Smed_v6_18_0_1 0.29 0.00024855
5 

   

dd_Smed_v6_462_0_1 0.29 0.00594306
3 

   

dd_Smed_v6_1757_0_1 0.29 0.04159502
2 

   

dd_Smed_v6_10941_0_5
8 

0.27 0.00473448 
   

dd_Smed_v6_727_0_1 0.25 0.06675047
4 

Adenylyl cyclase-associated protein 2 P40123.1 3.00E-
130 

dd_Smed_v6_17904_0_2 0.25 0.00390665
4 

   

dd_Smed_v6_662_0_1 0.25 0.02694646
1 

Phospholipid hydroperoxide glutathione peroxidase P36969.3 9.00E-60 

dd_Smed_v6_180_0_1 0.24 0.06324447
8 

Ubiquitin-conjugating enzyme E2 L3 P68036.1 3.00E-39 

dd_Smed_v6_8526_0_10 0.23 0.03589031
7 

Tigger transposable element-derived protein 1 Q96MW7.1 9.00E-08 

dd_Smed_v6_21185_0_2 0.23 0.01297344
7 

Serine/threonine-protein phosphatase with EF-hands 1 O14829.1 1.00E-61 

dd_Smed_v6_8311_0_1 0.23 0.01175826
5 

Tyrosyl-DNA phosphodiesterase 1 Q9NUW8.2 1.00E-
112 

dd_Smed_v6_14153_0_1 0.19 0.03025729
7 

   

dd_Smed_v6_8834_0_3 0.18 0.00805830
1 

Squamous cell carcinoma antigen recognized by T-cells 3 Q15020.1 3.00E-06 

dd_Smed_v6_26861_0_2 0.18 0.04115277
2 

Potassium voltage-gated channel subfamily C member 2 Q96PR1.1 1.00E-78 

dd_Smed_v6_8975_0_2 0.18 0.06279067
7 

Serine/threonine-protein kinase 4 Q13043.2 1.00E-17 

dd_Smed_v6_9768_0_2 0.17 0.06145905
8 

Omega-amidase NIT2 Q9NQR4.1 7.00E-75 

dd_Smed_v6_6427_0_1 0.15 0.00618734
9 

Exocyst complex component 1 Q9NV70.4 1.00E-89 

dd_Smed_v6_1205_0_2 0.12 0.03856232
4 

Microtubule-actin cross-linking factor 1, isoforms 
1/2/3/5 

Q9UPN3.4 0 
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Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
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dd_Smed_v6_5368_0_1 -0.13 0.06708515
2 

Serine/threonine-protein kinase 3 Q13188.2 4.00E-17 

dd_Smed_v6_11507_0_2 -0.18 0.03236370
1 

Nucleolar pre-ribosomal-associated protein 1 O60287.4 3.00E-20 

dd_Smed_v6_27418_0_2 -0.19 0.07463177
2 

   

dd_Smed_v6_17809_0_1 -0.21 0.04898133
9 

Zinc finger CCHC domain-containing protein 13 Q8WW36.1 0.026 

dd_Smed_v6_12660_2_1 -0.22 0.04125260
4 

Tigger transposable element-derived protein 1 Q96MW7.1 7.00E-
134 

dd_Smed_v6_906_0_1 -0.23 0.03928789
2 

Staphylococcal nuclease domain-containing protein 1 Q7KZF4.1 0 

dd_Smed_v6_2141_0_2 -0.23 0.02760610
6 

Actin-related protein 10 Q9NZ32.1 9.00E-74 

dd_Smed_v6_351_0_1 -0.24 0.00099865
9 

Neurotrypsin P56730.2 7.00E-34 

dd_Smed_v6_16239_0_3 -0.26 0.00514159
8 

   

dd_Smed_v6_536_0_1 -0.27 0.04135255
9 

Phosphoenolpyruvate carboxykinase, cytosolic [GTP] P35558.3 0 

dd_Smed_v6_48_0_1 -0.27 0.06177133
5 

Procathepsin L P07711.2 6.00E-
113 

dd_Smed_v6_553_0_1 -0.27 0.00176970
7 

Vigilin Q00341.2 0 

dd_Smed_v6_1574_6_12
2 

-0.27 0.00874152
3 

   

dd_Smed_v6_2284_0_1 -0.29 0.05885847
4 

Ubiquitin carboxyl-terminal hydrolase 4 Q13107.3 8.00E-
135 

dd_Smed_v6_17717_0_1 -0.29 0.00565493
1 

Tensin-2 Q63HR2.2 2.00E-12 

dd_Smed_v6_47_0_1 -0.29 0.00565493
1 

   

dd_Smed_v6_854_1_1 -0.31 0.02666081
1 

CD63 antigen P08962.2 2.00E-04 

dd_Smed_v6_1873_0_2 -0.31 0.03944555
6 

Protein transport protein Sec16A O15027.4 2.00E-17 

dd_Smed_v6_1694_0_1 -0.32 0.00311989
4 

Hepatocyte nuclear factor 4 Q14541.3 2.00E-
111 

dd_Smed_v6_1833_0_1 -0.32 0.02050981
4 

Glycine dehydrogenase (decarboxylating), mitochondrial P23378.2 0 

dd_Smed_v6_131_0_2 -0.32 0.00311989
4 

   

dd_Smed_v6_1874_0_1 -0.32 0.05739648
4 

Sialin Q9NRA2.2 2.00E-
111 

dd_Smed_v6_27_0_1 -0.33 0.08493773
7 

   

dd_Smed_v6_542_0_1 -0.33 0.03542315
2 

NADPH--cytochrome P450 reductase P16435.2 0 

dd_Smed_v6_1032_0_1 -0.34 0.00037738
4 

Cyclic AMP-responsive element-binding protein 3-like 
protein 1 

Q96BA8.1 3.00E-34 

dd_Smed_v6_825_0_1 -0.34 0.08212226
9 

   

dd_Smed_v6_2209_0_1 -0.35 0.01743243
4 

Whirlin Q9P202.4 0.001 

dd_Smed_v6_415_0_1 -0.35 0.01927060
2 

X-box-binding protein 1 P17861.2 6.00E-12 

dd_Smed_v6_1577_0_1 -0.35 0.04898133
9 

   

dd_Smed_v6_14132_0_1
0 

-0.36 0.00135005
5 

Zinc finger BED domain-containing protein 5 Q49AG3.2 7.00E-04 

dd_Smed_v6_366_0_1 -0.36 0.01714408 6-phosphogluconate dehydrogenase, decarboxylating P52209.3 0 

dd_Smed_v6_870_0_1 -0.36 0.00234504
9 

FK506-binding protein 15 Q5T1M5.2 3.00E-48 

dd_Smed_v6_938_0_1 -0.37 0.01437655
3 

Signal recognition particle receptor subunit beta Q9Y5M8.3 1.00E-42 
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Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_2649_0_1 -0.37 0.01057584
7 

Fibrillin-3 Q75N90.3 4.00E-
136 

dd_Smed_v6_14342_0_4 -0.38 0.00068937
4 

Histone-lysine N-methyltransferase SETMAR Q53H47.2 0.002 

dd_Smed_v6_1489_0_1 -0.38 1.05E-06 Macrophage mannose receptor 1 P22897.1 7.00E-17 

dd_Smed_v6_2541_0_1 -0.38 0.00802096
3 

Carboxypeptidase A2 P48052.3 3.00E-72 

dd_Smed_v6_413_0_1 -0.38 0.01297344
7 

Lysophospholipid acyltransferase 2 Q6ZWT7.2 1.00E-76 

dd_Smed_v6_10141_0_4 -0.38 0.00026590
7 

Transmembrane protein 39A Q9NV64.1 3.00E-42 

dd_Smed_v6_855_0_1 -0.39 0.00146891
9 

Binder of sperm protein homolog 1 Q075Z2.1 2.00E-04 

dd_Smed_v6_1155_0_1 -0.40 1.16E-05 Aggrecan core protein P16112.3 1.00E-14 

dd_Smed_v6_487_0_1 -0.40 0.00565493
1 

Glutamate--cysteine ligase regulatory subunit P48507.1 1.00E-26 

dd_Smed_v6_643_0_1 -0.41 0.00744220
6 

N-acetyl-D-glucosamine kinase Q9UJ70.4 1.00E-52 

dd_Smed_v6_970_0_1 -0.41 0.00565493
1 

MKI67 FHA domain-interacting nucleolar 
phosphoprotein 

Q9BYG3.1 9.00E-08 

dd_Smed_v6_87_0_2 -0.42 0.04268316
1 

   

dd_Smed_v6_1585_0_1 -0.42 0.00872765
1 

Cystathionine beta-synthase-like protein P0DN79.1 0 

dd_Smed_v6_131_0_1 -0.42 1.66E-06 
   

dd_Smed_v6_214_1_1 -0.42 0.00527630
9 

Ganglioside GM2 activator P17900.4 4.00E-19 

dd_Smed_v6_606_0_1 -0.42 0.04233087 Alpha-N-acetylgalactosaminidase P17050.2 2.00E-
112 

dd_Smed_v6_735_0_1 -0.43 1.86E-05 
   

dd_Smed_v6_13734_0_1
0 

-0.44 0.00015259
1 

   

dd_Smed_v6_3150_0_1 -0.44 0.09857392
9 

Probable tRNA N6-adenosine 
threonylcarbamoyltransferase 

Q9NPF4.1 1.00E-
180 

dd_Smed_v6_975_0_1 -0.44 0.01167364
7 

Kallikrein-13 Q9UKR3.1 1.00E-36 

dd_Smed_v6_4455_0_1 -0.44 0.03293163
5 

CDK5 regulatory subunit-associated protein 3 Q96JB5.2 9.00E-58 

dd_Smed_v6_6020_0_1 -0.44 0.07716927
7 

Fibroblast growth factor receptor 1 P11362.3 1.00E-53 

dd_Smed_v6_7816_0_1 -0.45 0.04696899
5 

60 kDa lysophospholipase Q86U10.3 5.00E-
116 

dd_Smed_v6_257_0_1 -0.45 3.42E-08 Gastric triacylglycerol lipase P07098.1 5.00E-
117 

dd_Smed_v6_8785_0_1 -0.45 0.05252119
2 

Synaptotagmin-14 Q8NB59.2 1.00E-40 

dd_Smed_v6_154_0_1 -0.45 0.00874152
3 

   

dd_Smed_v6_2336_0_1 -0.46 0.02655412
5 

Down syndrome cell adhesion molecule-like protein 1 Q8TD84.2 4.00E-05 

dd_Smed_v6_3294_1_1 -0.46 0.03854312 Leucine-rich repeat and WD repeat-containing protein 1 Q9UFC0.2 7.00E-52 

dd_Smed_v6_2591_0_1 -0.47 9.88E-05 Macrophage mannose receptor 1 P22897.1 4.00E-22 

dd_Smed_v6_2320_0_1 -0.47 0.00293198
9 

Leishmanolysin-like peptidase Q96KR4.2 2.00E-56 

dd_Smed_v6_583_0_1 -0.48 0.01665759 
   

dd_Smed_v6_328_0_1 -0.48 0.00434259
7 

   

dd_Smed_v6_8514_0_5 -0.49 3.45E-05 
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Tab 3: Significantly differentially expressed genes after 28 days of rnf2(RNAi). 
Contig ID log2FoldChange padj Top Human Uniprot Hit Accession e-value 

dd_Smed_v6_2559_0_1 -0.49 0.00428908
2 

Leucine-rich repeat-containing protein 72 A6NJI9.2 4.00E-07 

dd_Smed_v6_1446_0_1 -0.51 0.03232096
2 

Tissue factor pathway inhibitor P10646.1 2.00E-13 

dd_Smed_v6_6850_0_1 -0.51 0.08212226
9 

Heat shock cognate 71 kDa protein P11142.1 0 

dd_Smed_v6_9200_0_1 -0.51 0.00092399
3 

Macrophage mannose receptor 1 P22897.1 9.00E-27 

dd_Smed_v6_5305_0_3 -0.52 0.00032507
2 

FAS-associated factor 1 Q9UNN5.2 3.00E-49 

dd_Smed_v6_3603_0_1 -0.53 0.00110007
4 

Peroxidasin homolog Q92626.2 0 

dd_Smed_v6_5760_0_1 -0.53 0.04115277
2 

   

dd_Smed_v6_4633_0_1 -0.53 0.04794676
8 

   

dd_Smed_v6_2361_0_1 -0.53 0.00013968
8 

Multidrug and toxin extrusion protein 1 Q96FL8.1 2.00E-90 

dd_Smed_v6_2970_0_1 -0.54 8.22E-08 Histidine ammonia-lyase P42357.1 2.00E-99 

dd_Smed_v6_9186_0_1 -0.54 0.06708515
2 

Mothers against decapentaplegic homolog 7 O15105.1 1.00E-05 

dd_Smed_v6_1893_0_1 -0.55 5.77E-09 Protein disulfide-isomerase A2 Q13087.2 1.00E-33 

dd_Smed_v6_7505_0_1 -0.55 0.03700093
4 

   

dd_Smed_v6_7577_0_1 -0.55 0.00094328 cAMP-specific 3',5'-cyclic phosphodiesterase 4D Q08499.2 5.00E-
171 

dd_Smed_v6_2193_0_1 -0.56 0.01297344
7 

   

dd_Smed_v6_6823_0_1 -0.57 0.08736369
8 

   

dd_Smed_v6_72_0_1 -0.58 0.00105472
6 

   

dd_Smed_v6_279_0_1 -0.58 4.03E-06 
   

dd_Smed_v6_3260_0_1 -0.58 0.00011437
9 

   

dd_Smed_v6_6923_0_1 -0.58 0.09857392
9 

Protein Smaug homolog 2 Q5PRF9.1 4.00E-41 

dd_Smed_v6_28214_0_2 -0.59 2.86E-05 Muscarinic acetylcholine receptor M1 P11229.2 1.00E-29 

dd_Smed_v6_463_0_1 -0.59 0.00078821
7 

   

dd_Smed_v6_5347_0_1 -0.60 0.00042539
6 

Nuclear pore complex protein Nup98-Nup96 P52948.4 4.00E-60 

dd_Smed_v6_1694_0_3 -0.61 0.06708911
1 

Hepatocyte nuclear factor 4-gamma Q14541.3 3.00E-93 

dd_Smed_v6_6938_0_1 -0.61 0.04574696
1 

   

dd_Smed_v6_465_0_1 -0.62 0.01175826
5 

   

dd_Smed_v6_2068_0_1 -0.63 0.00478631
9 

Nucleoside diphosphate-linked moiety X motif 8 Q8WV74.2 5.00E-24 

dd_Smed_v6_3266_0_1 -0.63 5.88E-11 Macrophage mannose receptor 1 P22897.1 7.00E-30 

dd_Smed_v6_10171_0_2 -0.64 0.04024170
7 

Gamma-aminobutyric acid receptor subunit gamma-2 P18507.2 4.00E-13 

dd_Smed_v6_2169_0_1 -0.64 2.69E-10 
   

dd_Smed_v6_5978_0_2 -0.66 0.00311989
4 

Nuclear factor of activated T-cells 5 O94916.1 4.00E-81 

dd_Smed_v6_254_0_1 -0.66 5.15E-11 Bone morphogenetic protein 1 P13497.2 1.00E-22 

dd_Smed_v6_66_0_2 -0.67 8.16E-07 Kallikrein-7 P49862.1 1.00E-13 

dd_Smed_v6_4733_0_1 -0.67 0.02055703
6 
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dd_Smed_v6_3728_0_1 -0.68 0.00013968
8 

Kallikrein-13 Q9UKR3.1 2.00E-26 

dd_Smed_v6_750_0_1 -0.69 1.33E-05 
   

dd_Smed_v6_11905_0_7 -0.70 0.00805736
8 

Partitioning defective 3 homolog Q8TEW0.2 2.00E-11 

dd_Smed_v6_634_0_1 -0.71 5.72E-25 
   

dd_Smed_v6_663_0_1 -0.72 1.40E-05 Prosaposin P07602.2 2.00E-05 

dd_Smed_v6_4570_0_1 -0.73 8.14E-05 Kallikrein-13 Q9UKR3.1 5.00E-32 

dd_Smed_v6_827_0_1 -0.73 3.53E-09 
   

dd_Smed_v6_3066_0_1 -0.73 4.03E-06 Transmembrane protein 41A Q96HV5.1 2.00E-66 

dd_Smed_v6_238_1_1 -0.74 3.75E-15 Zonadhesin Q9Y493.5 2.00E-24 

dd_Smed_v6_6816_0_1 -0.74 0.00372256
3 

Myoferlin Q9NZM1.1 0 

dd_Smed_v6_122_0_1 -0.88 5.72E-25 Teneurin-2 Q9NT68.3 7.00E-05 

dd_Smed_v6_66_0_1 -0.88 2.88E-24 Kallikrein-13 Q9UKR3.1 3.00E-19 

dd_Smed_v6_8989_0_1 -1.02 4.27E-07 E3 ubiquitin-protein ligase RING2 Q99496.1 6.00E-46 
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Conclusion of the dissertation 

 The phenomenon of regeneration has captured the fascination of naturalists and 

scientists for centuries. Regeneration is a process that is both distinct from and akin to 

embryological development, with many of the underlying regulatory pathways in 

regeneration representing a recapitulation of those developmental patterning. There are 

two major differences between regeneration and embryogenesis. The first is that the ability 

to regenerate is dispersed widely but not uniformly throughout the animal phyla, with 

significant variation , even among closely related species, in the degree of regenerative 

ability, which contrasts with the near universal process in metazoans of embryonic 

development1,2. The other major difference is that embryogenesis typically proceeds from 

an established starting point, the zygote, while regeneration must occur adaptively in 

response to environmental insults or life cycle events. Regeneration therefore requires a 

degree of responsive plasticity to integrate wound response signals and then direct the 

proper specification and integration of regenerated tissues.  

 The post-translational modification of proteins is commonly utilized in signal 

transduction pathways and offers a responsive and adaptive mechanism by which an 

organism can regulate regeneration. One such post-translational modifier of proteins is the 

small polypeptide ubiquitin, which has broad functions in cellular biology including protein 

degradation, cellular trafficking, and transcriptional regulation3-5. The terminal enzymatic 

step of the ubiquitylation cascade depends on the action of the E3 ubiquitin ligases, a large 

family of proteins that give specificity to the process of ubiquitylation6. Understanding the 

roles of the E3 ligases during regeneration is essential to understand of how ubiquitin 

signaling is regulating regenerative processes. We used the freshwater planarian as a 
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model to investigate the role of the E3 ligases in stem cell biology and regeneration because 

of its ability to completely recover from nearly any injury using a large pool of adult 

pluripotent stem cells. We focused our study on the RING and U-box classes of E3 ubiquitin 

ligases and extended our work to include the investigation of several complexes that are 

associated with E3 ligase function, including the CRLs, NTC, and PRC1. 

Cullin RING ligase complexes in planarian regeneration 

The CRL complexes are defined by the association of a RING factor with a partner 

Cullin protein. The Cullin act as a molecular scaffold that coordinates the assembly and 

organization of a particular CRL complex by forming two modules, a catalytic unit formed 

with a RING factor and a substrate targeting module that is comprised of an adaptor 

protein that links the CRL to a substrate-recognition protein7. A particular cullin protein 

can form several distinct CRL complexes through the modular association with different 

substrate-recognition proteins, allowing each class of CRL complexes to potentially have 

differential targets. To investigate the roles of CRL complexes in regulating regeneration we 

identified six cullin homologs in S. mediterranea and used RNAi to perturb gene function 

and uncovered roles for cullin-1, -3, and -4. We found that cullin-1, which is a core 

component of the SCF complex, presented phenotypes during homeostasis and 

regeneration. These phenotypes included defects in blastema formation and patterning 

during regeneration and impaired movement, lesions, and eventual lysis during 

homeostasis. These varied phenotypes, coupled with the broad expression of cullin-1, 

suggested that the SCF complex functions in many aspects of planarian biology. To dissect 

these functions in more specific contexts we reasoned that, because each F-box substrate 

recognition subunit likely interacts with only a subset of the total factors targeted by SCF, 
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we could use RNAi against individual f-box genes to perturb only a subset of SCF function. 

We identified and classified 35 f-box genes in S. mediterranea and knocked down 30 of 

them using RNAi and found that knockdown of 19 phenocopied aspects of the cullin-

1(RNAi). WISH analysis determined that the 19 f-box genes were expressed in patterns that 

were more restricted than that of cullin-1. Targeting the f-box subunits within SCF offers a 

mechanism by which the pleiotropic functions of SCF can be dissected for study or clinical 

interventions. 

 CRL complexes and the F-boxes more specifically have roles in regulating cell cycle 

dynamics and in stem cell biology, often through promoting the targeted degradation of 

regulatory and signaling factors. We identified nine f-box genes that had a significant effect 

on proliferation in planarians, suggesting a critical role for f-box genes and the SCF complex 

in regulating cell proliferation. We recovered known tumor suppressor genes in our f-box 

screen, including homologs of FBXW7 and FBXL28,9. In humans and mice, FBXL2 targets 

Cyclin D3 to arrest mitotic activity10, and we found that RNAi of the planarian homolog, 

fxl2-1, led to a significant increase in pH3+ cells, consistent with a function as a regulator of 

the cell cycle and as a tumor supressor10. We demonstrated that planarians can be used as 

an effective in vivo model to dissect the function of ubiquitin E3 ligases complexes and 

potentially uncover regulators of stem cell biology and cell proliferation. These uncovered 

regulators could become potential targets for anti-cancer therapies and that targeting 

substrate recognition subunits like the f-boxes instead of core CRL subunits would offer 

treatment options that were more specific in affecting only the morbific aspects of a 

dysregulated CRL and potentially limit any side effects that would occur from disrupting 

the general functioning of a CRL complex. 
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Spliceosomal and epigenetic ubiquitin ligases are critical regulators of 

planarian biology 

We continued our investigation of the role of ubiquitin signaling in regulating 

regeneration and stem cells by performing an in vivo functional screen of the largest class 

of E3 ubiquitin ligases, the RING and U-boxes, using RNAi to disrupt gene function. We 

generated a list of 393 contigs that were annotated as containing a RING or U-box domain 

and leveraged an existing transcriptomic data set to bin our list of E3 ligases into 

expression classes of stem cell, stem cells and progeny, and differentiated cells. To uncover 

genes important in stem cell regulation we focused our screening efforts on transcripts 

predicted to be expressed in the stem cell and stem cell progeny classes. We screened 103 

E3 ligases for function during homeostasis and regeneration and found nine that exhibited 

phenotypes related to stem cell function. 

We chose to further examine a couple of E3 ligases that emerged from our screen in 

greater depth and included the spliceosomal gene prpf19 and the epigenetic factor rnf2. 

The U-box gene prpf19 is the founding member of the NTC and regulates the assembly of 

the spliceosome by ubiquitylating U4 RNP protein PRP3 with nonproteolytic K63-linked 

chains. This action of prpf19 is conserved with yeast and necessary for the proper 

processing of pre-mRNA into mature mRNA for gene translation11,12. Prpf19/NTC also has 

roles in the DDR repair pathway where it acts as a sensor of DNA damage and coordinates 

DNA repair through its ubiquitylation of RPA-ssDNA complexes and subsequent 

recruitment of ATR13,14. 

When inhibited, prpf19 presented a robust phenotype of head regression, ventral 

curling, lesioning, and lysis that are all typically associated with a loss of stem cells in S. 
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mediterranea. These phenotypes were also observed when other core factors of NTC were 

inhibited which suggested that the prpf19(RNAi) phenotypes are mediated through its role 

in NTC. When we examined the effect of prpf19(RNAi) on the expression of stem cell 

marker genes piwi-1, tgs-1, and h2b we surprisingly found that inhibition of prpf19 did not 

lead to any loss of expression for those markers. This finding of the prpf19(RNAi) 

phenotype not being mediated by a loss of stem cells is consistent with a previous study 

that identified prpf19 as being upregulated during head regeneration15.  

The broad expression pattern observed in prpf19 WISH suggested NTC had roles in 

diverse cell types, and we found that prpf19(RNAi) did cause a reduction in staining for 

early and late epidermal progenitor populations suggesting that differentiation of stem 

cells rather than their survival is affected by prpf19 inhibition. This reduction in progenitor 

density was accompanied by a decrease in pH3+ proliferative cells, which, to not cause a 

concomitant reduction in stem cell numbers, must be balanced by reduction in stem cell 

differentiation rates. Through its DDR activity Prpf19 has anti-apoptotic properties16, a 

result that we confirmed in S. mediterranea as prpf19(RNAi) caused a significant increase in 

the number of TUNEL+ cells. Taken together, these data suggest that the phenotypes 

observed after prpf19 inhibition do not result for a loss of stem cells but rather a 

dysregulation of homeostatic tissue replacement. The phenotypes observed in 

prpf19(RNAi) worms could be the result of a failure of the stem cells to differentiate 

properly or that prpf19 is necessary as an anti-apoptotic factor for worm survival. 

The post-transcriptional processing and regulation of RNAs is becoming established 

as a major regulator of stem cell differentiation in planarian biology. Previous work 

identified planarian PIWI factors smedwi-2 and smedwi-3 as regulating planarian stem cells 



154 
 

with smedwi-2 being dispensable for stem cell maintenance but necessary to specify 

progeny cells in a manner reminiscent of the prpf19(RNAi) phenotype17,18. The CCR4-NOT 

complex is a post-transcriptional regulator of mRNAs degradation by promoting the 

deadenylation of poly(A) tails19,20. We identified not4 in our E3 ligase screen as necessary 

for worm survival, building on a previous report that identified not1 as an essential CCR4-

NOT factor in planarians21. Intriguingly, not1(RNAi) demonstrated a phenotype similar to 

that of prpf19(RNAi) or smedwi-2(RNAi) where a phenotype that is typical of stem cell 

depletion is observed despite stem cells being maintained. A reduction in the density of 

epidermal progenitors was also observed in not1(RNAi) worms like the results we 

observed in prpf19(RNAi) treatments. It would be interesting to examine the not4(RNAi) 

phenotype in greater detail to establish if the phenotype involves a depletion of the stem 

cell population or shares mechanism with not1, where stem cells are maintained but their 

ability to differentiate is impaired. The phenotypes reported in this work and others point 

to the post-transcriptional processing of mRNA as a major mechanism by which the proper 

differentiation of planarian stem cells is directed and that impairment of differentiation 

presents phenotypes that are analogous to those caused by a loss of stem cells. 

The epigenetic regulation of genes is an essential developmental process that is 

necessary to determine and maintain cellular identity. The modification of histones is one 

mechanism of epigenetic regulation and includes ubiquitylation. The addition of ubiquitin 

onto a histone can be an activating or repressive mark depending on the context. In our 

screen of RING E3 ligases we recovered two genes that are homologs of factors that target 

histones for ubiquitylation. We found that the planarian homolog of bre1, which targets 

histone H2B for ubiquitylation and is associated with transcriptional activation22, when 
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inhibited exhibited head regression and epidermal lesions, failed to regenerate, and 

reduced levels of bulk ubiquityl histone H2B. Ubiquitylation of histone H2A is associated 

with gene repression and this ubiquitylation is catalyzed by the RING rnf2 acting within 

PRC123,24. Inhibition of rnf2 reduced levels of ubH2A and had a phenotype of delayed or 

impaired regeneration with a moderate penetrance. 

PRC1 is a major developmental repressive complex that was first identified as a 

regulator of HOX genes25. The canonical complex is comprised of four core subunits, a RING 

and PCGF that form a dimer that associates with the chromatin binding subunit CBX and a 

PHC subunit that is necessary to form higher-order chromatin structures26. In vertebrates, 

variant forms of PRC1 are responsible for the preponderance of H2A ubiquitylation27, and 

we found that inhibition of cPRC1 factors cbx and phc did not affect levels of ub-H2A. It had 

previously been thought that invertebrates contained only cPRC1, but this conclusion was 

based on limited evidence from only a few model species and more recent phylogenic 

analysis indicates that variant forms of PRC1 evolved as early as cnidarians.28. Our analysis 

of ub-H2A levels following PRC1 inhibition suggest that in planarian the cbx and phc 

subunits are dispensable for the ubiquityl ligase function of rnf2 in cPRC1 or that vPRC1 

conformations exist in S. mediterranea that are responsible for the bulk H2A ubiquitylation. 

In contrast to the relatively mild effects on worm regeneration that was observed in 

rnf2(RNAi) treatments, inhibition of phc, and to a lesser degree cbx, had a dramatic and 

robust phenotype on worm patterning that involved the formation of a lesion on the dorsal 

surface of the worm just anterior to the base of the pharynx. In some instances, it was 

observed that the pharynx emerged from this lesion and was ectopically located on the 

dorsal surface. This phenotype suggested a dysregulation of patterning and tissue 
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specification that we examined further by observing the effect phc(RNAi) had on marker 

gene expression. We found that phc inhibition led to a loss of laminin expression in the 

pharynx and a loss of NB.22.1E expression in a population of cells near the base of the 

pharynx. 

To identify the transcriptional targets of PRC1 in planarians and to understand the 

basis of the discrepancies in phenotypes observed when different core elements of PRC1 

were perturbed, we performed RNA-seq after rnf2(RNAi) and phc(RNAi). Our RNA-seq 

results agree with PRC1 being a transcriptional repressor as more genes were upregulated 

than downregulated after PRC1 inhibition. The data sets shared only a single common 

factor between them, which indicates that rnf2 and phc are largely regulating separate 

transcriptional networks and that this difference is a probable basis for the phenotypic 

contrasts observed after inhibition of each gene. This discrepancy in transcriptional targets 

and phenotype for rnf2 and phc is somewhat surprising given the deep conservation of this 

complex and of H2A ubiquitylation in animals. It is possible, however unlikely, that in 

planarians rnf2 and phc do not function in the same complex, and thus, would regulate 

different genes. A more likely explanation is that the rnf2 phenotype, especially the loss of 

ub-H2A, is mediated through vPRC1 while the phenotype for phc is mediated through 

cPRC1 and that, similar to vertebrate models, cPRC1 has a minimal role in ubiquitylating 

H2A. As RNF2 is essential for the formation of both variant and canonical PRC1 complexes 

rnf2(RNAi) should encompass the phenotypes observed in phc(RNAi) but unexpectedly do 

not. This could be the result of experimental methodologies, as we use the feeding of 

dsRNA to the worms to induce the RNAi pathway and cause a reduction in gene transcript 

levels, and this approach results in gene knock down rather than a genetic knock out 
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condition. While we assayed knock down efficiency using qPCR and saw a robust reduction 

in transcript levels early in treatment for both genes, there could exist differences in 

protein perdurance that might allow enough residual RNF2 to exist in our treatments that 

allowed the formation and function of cPRC1 with PHC. This would imply that vPRC1 

function is more sensitive to a reduction in rnf2 levels and be enough to cause a loss of 

ubH2A. It is also important to note that we found two genes that are predicted to be 

homologs of mammalian RNF2 and RING1, both of which function in mammalian PRC1 as 

E3 ligases. We note that these planarian genes are probably not direct homologs for each of 

the vertebrate PRC1 RINGs, but rather likely reflect independent duplication events in both 

lineages. Based on our examination of ubH2A levels after RNAi treatments we concluded 

that Smed-rnf2 is the major E3 ligase that ubiquitylates H2A and that the contribution of 

Smed-ring1 has a minor, if any, effect on ubH2A. Knockdown of ring1 had a phenotype that 

was similar to that rnf2, with delayed or impaired regeneration seen with incomplete 

penetrance. These genes could be compensating for each other in cPRC1 when the other is 

knocked down, preventing the manifestation of the same phenotypes seen in phc(RNAi). 

We did perform double knockdown experiments where we targeted both rnf2 and ring1 for 

inhibition and did not observe any phenotypic effects in addition to those observed from 

single knock down experiments. It remains a possibility that the incomplete knock down 

nature of our RNAi experiments allows enough gene transcript to persist to allow adequate 

formation of cPRC1. 

Intriguingly, the gene that was shared between the rnf2 and phc RNA-seq data sets 

was the cPRC1 chromatin binding factor cbx. This gene was upregulated in both data sets 

and was the most significantly upregulated gene after phc inhibition. This suggests that 
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PRC1 could auto-regulate its own activity or that disruption to PRC1 function induces a 

compensatory response to attempt to repair disrupted chromatin states. The presence of 

other chromatin regulators and modifiers in both data sets supports the hypothesis that 

the disruption of an epigenetic factor can induce a cascade of epigenetic changes. 

We performed GO analysis on the genes that were upregulated following rnf2 

inhibition and found terms that were related to the cellular stress response, and included, 

response to hypoxia, cellular response to decreased oxygen levels, ATF6-mediated 

unfolded protein response, regulation of transcription from RNA polymerase II promoter in 

response to stress, chaperone cofactor-dependent protein refolding, protein folding in 

endoplasmic reticulum, and protein refolding. This analysis suggests that rnf2 in planarians 

is required to keep cellular stress response genes repressed during homeostasis. The 

plastic and responsive nature of epigenetic regulation makes it an attractive candidate for a 

regulator of cellular stress responses, as this response must be induced by disruptive 

stimuli and must be reversible after an environmental insult has subsided for the cell 

return to homeostasis. A hyperactive stress response may be disadvantageous for a cell, 

especially from an energetics perspective, but is not likely to have a majorly deleterious 

effect. Our examination of differentially expressed genes from the rnf2(RNAi) RNA-seq data 

using WISH demonstrated that rnf2 is likely modulating target gene expression levels 

within tissues that normally expressed a given gene rather than suppressing ectopic 

expression. This is consistent with a role for rnf2 in regulating intracellular response 

pathways, including stress responses. Taken together the GO analysis and examination of 

target genes via WISH argues that the action of rnf2, and potentially H2A ubiquitylation, 

works to tune transcriptional levels within a cell type, particularly related to stress 
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response pathways. A role for rnf2 in adjusting the expression of stress response pathway 

genes is consistent with the relatively mild phenotypes that were observed after rnf2 

inhibition as an inappropriately elevated stress response could act as an impairment to 

proper regeneration. 

In contrast to the subdued changes in gene expression observed by WISH after 

rnf2(RNAi), when we examined genes regulated by PHC we saw drastic spatial shifts in 

expression. Strikingly, these spatial shifts were concentrated in the region near the base of 

the pharynx that was phenotypically most affected by phc inhibition. The transcripts that 

we found ectopically expressed near the base of the pharynx included factors that regulate 

cellular specification, including nuclear receptors, transcription factors, and chromatin 

modifiers. The observed changes in expression of extracellular matrix and intercellular 

adhesion molecules, both up (intercellular adhesion molecule 5) and down regulated 

(pikachurin), after phc inhibition are likely involved in the formation of the lesion anterior 

to the pharynx. Thus, the action of phc is necessary to maintain proper tissue identity by 

repressing factors that could cause the misspecification of stem cells.  

Several of the genes from our phc RNA-seq data regulate gene transcription and 

have identified roles in development. Nuclear receptor ROR-alpha (RORα) belongs to the 

orphan class of nuclear receptors that act as ligand-dependent transcription factors29. 

RORα has described roles during development in other organisms that includes the 

regulation of sonic hedgehog (shh) signaling to specify Purkinje cells in cerebellar 

development30. Planarian hedgehog (hh) has been identified as being expressed in a 

population of ventral medial neurons and to be required for the normal production of 

neural progenitor cells31. It would be interesting to determine if rorα has a conserved role 
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in directing neuronal specification in planarians and if this action is mediated through hh 

signaling. The nuclear factor Onecut1 (also Hepatocyte Nuclear Factor 6) is a CUT and 

homeobox domain-containing transcription factor that promotes hepatocyte proliferation, 

remodels chromatin accessibility, and promotes tumor growth in colorectal cancers32-34. 

The role of this gene in regulating transcription and chromatin accessibility in other 

models suggests that the ectopic expression we observe for this factor in phc(RNAi) 

planarians could be transforming tissue identity near the base of the pharynx. Further 

work will be needed to determine what the contribution of onecut1 is to the phc(RNAi) 

phenotype, which would include using RNAi to determine if inhibition of onecut is 

suppressive towards the phc(RNAi) phenotype. Examining the role and transcriptional 

targets of onecut1 in planarians using RNAi and RNA-seq would help elucidate how onecut1 

mis-expression is influencing cell differentiation in phc knockdown worms and potentially 

uncover which cell types are contributing the phenotype. 

Regeneration is a dynamic process that involved the integration of wound signals 

and positional information to re-specify lost body parts. The regulation of protein function 

by the post-translational modification of ubiquitylation is an important but understudied 

phenomenon in regenerative biology. Here, we screened the function of a large class of 

ubiquityl E3 ligases and uncovered roles for these genes in regulating planarian biology. 

The identification of prpf19 as factor dispensable for stem cell maintenance but necessary 

for worm survival and progenitor specification points to a key role in the processing of 

RNA as a regulator of stem cell differentiation in planarians. Epigenetic histone modifiers 

are an attractive mechanism for regulating regeneration as the marks are plastic and can be 

adapted to respond to a variety of situations. We found that the epigenetic repressor PRC1 
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had distinct effects depending on which subunit, rnf2 or phc, was perturbed. To understand 

this difference, we performed RNA-seq after inhibition to uncover transcriptional targets 

and found little overlap in the data sets, suggesting these factors regulate independent 

processes and providing support for the existence of vPRC1 and cPRC1 complexes in 

invertebrates. We found that rnf2, and potentially its E3 ligase activity, was regulating 

stress-response factors, and we found that phc was necessary to repress the expression of 

several genes, including chromatin regulators and transcription factors, to properly pattern 

the region of the worm anterior to the pharynx. Continuing work will further dissect the 

function of PRC1, especially with the use of assays like ChIP-seq or ATAC-seq, to 

understand how chromatin is adapted to support a robust regenerative response. 

Especially interesting follow up work will leverage advancements in ChIP methodologies 

that have lower background and input requirements. These new methods, including 

Cut&Tag35, will allow chromatin assays to be performed on limited cell populations like 

those of the regeneration blastema. The application of these new methods will allow us to 

understand how chromatin marks are shifting during cell differentiation in regeneration. 

Despite the critical role of epigenetic factors in development, to date comparatively 

little work has been performed on studying epigenetic factors in planarians and the work 

presented here represents a major advancement of our understanding of ubiquitin 

signaling in planarian regeneration. 
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