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Lay Abstract 
Cellular perturbations or stress disrupt homeostasis, activating multiple stress responses. 

Activation of the stress response can determine the fate of an organism and is crucial to its health. 

Although the stress response pathways are generally understood, little is known about how the 

stress responses preserve animal behaviour or how they are regulated to promote organismal 

survival. My work has provided a basis for how stress responses affect behaviour positively and 

negatively in animals. I found that the stress response required mesencephalic astrocyte derived 

neurotrophic factor (MANF) to promote organismal survival. My thesis determined that MANF 

acts as more than a neurotrophic factor. MANF was found to not only be essential in neuronal 

health but also longevity and muscle health. Overall, this thesis demonstrated the impact of stress 

response on behaviour and the potential mechanism by which MANF is cytoprotective in whole 

organisms. 
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Abstract 
Nothing is perfect, and this includes the ability to maintain homeostasis within the cell with age. 

Factors such as aging, chemicals, and gene dysfunction disrupt cellular homeostasis, leading to 

increased stress and compromising the ability of animals to maintain a healthy lifespan. 

Dysregulated homeostasis can be detrimental on an organismal level, impacting locomotion, and 

on a cellular level causing proteins to misfold and become aggregates, which are toxic to cells. 

Toxic protein aggregation and loss of locomotory function are key hallmarks of several age-related 

diseases.  My Ph.D. work examined the collapse of homeostasis on electrotaxis, the age-associated 

increase in proteotoxicity, the decline in longevity, and neuronal and muscle health. On a 

behavioural level I demonstrated that loss of various components of the MT-UPR, ER-UPR, and 

HSR modulated the speed of animals. Additionally, I found that activation of stress responses due 

to chemicals and exercise reduced and increased the speed of animals respectively. On a cellular 

level I elucidated potential mechanisms by which Mesencephalic Astrocyte Derived Neurotrophic 

Factor (MANF) affects the stress response to maintain homeostasis and prevent protein 

aggregation. I observed the novel localization and role of MANF in lysosomes to potentially act 

as a critical regulator of the stress response to maintain proteostasis, neuronal health and longevity, 

thereby bringing balance to the cell. Furthermore, the broad tissue expression of MANF revealed 

its localization to muscles. This supports the ability of MANF to act as more than a neurotrophic 

factor as it was found to be required for muscular health in animals in an age-dependent manner. 

Overall, my Ph.D. research has provided new insights into the stress response and behaviour and 

the precise role of MANF in mediating stress response signaling to promote organismal and 

cellular fitness. 

   



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

v 
 

 
 

 

 

 

Dedicated to My Mummy 

Aunty Michelle 

and Uncle Robert 

“Make sure you’re happy 

with your choices.” 
 

 

  



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

vi 
 

Acknowledgements 
These acknowledgements are a testament to my growth and those who saw it. I want to 

acknowledge those that I have lost and those that I have gained along the way. Thank you. This 

has been the most challenging and rewarding of experiences. I will never forget it.  

I want to say a big thank you to my supervisor, Dr. Bhagwati Gupta. The day you took me 

on as a master’s student I was elated with joy, and I could have never imagined the journey that 

we would embark on during my time at McMaster University. You have taught me so much, 

challenging my thinking and opening my mind to new and diverse ideas. Your guidance has led 

me to become the researcher that I always wanted to be. The biggest complement you gave me 

was at my exit seminar when you said how much you have seen me grow and how much my way 

of thinking has changed. I appreciate all the lab lunches and yearly invites to your house to 

celebrate various events and just to be outside and appreciate summer. Being in your lab has 

provided me with friends for life. I thank you so much for this journey. All good things must come 

to an end as they say. 

To my committee members Dr. Ram Mishra, Dr. Ravi Selvaganapathy, and Dr. André 

Bedard, thank you so much for your guidance and wisdom these last 5 years. Dr. Mishra, I have 

appreciated your casual jokes and extensive knowledge throughout my journey. Dr. 

Selvaganapathy, your different perspectives on research have truly opened up my way of thinking. 

You have given many words of encouragement over the years. Dr. Bedard, the conversations that 

I have had with you have been very insightful and have greatly helped and guided my project. I 

sincerely appreciate everything that you have done and aided me with, because of your passion for 

science and research.  

I would like to also thank my external, Dr. Stefan Taubert for agreeing to participate in my 

defense and also Dr. Ben Evans for agreeing to be my chair. Thank you for all the wise words you 

have given me throughout the years Ben, they have meant more to me than you realize.  

I want to thank the graduate student community within biology. Being a part of this 

community was something that I did not foresee. The grad students within LSB have been an 

incredible joy to be around. You guys have been a sounding board and have solved so many of my 

problems. When I came to Mac I knew nothing, but the graduate students have taught me so much. 

Everyone has been open to me asking questions and learning. But most of all, this community let 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

vii 
 

me by myself, and I love that each one of you is unapologetically expressive of who you are as a 

person and scientist.  Thank you for all the Fridays, and nights that we went out drinking together. 

Thank you Dr. Shawn, for welcoming me to Mac, and always being ready to get Quik Chik 

and KFC with me. But most importantly, the single rum and coke we had on a Friday night together 

was welcoming and made me feel like I was back home in Barbados just liming. Thank you. 

To the Gupta lab, thank you to the past and current members that have come and gone over 

the years who have supported me. Especially, the undergrads who listened to my endless rants 

about a variety of topics. Dear Dr. Avijit, you may never see this but I appreciated all the in lab 

conversations we had about our projects. I went from asking you questions 24/7 to challenging 

your ideas and questions. Being able to answer your hard questions was a pivotal moment for me, 

thank you for encouraging me so much. I will cherish our papers together and all the times we 

went for Quik Chik or KFC. Dear Dr. Nikita, from the day you came to the lab I had no idea we 

would become such great friends. We have been there for each other through thick and thin, 

supporting each other along the way. I could always trust you to take care of anything. Thank you 

for being an amazing friend as we would walk to gel doc and nanodrop so often together. Wouter, 

oh Wouter, I thank you for your insights on the most random things within a scientific context. 

The perspectives and answers you give to my questions always blows my mind and I thank you 

for encouraging me to be so open in my thinking. Thank you for always listening to me, being a 

friend, always being down for a drink and being incredible. 

I would like to give a special thank you to Judy, Hannah, Ellie, Fiona and Dheepthi. Thank 

you for listening to me, being a pillar of support and thank you for being there. I had no idea the 

friends we would become. Thank you to Nicole for always being down for ice-cream and going 

on so many foodie adventures with me. Thank you to the boys, the lads, and lassies, for helping 

me get a PS4, I needed that outlet more than I realized. Thank you for the support. Thank you to 

my friends and family for being there as I took this journey. If I missed your name its cause I’m 

forgetful and but still grateful to you. 

I found myself at Mac, I found family, And I found my wife, thank you Rachel. Thank you 

for always being there. Thank you for always listening. Thank you for always reading. Without 

you I couldn’t have done it and become who I am today. I am a better person and scientist because 

of you, and I will forever be grateful and happy. 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

viii 
 

Table of Contents 
Lay Abstract ................................................................................................................................... iii 

Abstract .......................................................................................................................................... iv 

Acknowledgements ........................................................................................................................ vi 

List of Figures ............................................................................................................................... xi 

List of Tables ............................................................................................................................... xiii 

List of Abbreviations ................................................................................................................... xiv 

Declaration of Academic Achievement ...................................................................................... xvi 

1 Introduction ............................................................................................................................ 1 

1.1 The Stress Response ....................................................................................................... 1 

1.2 Caenorhabditis elegans is an excellent model to study stress responses ....................... 3 

1.3 Organelle specific stress responses ................................................................................. 4 

1.4 Neurodegenerative Disorders activate the stress response ........................................... 15 

1.5 Neurotrophic Factors: Overview ................................................................................... 16 

1.6 MANF/CDNF Family ................................................................................................... 18 

1.7 More than a Neurotrophic factor MANF: a regulator of the UPR ................................ 20 

1.8 More than a Neurotrophic factor: MANF is a regulator of proteostasis ....................... 21 

1.9 Thesis Objectives .......................................................................................................... 24 

1.10 Chapter Overview ......................................................................................................... 25 

2 UPR and HSR pathways modulate electrotaxis behavior. ................................................. 27 

2.1 Preface ........................................................................................................................... 27 

2.2 Taylor, S. K. B. et al. 2021. Scientific Reports ............................................................ 28 

2.3 Taylor, Minhas & Gupta. 2023. microPublication Biology .......................................... 58 

3 More than a Neurotrophic factor: MANF regulates autophagy and lysosome function to 
promote proteostasis in C. elegans .................................................................................................. 63 

3.1 Preface ........................................................................................................................... 63 

3.2 Taylor, S. K. B. et al. 2024. In Review at PNAS. ........................................................ 64 

3.3 Taylor, S. K. B et al. 2024. In Review at microPublication Biology ......................... 131 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

ix 
 

4 MANF-1 plays an essential role in muscle maintenance and function ........................... 141 

4.1 Preface ......................................................................................................................... 141 

4.2 Taylor, S. K. B et al. 2024. To be Submitted. ............................................................. 142 

5 Discussion and Future Directions ..................................................................................... 162 

5.1 Major Findings of Thesis ............................................................................................ 162 

5.2 The HSR, MT-UPR, and ER-UPR modulate electrotaxis behavior ........................... 163 

5.3 The Future of Electrotaxis and Behaviour .................................................................. 164 

5.3.1 Potential mechanisms by which the stress response modulates behaviour ......... 164 

5.3.2 pqe-1 regulation of the stress response ............................................................... 165 

5.4 MANF-1 regulates autophagy and lysosome-mediated proteostasis .......................... 165 

5.4.1 MANF-1 Expression Pattern ............................................................................... 166 

5.4.2 Potential Mechanism of MANF-1: How and why is it going to lysosomes? ..... 167 

5.5 The Future of MANF .................................................................................................. 168 

5.5.1 Tissue specific role of MANF ............................................................................. 168 

5.5.2 Organelle specific requirements of MANF-1 ..................................................... 168 

5.5.3 Receptors of MANF ............................................................................................ 169 

5.5.4 Transcriptional Regulation of MANF ................................................................. 170 

5.5.5 MANF interacting proteins ................................................................................. 171 

5.5.6 The interaction between MANF and Axin/PRY1 ............................................... 172 

5.5.7 Potential role of MANF in proteasomal degradation .......................................... 172 

5.6 MANF-1 causes age dependent decline in muscle function ....................................... 173 

5.7 The Future of MANF in muscle health maintenance .................................................. 174 

5.7.1 Does MANF-1 have a muscle specific role? ...................................................... 174 

5.8 Concluding Remarks ................................................................................................... 175 

Bibliography ............................................................................................................................... 176 

 

 

 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

x 
 

6 Appendix ............................................................................................................................. 188 

6.1 Appendix A. Analysis of Stress response, autophagy, lysosomal and proteasomal genes 
under different conditions. ...................................................................................................... 188 

6.2 Appendix B. Therapeutic effects of TP5, a Cdk5/p25 inhibitor, in in vitro and in vivo 
models of Parkinson’s disease ................................................................................................ 190 

6.2.1 Preface ................................................................................................................. 190 

6.2.2 Tran et al. 2021. Current Research in Neurobiology .......................................... 191 

6.3 Appendix C. Investigation into the regulation of the Stress response by pry-1, picd-1 
and kin-9. ................................................................................................................................ 200 

6.3.1 Preface ................................................................................................................. 200 

6.3.2 Taylor and Gupta. The interaction between MANF-1 and PRY-1 ..................... 202 

6.3.3 Mallick et al. 2022. Scientific Reports ................................................................ 203 

6.3.4 Mallick et al. 2022. Frontiers in aging ................................................................ 221 

6.4 Appendix D. Chronic Metal Exposure impacts the electrotaxis behavior and Heat 
Shock Response in Caenorhabditis elegans ........................................................................... 222 

6.4.1 Preface ................................................................................................................. 222 

6.4.2 Taylor, S. K. B. et al. 2024. To be submitted. .................................................... 223 

6.5 Appendix E. Review Article: Axin Family of Scaffolding Proteins in Development: 
Lessons from C. elegans ......................................................................................................... 250 

6.5.1 Preface ................................................................................................................. 250 

6.5.2 Mallick et al. (2019). Journal of Developmental Biology .................................. 250 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xi 
 

List of Figures 
Introduction  Page 

1.1 The regulation of the cytosolic Heat Shock Response by HSF-1 5 
1.2 Overview of the Mitochondrial Unfolded Protein Response in C. elegans 7 
1.3 Overview of the Endoplasmic Reticulum Unfolded Protein Response. 9 
1.4 Potential lysosomal stress response system 11 
1.5 The structure and homology of MANF 17 
1.6 MANF has the potential to be at the center of stress response signaling 26 

 

Chapter 2 Page 
Chapter 2.2 

1 Effect of PQ treatments on electrotaxis and stress response markers.  29 
2 Electrotaxis of mitochondrial mutants 32 
3 Electrotaxis phenotype of tunicamycin-treated animals and UPRER mutants 33 
4 Analysis of pqe-1 mutants under different stress-inducing conditions. 34 
5 Effect of temperature on electrotactic response 36 
6 Effect of starvation on the electrotactic movement 37 
7 Effect of Exercise on electrotaxis reponse 38 

S1 Dopaminergic (DA) neurons in young adult dat-1::YFP transgenic animals 
treated with PQ and Tunicamycin 

49 

S2 hsp-4::GFP and neuronal analysis in pqe-1(ok1983) animals 50 
S3 RT-qPCR analysis the UPR chaperones following ifg-1 RNAi. 51 
S4 Analysis of hsp-4::GFP reporter in wild-type N2 day-1 adults following 8 

hrs exposures to 25°C and 28°C 
52 

S5 Electrotaxis of PQ-treated hsf-1 mutants 53 
S6 Electrotaxis of adult hsf-1 animals that have been starved in M9 for 

variable lengths of time at L1 
54 

S7 Electrotaxis of animals exposed to S. venezuelae and B. thuringiensis 55 
S8 Electrotaxis of wild-type animals fed with different microorganisms 56 
S9 Quantification of dopaminergic neurons in day-6 adults following exercise 

by shaking. 
57 

Chapter 2.3 
1 Effect of different starvation models on electrotaxis 59 

 

 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xii 
 

Chapter 3 Page 
Chapter 3.2 

1 manf-1 mutant phenotypes and gene expression following ER stress 70 
2 Effect of RNAi knockdown of ER-UPR components on α-Synuclein and 

polyQ aggregation in manf-1(tm3603) animals 
73 

3 Effect of manf-1 overexpression on hsp::manf-1 animals 76 
4 Effect of manf-1 overexpression on neurons, stress response, and lifespan 

of animals 
78 

5 MANF-1 expression pattern in MANF-1KEEL::mCherry transgenic animals 82 
6 Transcriptome profiling of manf-1 mutant and overexpression strains and 

the analysis of lysosomes 
85 

7 Analysis of autophagy, endosomal trafficking, and HLH-30 role in MANF-
1 function 

89 

8 A proposed model for MANF action 94 
S1 Effect of chemicals and heat on manf-1 mutants 116 

S2 manf-1(tm3603) animals show increased aggregation of α-Synuclein::YFP 
and polyQ::YFP 

117 

S3 Effect of xbp-1 RNAi knockdown on manf-1 mutants 118 
S4 Transcript analysis of ER-UPR genes in MANF-1 KEEL::mCherry animals 119 
S5 Lifespan analysis of MANF-1HAR worms 120 
S6 A schematic of different forms of manf-1 gene fused to the mCherry 

reporter 
121 

S7 MANF-1::mCherry expression in various transgenic strains and lifespan 
phenotype of animals 

122 

S8 Reporter gene expression in manf-1p::manf-1::mKate2 and manf-1p::GFP 
transgenic animals at day 1 of adulthood 

124 

S9 MANF-1::mCherry fluorescence analysis in MANF-1KEEL::mCherry animals 125 
S10 MANF-1::mCherry expression analysis in animals carrying the native ER 

retention sequence, KEEL and the human version RTDL 
126 

S11 Loss of manf-1 affects lysosomal morphology 127 
S12 Representative images of animals showing Oil Red O staining and 

expression of the lipid droplet marker dhs-3p::dhs-3::GFP 
128 

Chapter 3.3 
1 Analysis of manf-1 expression in adult worms following curcumin and 

lithium exposure. 
132 

 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xiii 
 

Chapter 4 Page 
1 In Silico analysis of manf-1 expression and function in muscles 146 
2 The muscle expression pattern of MANF-1::mCherry 148 
3 The functional analysis of muscles within manf-1 mutants 151 
4 Muscle Mitochondria Morphology of manf-1(gk3677) and MANF-

1KEEL::mCherry animals 
152 

 

Appendix  Page 
A1 Analysis of UPR and HSR chaperones following heatshock. 188 
A2 Analysis of autophagy, lysosomal and proteasomal genes in following 

MANF-1 overexpression 
189 

C1 MANF overexpression rescues lifespan and neuronal defect in pry-
1(mu38) animals 

202 

C2 Sensitivity of hsp::kin-9 animals to paraquat and tunicamycin 221 
E1 PRY-1 regulates neuronal development in C. elegans 250 

   
 

List of Tables 
 Page 
Chapter 2.2 

S1 List of primers used in this study 47 
Chapter 3.2 

S1 Mean and max lifespans of animals along with treatments  129 
Chapter 3.3 

1 Transcription factor binding site prediction based on CIS-BP database 135 
2 List of qRT-PCR Primers 137 

 

  



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xiv 
 

List of Abbreviations 

AD  Alzheimer's Disease 

AMPK  5’ Adenosine Monophosphate-activated Protein Kinase 

ARMET  Arginine Rich Mutated in Early Stage Tumor 

ATF4  Activating Transcription Factor 4 

ATF6  Activating Transcription Factor 6 

ATFS-1 Activating Transcription Factor associated with Stress 1 

Bax  Bcl-2-associated X protein 

BiP                  Immunoglobulin-binding protein 

BDNF  Brain-Derived Neurotrophic Factor 

CDNF   Cerebral Dopamine Neurotrophic Factor   

CHOP  CCAAT-enhancer-binding protein Homologous Protein 

DE  Differentially Expressed 

DMSO  Dimethyl sulfoxide 

DVE-1  Defective proVEntriculus 1 

eIF2a  Eukaryotic Initiation Factor 2a  

ERAD  ER-associated degradation 

ER- UPR Endoplasmic Reticulum Unfolded Protein Response 

GDNF  Glial cell-Derived Neurotrophic Factor 

GO  Gene Ontology 

GRP78  Glucose Regulating Protein 78 

HLH-30   Helix Loop Helix-30  

HSR  Heat Shock Response  

HSF-1   Heat Shock Factor 1 

HSE  Heat Shock Element 

HSP  Heat Shock Protein 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xv 
 

HD   Huntington’s Disease 

IRE-1  Inositol-Requiring Enzyme 1 

IIS  Insulin/Insulin growth factor-1 Signaling 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LSR  Lysosomal Stress Response 

MANF  Mesencephalic Astrocyte derived Neurotrophic Factor 

MTOR  Mammalian Target Of Rapamycin 

MT-UPR Mitochondrial Unfolded Protein Response 

mtDNA Mitochondrial DNA 

NGF  Nerve Growth Factor 

NGM  Nematode Growth Medium 

NTFS   Neurotrophic factors  

PD   Parkinson’s Disease  

PERK             PKR-like ER Kinase 

polyQ  polyglutamine 

PKR  Protein Kinase RNA 

PQ   Paraquat 

RAB   Ras-Associated Binding 

RME  Receptor Mediated Endocytosis 

SAP  SAF-A/B, Acinus and PIAS 

Tuni   Tunicamycin 

TP5   Truncated Peptide 5 

TFEB  Transcription Factor EB (E-Box/Class E Basic) 

UPR  Unfolded Protein Response 

UBL-5  Ubiquitin-like protein 

XBP-1     Xbox Binding Protein 1 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xvi 
 

Declaration of Academic Achievement 
I, Shane Kevin Brendan Taylor declare that the work in this thesis is my own and the majority of 

the research was performed by me. I carried out the experimental design, figure creation, statistical 

analysis and data interpretation, analysis and curation. All initial manuscript drafts were completed 

by me followed by input from Dr. Gupta. The contributions of different authors are outlined below.  

 

Chapter 2: UPR and HSR pathways modulate electrotaxis behavior:  

There are two articles in this chapter listed in the (Preface 2.1).  

Towards article 1) I wrote the manuscript draft, analyzed the data, performed the statistical 

analysis, and curated and created all the figures for publication format. I and Hannan share co-

author on this publication. I performed all QPCR experiments and mitochondrial muscle analysis. 

Hannan and Justin performed the electrotaxis behaviour analysis, Justin performed the GFP 

quantification experiments in Figure 1. I and Dr. Gupta responded to reviewer comments and 

reviewed and edited the final version for publication. Dr. Selvaganapathy and Dr. Mishra provided 

input and manuscript revision throughout the process.  

Towards article 2) I wrote the entire manuscript, analyzed the data, curated the data, made figures 

and responded to reviewer comments. Hannan performed experiments 1A and B. I performed the 

other experiments and provided images. Dr. Gupta reviewed and edited the publication for 

submission. 

 

Chapter 3: The neurotrophic factor MANF regulates autophagic flux and lysosome function 

to promote proteostasis in C. elegans.  

There are two articles in this chapter listed in the (Preface 3.1).  

Towards articles 1): I wrote the manuscript draft and created all the figures and tables. Dr. Hartman 

provided RNA sequencing data and examined lifespan for supplemental Figure 5. I performed all 

other experiments and generated reagents. I, Dr. Hartman, and Dr. Gupta worked together to revise 

and edit the manuscript.  

Towards articles 2): I wrote the manuscript draft, performed all the experiments, conducted the 

data analysis and designed the figures and tables. Dr. Gupta edited the manuscript. 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

xvii 
 

Chapter 4: The role of MANF in Muscle Maintenance in C. elegans 

I wrote the manuscript draft, designed and performed the initial experiments, analyzed and 

interpreted the data, performed statistical analysis and created all figures. Gurtaaj performed 

burrowing, thrashing experiments. Me and Gurtaaj blind scored the muscle mitochondria 

morphology Dr. Hartman provided the RNA sequencing data. I revised the manuscript with 

feedback from Dr. Gupta. 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

1 
 

1 Introduction 
1.1 The Stress Response 

Stress is a constant factor. It is an intrinsic part of life, and one that contributes to cell 

survival. The cell fights against toxic, harmful, and stressful environments that work to destroy it. 

Eukaryotic organisms have evolved unique mechanisms to protect against environmental, 

chemical, and genetic stressors. These are collectively known as stress responses, which are highly 

conserved signaling cascades that protect the cell against cellular damage and act to maintain 

homeostasis (Higuchi-Sanabria et al., 2018; R. C. Taylor & Hetz, 2020). These cellular stress 

responses detect imbalances within organisms, but as we age their functional capacity diminishes 

(Higuchi-Sanabria et al., 2018; R. C. Taylor & Dillin, 2011; R. C. Taylor & Hetz, 2020), a 

phenomenon supported by the damage or error theory of aging (Jin, 2010). More specifically the 

subcategory of wear and tear, where the essential components of the cell eventually wear out 

leading to aging (Jin, 2010). Similarly, the stress response eventually collapses and is a 

contributing factor towards aging. The decline of the stress response in function eventually leads 

to the accumulation of misfolded proteins, which are detrimental to the cell (Higuchi-Sanabria et 

al., 2018; R. C. Taylor & Dillin, 2011; R. C. Taylor & Hetz, 2020). These misfolded proteins 

activate the stress response, but due to their reduced function, they cause homeostatic imbalance 

and further sensitize organisms to stress. Furthermore, inactivation or dysfunction of these stress 

response networks can severely impact the health of an organism, reducing the longevity of 

animals and causing age-associated degeneration and neuronal damage (R. C. Taylor & Hetz, 

2020). This dysfunctional stress response is observed in several age-related diseases, such as 

cancer, cardiovascular disease, Parkinson’s Disease, and metabolic disorders, including diabetes 

(R. C. Taylor & Dillin, 2011).  Maintenance and tightly controlled regulation of the stress response 

can potentially promote longevity and neuronal health by protecting against protein aggregation 

and other internal stressors (Higuchi-Sanabria et al., 2018; R. C. Taylor & Hetz, 2020).  

Stress response at a cellular and molecular level 

An accumulation of misfolded proteins due to age and homeostatic imbalances causes the 

cell’s internal machinery to go haywire, activating distinct stress responses. One way in which the 

cell combats this is the use of organelle-specific stress responses (Higuchi-Sanabria et al., 2018). 

Well-known compartment-specific stress responses include the cytosolic heat shock response 
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(HSR), the mitochondrial unfolded protein response (UPR), and the endoplasmic reticulum UPR. 

Other organelles such as lysosomes may have their own specific signaling cascade for maintaining 

homeostasis (Higuchi-Sanabria et al., 2018; Lawrence & Zoncu, 2019; Saftig & Puertollano, 

2021). In response to perturbed homeostasis, these organelle-specific stress responses work 

together in the cell to reduce protein translation, activate chaperones for correct protein folding, 

and activate multiple degradation pathways to clear protein aggregates. Altogether, this alleviates 

cellular stress and improves protein homeostasis (proteostasis) to prevent cell death. However, 

when proteostasis cannot be restored following activation of the stress response, the UPR pathways 

of different cellular compartments ultimately activate expression of genes that trigger cell death 

(Higuchi-Sanabria et al., 2018; R. C. Taylor & Dillin, 2011; R. C. Taylor & Hetz, 2020). 

Proteostasis utilizes an adaptive stress response signaling to protect the proteome and 

maintain cellular function. Research has shown that manipulations of different organelle stress 

responses which maintain the cellular proteome can extend lifespan, protect neurons and rescue 

proteotoxicity in animals (Dutta et al., 2022; Higuchi-Sanabria et al., 2018). Uncovering the 

mechanisms which regulate and integrate organelle-specific stress responses can provide new tools 

to prevent dysregulation of cellular homeostasis. Additionally, dissection of the novel mechanisms 

used by regulators of the stress response will be paramount for improving and maintaining 

organismal health as we age (R. C. Taylor & Hetz, 2020), potentially enabling protection against 

an expansive suite of diseases. Overall, a better understanding of the function of the stress response 

in relation to aging will allow for the development of novel therapeutic targets which can prevent 

age-related decline of function in order to maintain organismal health. 

My thesis provides an examination of how modulation of the various stress responses affects 

organismal survival in response to environmental changes. This thesis aims to examine novel 

mechanisms of stress response regulation by the neurotrophic factor MANF, which has been 

classically known as an ER-UPR regulator. I sought to elucidate the complexities of the role of 

MANF in cellular homeostasis to promote age-dependent health benefits. Advancing our 

understanding of MANF as a regulator on a cellular and tissue level will support its use as a novel 

therapeutic target in a multitude of diseases caused by dysregulated proteostasis. 
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1.2 Caenorhabditis elegans is an excellent model to study stress responses 
The model invertebrate organism Caenorhabditis elegans has been used extensively to study 

the different stress response signaling cascades at the cellular and molecular level. This nematode 

has provided novel insights into stress response regulation and how restoring impaired proteostasis 

can protect against neurodegeneration and promote longevity. 

C. elegans is a model organism of choice due to its ease of genetic manipulation, short life 

cycle of 3 days, and life span of roughly two weeks. It is easily cultivated within the lab and 

maintained under simple laboratory conditions(Corsi et al., 2015; Y. Xu & Park, 2018). 

Approximately 83% of its proteome is homologous with humans, and roughly 40% of C. elegans 

genes are related to human diseases, making it a great model for disease-specific studies (Corsi et 

al., 2015). C. elegans have a short lifespan, a relatively simple nervous system (302 neurons), and 

a conserved genome concerning stress-sensing signaling pathways. These factors make C. elegans 

a model organism well-suited to studying the requirements of the stress response and proteostasis 

network to maintain different aspects of health, such as longevity and neuron function (Higuchi-

Sanabria et al., 2018; O’Brien & Van Oosten-Hawle, 2016). Using C. elegans provides an 

opportunity to study how genes affect whole organism health, tissue-specific signaling, and cell-

cell communication. The manipulation of genes and proteins within C. elegans has been essential 

for advancing our understanding of different disease models, hallmarks of aging and age-related 

disorders (Caldwell et al., 2020; López-Otín et al., 2023; Wilson et al., 2023). However, the study 

of age-associated conditions can be complex in higher eukaryotes due to time restraints and ethics, 

whereas C. elegans provides an excellent opportunity to explore in-depth mechanisms for diseases 

of aging, impacting proteostasis. To this end, C. elegans has been extensively utilized as an 

invaluable model studying the cellular stress response to various stimuli that may impair the 

proteostasis network, a hallmark of aging (López-Otín et al., 2023; W. H. Zhang et al., 2022). As 

a model organism, C. elegans has provided a great deal to the field of stress signaling, but many 

fundamental questions remain including how the stress response is regulated and how it impacts 

the behaviour of animals.  
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1.3 Organelle specific stress responses 
 Cytosolic Heat Shock Response  

Cells are equipped with multiple quality control mechanisms to maintain proper protein 

function within organelles. One of these is the cytosolic Heat Shock Response (HSR) which works 

to maintain balance within the cytosol. The HSR is activated in response to heat but can also be 

triggered by other cellular perturbations, including chemicals (e.g., paraquat or heavy metals) and 

genetic mutations (S. K. B. Taylor et al., 2021). The HSR is conserved across phyla and is 

regulated by Heat Shock Factor-1 (HSF1), the master transcriptional regulator of the cytosolic 

stress response, which upregulates genes that promote proper protein folding. Yeast, worms, and 

flies have a single HSF (HSF-1), whereas vertebrates and plants possess several. During periods 

of homeostasis, HSF-1 exists as a monomer bound by Heat Shock Proteins (HSP) 70 and 90 

(Higuchi-Sanabria et al., 2018). When the cell experiences stress, HSF-1 trimerizes and enters the 

nucleus, acting as a transcription factor. HSF-1 causes the induction of several HSPs, including 

the cytosolic stress marker hsp-16.2, hsp-70, and hsp-90 which act as chaperones (Figure 1.1). 

These chaperones activated by HSF-1 allow the HSR to maintain protein homeostasis 

(proteostasis) within animals.  

The HSR utilizes HSF-1 to maintain the protein folding capacity of the cell to reduce 

cellular stress.  Due to HSF-1 being a component of the HSR, it has been implicated in metabolic 

disorders, neurodegeneration and cancer (Higuchi-Sanabria et al., 2018). Additionally, the role of 

HSF-1 in the HSR appears to be conserved in different species (including mice, worms, and flies) 

to maintain proteostasis. The loss of HSF-1 is highly detrimental and can result in shortened 

lifespan, neurodegeneration, and protein aggregation. Additionally, mutations in HSF-1 inhibits 

chaperone expression in response to heat stress (Hajdu-Cronin et al., 2004). Loss of chaperones 

regulated by HSF1 also reduces the survival of organisms (Higuchi-Sanabria et al., 2018). 

Inducing HSF-1 can prevent neurodegeneration in multiple animal models and has been found to 

extend lifespan in C. elegans (Higuchi-Sanabria et al., 2018). In C. elegans specifically, HSF-1 

signals to other tissues from the neurons to mediate thermotolerance and longevity within these 

animals (Douglas et al., 2015). Activation of HSF-1 plays a role in other cellular responses that 

affect homeostasis, such as autophagy, lipid metabolism and innate immunity (Higuchi-Sanabria 

et al., 2018; Watterson et al., 2022). The complex regulation of HSF-1 demonstrates the 

importance of the HSR in maintaining appropriate cellular function within animals.  
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Figure 1.1. The regulation of the cytosolic Heat Shock Response by HSF-1. When homeostasis 
is maintained, HSF-1 is an inactive monomer bound in its inactivated state by HSP (HSP) 70 and 
90 (Higuchi-Sanabria et al., 2018). When homeostasis is perturbed, HSF-1 is released by the HSPs. 
HSF-1 then trimerizes, gets phosphorylated, leaves the cytosol and enters the nucleus, where it 
acts as a transcription factor. HSF-1 binds to regions of DNA known as Heat Shock Elements 
(HSE). It activates several HSPs, and genes involved in protein maintenance, protein repair, 
autophagy and innate immunity in an attempt to regain homeostasis.  Figure created using 
Biorender.com.  
 

Mitochondrial – Unfolded Protein Response  

Mitochondria are the powerhouse of the cell, and these organelles need to be tightly 

regulated to perform this crucial role. Due to their essential roles in cellular function, mitochondria 

possess protective capabilities to support their health, such as mitophagy and the mitochondrial 

unfolded protein response (MT-UPR). The MT-UPR is a quality control system involving a 

mitochondrial-to-nuclear signaling cascade. It is a transcriptional response program that works to 

recover the mitochondrial network from dysfunction and preserve mitochondrial proteostasis 

through chaperones and proteases (Jovaisaite et al., 2014; Nargund et al., 2015; Tran & Van Aken, 

2020). The MT-UPR can be activated by an array of mitochondrial dysfunctions, including 

disruption of oxidative phosphorylation, mutations in mitochondrial DNA (mtDNA), 

mitochondrial and nuclear proteins imbalance, and the accumulation of misfolded proteins within 
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the mitochondria (Shpilka & Haynes, 2018). The MT-UPR was initially discovered in mammals, 

and since then, it has been found in models such as plants and yeasts, but has been well 

characterized in C. elegans (Tran & Van Aken, 2020). 

Extensive studies in C. elegans have revealed that the Activating Transcription Factor 

associated with Stress (ATFS-1), an ATF5 homolog, regulates the MT-UPR by mediating the 

communication of mitochondrial stress to the nucleus (Fiorese et al., 2016; Jovaisaite et al., 2014). 

Under normal conditions, ATFS-1 is degraded by a protease once imported into the mitochondria 

(Higuchi-Sanabria et al., 2018; Nargund et al., 2015). During periods of mitochondrial stress, 

ATFS-1 cannot enter the mitochondria. Instead, it enters the nucleus where its transcriptional 

activity is regulated by the ubiquitin-like protein, UBL-5, and Defective proVEntriculus 1, DVE-

1. Together, ATFS-1, UBL-5, and DVE-1 control the production of genes involved in maintaining 

mitochondrial proteostasis such as proteases, transporters, and chaperones (e.g., hsp-6 and hsp-60) 

(Figure 1.2). A very similar mechanism of action is also seen in other animal models (Tran & Van 

Aken, 2020). Additionally, the MT-UPR has been implicated in promoting the transcription of 

genes involved in processes such as development, aging, and metabolism (Tran & Van Aken, 

2020). Dysregulation of the MT-UPR also results in diseases of aging such as cardiovascular and 

muscle dysfunction and neurodegenerative disorders(Higuchi-Sanabria et al., 2018; Nargund et 

al., 2015; Shpilka & Haynes, 2018; Tran & Van Aken, 2020). Maintaining the MT-UPR is vital 

for overall amimal health. Research in C. elegans shows that neuronal specific activation of the 

MT-UPR can lead to an extended lifespan (Durieux et al., 2011). However, constant activation of 

the MT-UPR can also lead to various detrimental effects, including cell death. This demonstrates 

the importance of tightly regulating defensive programs and how disease states can result from a 

loss of homeostasis. Genes involved in this regulation are exciting candidates for promoting 

organismal health, particularly with age. 
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Figure 1.2. Overview of the Mitochondrial Unfolded Protein Response in C. elegans. The 
transcription factor ATFS-1 regulates the MT-UPR (Nargund et al., 2015). ATFS-1 has a weak 
mitochondrial targeting sequence and nuclear localization sequence. Under basal conditions, 
ATFS-1 is imported into the mitochondria where it is degraded by the LON protease (Nargund et 
al., 2015; Shpilka & Haynes, 2018; Tran & Van Aken, 2020). However, during mitochondrial 
dysfunction, misfolded proteins enter the mitochondria where they are degraded by the 
mitochondrial protease ClpP into peptides. These peptides are transported out of the mitochondria 
to the cytoplasm via the mitochondrial transporter HAF-1. This leads to a reduction in the 
mitochondrial import efficiency and ATFS-1 cannot enter the mitochondria. Instead, it enters the 
nucleus with UBL-5 and DVE-1 to transcriptionally regulate overall mitochondrial homeostasis. 
An increase of mitochondrial chaperones such as HSP-6 and HSP-60 occurs in response to protein 
dysfunction of the mitochondria. The production of genes involved in maintaining mitochondrial 
proteostasis such as proteases, transporters, and chaperones are dependent on ATFS-1. Figure 
created using Biorender.com.  
 

Endoplasmic Reticulum – Unfolded Protein Response  

The endoplasmic reticulum is the site of significant protein synthesis and folding, 

necessitating a highly regulated response to misfolded or aggregated proteins. To combat protein 

misfolding, the endoplasmic reticulum unfolded protein response (ER-UPR) is at the center of this 

organelle-specific response. This quality control mechanism rectifies cellular stress by increasing 

chaperone production to correctly fold misfolded proteins, reduces translation, and activates 

cellular apoptosis when homeostasis cannot be achieved (Walter & Ron, 2011). The ER-UPR is 
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highly conserved between eukaryotes with three conserved transmembrane proteins that activate 

unique signaling pathways in response to stress. These three transmembrane proteins are inositol-

requiring enzyme 1 (IRE1), protein kinase RNA (PKR)-like ER kinase (PERK) and activating 

transcription factor 6 (ATF6). These proteins each activate distinct signaling pathways with 

overlapping transcriptional activity. 

IRE1 is the ancestral arm of the ER-UPR and performs a splicing mechanism of the intron 

encoding the transcription factor X-Box binding protein-1 (XBP1), the primary regulator of the 

ER-UPR. Collectively this is known as the IRE-1/XBP-1 signaling cascade of the ER-UPR, it 

leads to Spliced XBP1 activating transcription of chaperones such as the HSP-4 homolog, 

GRP78/BiP. The IRE-1/XBP-1 arm of the UPR also regulates the expression of genes involved in 

trafficking, lipid metabolism, lysosomes, and Endoplasmic Reticulum Associated Degradation 

(ERAD) (Hetz et al., 2020). The PERK arm inhibits translation through phosphorylation of 

Eukaryotic Initiation Factor 2a (eIF2a), which allows for the activation of the transcription factor 

ATF4, which regulates genes involved in autophagy, amino acid metabolism, apoptosis, ER 

chaperones, and un-spliced XBP1 (Hetz et al., 2020). The last arm of the ER-UPR pathway is 

mediated by ATF6, which, during stress, translocates to the Golgi body and is cleaved by proteases 

to create an ATF6 N-terminal fragment that enters the nucleus and activates UPR targets, including 

XBP-1, ERAD, and chaperone genes (Figure 1.3). Overall, the ER-UPR is critical for maintaining 

appropriate cellular function and organismal health.  

The ER-UPR, similar to the other organelle-specific stress responses, is also implicated in 

several disorders. Interestingly, the ER-UPR has been a focus of neurodegenerative disease 

research for therapeutic interventions due to its essential role in proteostasis (Cabral-Miranda & 

Hetz, 2017). Furthermore, research has demonstrated that the ER-UPR utilizes tissue-specific 

signaling to promote longevity and neuronal health and regulate lipid metabolism and lysosomal 

genes to maintain proteostasis (Imanikia, Özbey, et al., 2019; Imanikia, Sheng, et al., 2019; R. C. 

Taylor & Dillin, 2013; J. Xu & Taubert, 2021). 
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Figure 1.3. Overview of the Endoplasmic Reticulum Unfolded Protein Response. The three 
UPR transmembrane proteins IRE1, PERK and ATF6 work together to maintain cellular 
homeostasis. They each activate distinct downstream signaling pathways. When ER stress disrupts 
the natural homeostasis, the transmembrane proteins perform different roles. IRE1 exists as a 
monomer until stress is induced, upon stress it dimerizes and becomes phosphorylated. IRE-1 then 
acts as an endonuclease and cleaves 21bp from the intronic sequence of XBP1 mRNA. Spliced 
XBP1 goes into the nucleus and activates transcription of ERAD proteins, chaperones (HSP-4) 
and genes involved in immune signaling and lipid synthesis (Higuchi-Sanabria et al., 2018; R. C. 
Taylor & Hetz, 2020; Walter & Ron, 2011). PERK undergoes dimerization and phosphorylation 
in response to stress. PERK phosphorylates eukaryotic initiation factor 2α (eIF2α) which will 
inhibit protein translation. The eIF2α then induces ATF4 which enters the nucleus to drive the 
expression of genes such as un-spliced XBP1, ER chaperones and genes involved in apoptosis 
(e.g. CHOP). ATF6 responds to stress by translocating to the Golgi body where it is cleaved by 
site proteases (S1P and S2P) to create an ATF6 N-terminal fragment. This fragment goes to the 
nucleus with DNA- binding capability to activate UPR target genes, including XBP1 and ER 
chaperones. In summary, each arm of the ER-UPR is regulated by different signaling transduction 
mechanisms: ATF6 by proteolysis, PERK by translational control, and IRE1 by nonconventional 
mRNA splicing. Figure created using Biorender.com. 
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Lysosomal Stress Response  
The above sections elucidate well characterized stress responses and the extensive work 

that has been done to understand their signaling cascades. In addition to these well-known and 

well-characterized stress responses, there is growing evidence that the lysosome could also be a 

site of stress response signaling. Lysosomes are acidic organelles that have been colloquially 

thought of as the garbage can of the cell. Lysosomes function to remove unwanted material within 

the cell through different mechanisms (Saftig & Puertollano, 2021). Autophagy, ERAD, and the 

ubiquitin-proteasome system all work together to send material to lysosomes for degradation or 

recycling (Lakpa et al., 2021; Saftig & Puertollano, 2021). In recent years, they have been 

established as centers for metabolic signaling and cell quality control of the cell (Lawrence & 

Zoncu, 2019; Saftig & Puertollano, 2021). Lysosomes respond to internal and external 

environmental changes such as calcium concentrations, inner lysosomal pH, autophagy, nutrient 

conditions, and protein misfolding (Lawrence & Zoncu, 2019; Saftig & Puertollano, 2021). The 

inability to react or sense these environmental changes can result in the accumulation of 

degradative material in lysosomes, leading to dysfunction or the activation of a signaling cascade. 

Additionally, the dysfunction of the lysosomes due to stressful conditions such as protein 

aggregation, lysosome de-acidification, mutations in degradative enzymes, or lysosomal fusion are 

implicated in lysosomal storage disorders, which lead to neurodegeneration (Lakpa et al., 2021). 

Overall, the multiple insults that the lysosome experiences have led to the emergence of a possible 

lysosomal stress response (LSR) (Lakpa et al., 2021; Saftig & Puertollano, 2021). 

The existence of the LSR is a novel concept that is poorly studied. Recent papers suggest 

that lysosomes act as an active signaling platform to orchestrate different pathways to sense and 

respond to stress inducing conditions (Lakpa et al., 2021; Lawrence & Zoncu, 2019; Saftig & 

Puertollano, 2021).  For instance, changes in nutrient availability, lysosomal calcium concentration 

and lysosomal dysfunction triggers dephosphorylation of the transcription factor TFEB, which 

then becomes localized to the nucleus (Lakpa et al., 2021; Lawrence & Zoncu, 2019; Napolitano 

& Ballabio, 2016; Saftig & Puertollano, 2021). Inside the nucleus, TFEB activates a suite of target 

genes involved in autophagy, lysosome biogenesis and function (Napolitano & Ballabio, 2016). 

This adaptive stress response restores lysosome function within the cell (Figure 1.4). The 

transcriptional response of the lysosomes to stressful conditions is synonymous with how the other 

organelle-specific stress pathways operate. There is also the potential for one or more chaperones 
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to be activated in response to lysosomal stress to restore homeostasis within the cell. The lysosome 

could also work as a hub of cellular quality control, to support crosstalk between the different 

stress responses. This could be co-ordinated on the lysosomal surface by factors that are known to 

regulate cellular maintenance, such as AMPK and MTOR (Saftig & Puertollano, 2021). 

 

 
Figure 1.4. Potential lysosomal stress response system. Under conditions of lysosomal stress 
such as drugs which block lysosome function, nutrient availability, mutations in enzymes required 
for the breakdown of intracellular cargo, toxic protein aggregation, deacidification of intra-
lysosomal pH, and calcium efflux into the cytoplasm, a transcriptional response is initiated. 
Lysosomal stress results in Calcium efflux which activates a signaling pathway that 
dephosphorylates the transcription factor TFEB. Following dephosphorylation TFEB enters the 
nucleus to transcribe genes involved in autophagy and lysosome biogenesis. This works to return 
the lysosome to a steady state balance and promotes the breakdown of intracellular material, 
returning the balance to the cell. Figure created using Biorender.com. 
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C. elegans as a model for Stress Research  
Choosing a suitable model to investigate these wide cellular processes is instrumental to 

advancing our knowledge and understanding of stress response maintenance for the creation of 

targeted therapeutics. The different organelle-specific stress response pathways and the nutrient-

sensing signaling cascades are well-conserved in C. elegans. A tremendous amount of work by 

several C. elegans labs has aptly demonstrated the complexities of different UPRs to maintain 

homeostasis within the nematode. For instance, loss of the main transcription factors of the MT-

UPR (atfs-1), ER-UPR (xbp-1), and HSR (hsf-1) significantly alters the lifespan, development, 

thermotolerance of animals, and impairs proteostasis (Bennett et al., 2014; Hajdu-Cronin et al., 

2004; Henis-Korenblit et al., 2010; Morley & Morimoto, 2004; Wu et al., 2018). Conversely, 

overexpression of these transcription factors causes beneficial effects such as lifespan extension 

and enhanced proteostasis.  

The concept of the lysosomal stress response is yet to be fully discussed from the 

perspective of C. elegans. However, the C. elegans TFEB homolog, hlh-30, functions in a similar 

capacity as mammalian systems regulating lysosomal genes (Lapierre et al., 2013; O’Rourke & 

Ruvkun, 2013). It regulates the lifespan interventions of several long lived mutants in C. elegans 

(Lapierre et al., 2013; O’Rourke & Ruvkun, 2013), and is required for the lifespan extension 

observed following xbp-1 overexpression (Imanikia, Özbey, et al., 2019). 

Overexpression of transcription factors, like XBP-1 in the entire organism has been 

complicated concerning lifespan (Dutta et al., 2022). Hence, researchers have utilized tissue-

specific reporters to understand the cell non-autonomous signaling of the stress response within C. 

elegans. Specifically, neuron-specific expression of the ER-UPR, MT-UPR and HSR signals to 

the intestine and promotes longevity, stress resilience, thermotolerance and proteostasis within C. 

elegans (Douglas et al., 2015; Durieux et al., 2011; Prahlad et al., 2008; R. C. Taylor & Dillin, 

2013).  

Work on the cell non-autonomous response of these pathways has recently elucidated glia's 

role in intestinal signaling in C. elegans (Frakes et al., 2020; Gildea et al., 2022). Glia, which 

promote neuronal maintenance, act as regulators of the ER-UPR and HSR in peripheral tissues to 

maintain longevity, proteostasis, and thermotolerance in animals (Dutta et al., 2022; Frakes et al., 

2020; Gildea et al., 2022). This tissue-to-tissue signaling utilizes different neuronal subtypes, such 

as serotonergic and dopaminergic neurons, to utilize various neurotransmitters to activate a 
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transcriptional response in other tissues, thus promoting proteostasis (Dutta et al., 2022). The 

tissue-specific dissection of the different stress response pathways has advanced the field of aging 

and neurodegeneration, providing a greater understanding of the nuances surrounding the collapse 

of proteostasis with age. However, it remains to be explored how other signaling cascades can 

impact the stress response in animals and how they contribute to maintaining homeostasis. In 

response to conditions that are detrimental to cellular health, it remains to be determined how 

modulators of the stress response work to integrate and control the different stress response 

systems in a finely tuned network. 

 

Signaling Pathways that modulate the stress response 
Over the years, studies have identified signal transduction pathways within the cell that 

modulate different stress responses. These pathways are not organelle-specific but have a global 

response on the health of animals when activated. These signaling cascades respond to global 

stressors such as glucose, energy, and amino acid levels (J. Kim & Guan, 2019; Ottens et al., 2021; 

Salminen & Kaarniranta, 2012; R. C. Taylor & Dillin, 2011; van Heemst, 2010). Additionally, 

these signaling pathways can activate organelle-specific stress responses by regulating the 

respective transcription factors to maintain proteostasis and stress response within animals.  

For starters, the insulin/insulin growth factor-1 signaling (IIS)  pathway, as its name 

implies, is an insulin-regulated pathway, specifically a ligand and receptor pathway extensively 

characterized within the nematode C. elegans (R. C. Taylor & Dillin, 2011; Uno & Nishida, 2016). 

The work by Kenyon et al. describes the ortholog of the insulin/IGF-1 receptor, daf-2, whose loss 

of function mutations double the lifespan of animals (Kenyon et al., 1993). This is a result of the 

FOXO transcription factor, daf-16, being dephosphorylated, allowing it to localize to the nucleus 

and promote transcription of target genes. This extends lifespan due to the reduction of insulin 

activity (Kenyon et al., 1993). Studies on the IIS pathway have demonstrated that pathway function 

is well conserved across model organisms (R. C. Taylor & Dillin, 2011; van Heemst, 2010). 

Mutations in daf-2 or reduced insulin levels governs the activity of HSF-1 and XBP-1,  working 

in conjunction with DAF-16 to mediate lifespan extension and stress resistance (Henis-Korenblit 

et al., 2010; O’Reilly et al., 2014; R. C. Taylor & Dillin, 2011). This supports the involvement of 

other signaling cascades which activate the stress response and proteostasis.  
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Similarly,  5’ adenosine monophosphate-activated protein kinase (AMPK) acts to maintain 

proteostasis and lifespan (Mair et al., 2011; Ottens et al., 2021; Uno & Nishida, 2016). AMPK is 

a well-conserved nutrient-sensing serine/threonine kinase activated when energy levels are low 

(Ottens et al., 2021; Salminen & Kaarniranta, 2012). Interestingly, loss of AMPK reduces lifespan 

in animals, whereas overexpression of AMPK extends lifespan (Mair et al., 2011; Martin-

Montalvo et al., 2013; Uno & Nishida, 2016). Loss of AMPK also causes ER stress,  activating 

different ER-UPR components (Y. Dong et al., 2010; Salminen & Kaarniranta, 2012), whereas 

overexpression suppresses ER stress (H. Kim et al., 2015). In contrast, inhibition of AMPK  allows 

the HSR to become active to maintain the proteasome (Ottens et al., 2021). The interplay between 

the regulation of the different stress responses is complex. 

Mammalian Target of Rapamycin (mTOR) signaling is another complex nutrient-sensing 

pathway that responds to energy changes within the cell, such as amino acid availability (J. Kim 

& Guan, 2019; Ottens et al., 2021; Papadopoli et al., 2019). It is aptly named, as the 

pharmacological drug rapamycin was found to extend the lifespan of animals as it inhibits TOR 

activity (J. Kim & Guan, 2019; Papadopoli et al., 2019). Since then, MTOR has been investigated 

as a regulator of hallmarks of aging, such as cellular senescence, energy homeostasis and 

proteostasis. The inhibition of TOR signaling has been linked to the clearance of aggregates in 

different diseases of aging or protein misfolding disorders (Ottens et al., 2021). Unsurprisingly, as 

MTOR appears to regulate proteostasis and aging, links to stress response pathways such as the 

ER-UPR and the MT-UPR have been uncovered recently (Appenzeller-Herzog & Hall, 2012; 

Statzer et al., 2022). For example, inhibiting TOR by rapamycin reduced the activity of ER-UPR 

targets (G. Dong et al., 2015). TOR activity has also been found to regulate the transcription factor 

ATF4, which is shared between the MT-UPR and ER-UPR (Dutta et al., 2022; Li et al., 2023; 

Naresh & Haynes, 2019; Quirós et al., 2017; Statzer et al., 2022). MTOR appears to coordinate 

with these different stress responses by inhibiting translation (Statzer et al., 2022). 

Altogether, the pathways described above maintain cellular metabolism in response to 

energy, glucose and amino acid changes. Furthermore, these pathways are all interconnected such 

that AMPK inhibits TOR activity and stimulates IIS/FOXO transcription, whereas MTOR inhibits 

IIS (Ottens et al., 2021). Recently, these pathways have also been implicated in lysosomal 

signaling, as the lysosomal surface is a site for MTOR and AMPK to mediate their activity within 

the cell in a concerted manner. At the heart of these pathways, they work together to regulate 
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proteostasis and the stress response and prevent the collapse of homeostasis observed in many 

diseases, particularly those of aging. Neurodegenerative disorders have dysregulated stress 

response which inhibits their ability to restore proteostasis as discussed in the following section.  

1.4 Neurodegenerative Disorders activate the stress response 
The stress response pathways described above, which are known to decline in function with 

age, are dysregulated in neurodegenerative disorders. As people are living longer worldwide there 

is a concomitant increase in age-related neurological disorders (Martínez et al., 2017). 

Neurodegenerative diseases like Parkinson’s Disease (PD), Alzheimer’s Disease (AD), and 

Huntington’s Disease (HD) are age-associated disorders which affect millions of people 

worldwide, the majority of whom are the elderly community. Currently, there is no known cure 

for these neurodegenerative disorders, and treatments are symptomatic at best. The therapeutics 

for these disorders either focus on slowing down or managing the symptoms associated with the 

diseases, but none can fully prevent it (Lamptey et al., 2022; Wilson et al., 2023). These diseases 

are characterized by loss of neuronal function, resulting in severe motor dysfunction and cognition 

impairment. Furthermore, these neurodegenerative disorders have distinct clinical hallmarks, i.e. 

severe motor dysfunction, bradykinesia and tremors in PD patients, memory loss and cognition 

impairment in AD patients, and uncoordinated involuntary body movements in HD (Hetz & 

Saxena, 2017; Scheckel & Aguzzi, 2018). These diseases all affect various neurons within the 

brain, such as the substantia nigra of the dopaminergic neurons, the hippocampal neurons, and the 

striatal neurons (Scheckel & Aguzzi, 2018).  

Another hallmark shared between these diseases is mutations which result in the abnormal 

aggregation of misfolded proteins. Therefore, these neurodegenerative disorders are also classified 

as protein misfolding disorders (PMDs) (Hetz & Saxena, 2017). Mutations in the SNCA, APP, and 

HTT genes are pathological hallmarks observed in PD, AD, and HD, leading to the accumulation 

of α-Synuclein, b-amyloid, and PolyQ proteins respectively. These toxic proteins aggregate, 

creating a burden on neuronal cells. The protein aggregates disrupt the internal environment 

causing cellular stress (Hetz & Saxena, 2017; Wilson et al., 2023), which in turn activates the 

stress response. The chronic activation of the stress response eventually leads to cellular death as 

the UPR can no longer restore homeostasis within neuronal cells (Hetz & Saxena, 2017). 

Dysregulated proteostasis plays a significant role in neurodegenerative diseases. Current research 

involves looking at mechanisms to maintain proper stress response activity to promote neuronal 
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health by protecting against protein aggregation (Gomez-Pastor et al., 2018; Hetz et al., 2020; 

Shpilka & Haynes, 2018). These mechanisms can eventually be harnessed to sustain proteostasis 

or the stress response, particularly as animals age (R. C. Taylor & Hetz, 2020). Proteostasis is 

central to neurodegenerative diseases and many other disorders, activating the stress response and 

other cellular mechanisms such as ERAD, autophagy, and the ubiquitin lysosomal system (Hetz 

& Saxena, 2017).  

C. elegans are heavily utilized to study the stress response and proteostasis when 

addressing mechanisms to combat these neurodegenerative diseases. Modulating the stress 

response to protect against these neurodegenerative disorders is well-studied to the C. elegans 

system due to its relatively simple nervous system. Harnessing the expansive body of research that 

exists on the stress response and the collapse of proteostasis, novel targets can be investigated with 

a broad view and quickly narrowed down with the widespread tools available at our disposal. 

Noteworthy targets for investigation are neurotrophic factors, which have been investigated for 

their neuroprotective capabilities. 

1.5 Neurotrophic Factors: Overview 
Neurotrophic factors (NTFs) are a class of small extracellular proteins that support the 

survival and differentiation of neuronal cells and the development of a mature nervous system. 

NTFs are also involved in maintaining neuron homeostasis and neuroregeneration via their anti-

inflammatory and anti-apoptotic properties (Airavaara et al., 2009; Nasrolahi et al., 2018; Renko 

et al., 2018). Neurotrophic factors are of particular interest to the field of neurodegeneration, as 

they are being investigated as suitable therapeutic candidates in treating PD and other 

neurodegenerative diseases. Well-known NTFs include nerve growth factor (NGF), glial cell-

derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) (Jӓntti & 

Harvey, 2020). These classical NTFs are secreted and bind to a receptor on the membrane surface, 

activating a signaling cascade to promote neuronal maintenance and survival following injury 

(Jӓntti & Harvey, 2020). NGF, BDNF, and GDNF are reported to be protective of dopaminergic 

neurons but can also protect other neuronal types (Chmielarz & Saarma, 2020; Ducray et al., 2006; 

Popova et al., 2017). However, these NTFs have had limited success in clinical trials at mitigating 

the progression of PD without causing serious side effects (Chmielarz & Saarma, 2020). However, 

a novel NTF family known as the MANF/CDNF family (Jӓntti & Harvey, 2020) shows promise, 

with success in intraputamenal delivery and drug tolerance being observed in human clinical trials 
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(Huttunen et al., 2023). Compared to other NTFs, the MANF/CDNF family is unconventional in 

both their structure and function. 

 

Figure 1.5. The structure and homology of MANF. A) MANF has a Saponin like domain, SAP 
domain and a KDEL like sequence. The Saponin family of proteins are reported to degrade lipids 
through membrane interaction. The SAP (SAF-A/B, Acinus and PIAS) domain is homologous to 
Ku70, a proapoptotic inhibitor of Bax (Bcl-2-associated X protein). The KDEL like sequence 
causes endoplasmic retention of MANF. BDNF and GDNF have homology to the TGFβ and NGF 
family respectively. Compared to BDNF and GDNF which have one major domain family, MANF 
has a two-domain architecture on the N- terminus and C- terminus. These domains are reported to 
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make MANF a bifunctional protein (Hellman et al., 2011). All three NTFs have a signal sequence. 
Families of MANF, GDNF, and BDNF were identified using InterPro and UniProt. GDNF and 
BDNF sequences have mature forms of their proteins that bind to receptors to facilitate their 
neurotrophic activity. B) Phylogenetic tree of MANF protein sequences generated using the 
maximum likelihood method performed with MEGA11 software. The phylogenetic tree was 
generated on MEGA11. Protein sequences of all 24 species were extracted from the NCBI ortholog 
list. 

1.6 MANF/CDNF Family  
Over the last 20 years, the evolutionarily conserved MANF/CDNF family of NTFS have 

become noteworthy targets for investigation as they possess neuroprotective capabilities in 

multiple animal models (Jӓntti & Harvey, 2020; Pakarinen & Lindholm, 2023; Palgi et al., 2009; 

Richman et al., 2018; Voutilainen et al., 2009). Family members include cerebral dopamine 

neurotrophic factor (CDNF) and the mesencephalic astrocyte derived neurotrophic factor 

(MANF). This family of NTFs is structurally and mechanistically distinct from other classical 

NTFs (Lindahl et al., 2017). MANF/CDNF share no sequence homology with other NTFS 

(Parkash et al., 2009) and also have different domain families to those of classical NTFS, such as 

BDNF and GDNF (Figure 1.5A). Therefore, MANF/CDNF act through unknown mechanisms to 

have a cytoprotective function. Additionally, CDNF and MANF are paralogues, and both are 

present in vertebrates, but only MANF is present in invertebrates. MANF is highly conserved 

among many species, including humans, mouse, rats, Drosophila, and C. elegans (Figure 1.5B) 

(Nasrolahi et al., 2018; Richman et al., 2018). MANF is an 18-20 kDa protein that was initially 

derived from a cultured medium of rat type-1 astrocyte ventral mesencephalic cells (Petrova et al., 

2003). It was previously known as arginine rich mutated in early-stage tumors (ARMET) due to 

the belief that the N-terminus was rich in arginine (Petrova et al., 2003; Voutilainen et al., 2015).  

However, subsequent studies found that it was not rich in arginine and it was subsequently renamed 

to reflect its neurotrophic properties (Mizobuchi et al., 2007; Petrova et al., 2003). MANF is crucial 

for the development and survival of the central nervous system, and MANF has been found to 

protect and restore the function of dopaminergic (DA) neurons in healthy animal models, as well 

as in various eukaryotic PD models (Jӓntti & Harvey, 2020; Pakarinen & Lindholm, 2023; Palgi 

et al., 2009; Richman et al., 2018; Voutilainen et al., 2009). Initially, MANF was thought to be 

selectively protective of dopaminergic neurons, but subsequent studies determined that it has a 

broader role in multiple tissues (Jӓntti & Harvey, 2020; Neves et al., 2016; Sousa-Victor et al., 

2018, 2019; Sousa et al., 2023). MANF was found to be widely expressed in many tissues (i.e. the 
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pancreas, kidney, brain), but its expression declines with age, despite its role in maintaining 

homeostasis (Danilova et al., 2019; Jӓntti & Harvey, 2020; Neves et al., 2016; Peled et al., 2021; 

Richman et al., 2018; Sousa-Victor et al., 2018, 2019; Sousa et al., 2023). 

In the beginning, research on MANF was performed from the perspective of neurodegenerative 

disorders due to its discovery within dopaminergic neurons (Petrova et al., 2003). Consistent with 

this, research by many groups demonstrated that loss of MANF causes PD-like symptoms in 

several animal models (Apostolou et al., 2008; Palgi et al., 2009; Richman et al., 2018; Voutilainen 

et al., 2009). Loss of MANF in mouse models caused PD-like defects and resulted in severe 

diabetes from the loss of beta cells and increased the UPR activation in the pancreas islets cells 

(Lindahl et al., 2014, 2017; Petrova et al., 2003; Voutilainen et al., 2009). Knockdown of MANF 

in larval zebrafish impaired the development of dopaminergic neurons but could be rescued 

following exogenous MANF application (Chen et al., 2012). Deletion of MANF in Drosophila 

melanogaster causes axonal degeneration, dopamine reduction, loss of dopaminergic neurites, and 

larval lethality (Lindström et al., 2013; Palgi et al., 2009). Mutations in the C. elegans 

MANF/CDNF homolog, manf-1, also resulted in an age-dependent decline in dopaminergic 

neuronal health, α-Synuclein aggregation, and mobility (Richman et al., 2018). Work in C. elegans 

also reported that increased MANF-1 is neuroprotective in an α-Synuclein model, improving 

locomotion (Z. Zhang et al., 2018). Interestingly, loss of manf-1 results in immunity to stress-

inducing drugs and pathogens during the larval stages without growth inhibition (Hartman et al., 

2019). However, the loss of manf-1 in adults worms makes them susceptible to stress (S. K. B. 

Taylor et al., 2024). 

Changes in MANF are associated with various diseases not limited to neurodegenerative 

disorders but also including inflammatory, metabolic, and skeletal disorders (Jӓntti & Harvey, 

2020; Pakarinen & Lindholm, 2023; Sousa-Victor et al., 2018; Sousa et al., 2023). In short, 

changes in MANF levels have been observed in PD, AD, stroke, type 1 and 2 diabetes, liver injury,  

and ischemia (Jӓntti & Harvey, 2020; Pakarinen & Lindholm, 2023). Fortunately, MANF has been 

able to elicit protective benefits in these disorders via induction or exogenously applied MANF in 

different animal models (Jӓntti & Harvey, 2020). The conserved property of MANF between 

species has been observed using human MANF, which can rescue the lethal effect observed in D. 

melanogaster MANF mutants (Palgi et al., 2009). Similarly, human MANF can be substituted in 

C. elegans, abrogating ER stress in these animals (Bai et al., 2018). 
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 As discussed above MANF has a broad role within animals, and much of its function 

appears to be conserved between species. MANF can potentially regulate different processes 

within the cells due to its implication in many disorders. However, what mechanisms MANF may 

utilize to protect animals is not fully understood. Interestingly, research demonstrated that MANF 

expression also declines with age, suggesting a link between its function and age-related 

impairments on health of animals. manf-1 mutants have reduced lifespan in C. elegans, 

strengthening this finding. Similarly, MANF RNAi also reduces lifespan in D. melanogaster 

(Smith et al., 2019; Sousa-Victor et al., 2019; S. K. B. Taylor et al., 2024). This phenomenon draws 

a parallel with not only age-dependent neurodegeneration but also with age-related disorders. 

MANF could contribute to hallmarks of aging, by affecting proteostasis and the stress response. 

Loss of MANF significantly dysregulates the ER-UPR in animals causing significant impact on 

organismal survival (Jӓntti & Harvey, 2020; Richman et al., 2018).  

1.7 More than a Neurotrophic factor MANF: a regulator of the UPR 
A significant portion of my thesis focuses on elucidating the cellular and molecule roles of 

MANF in C. elegans. Previous work has suggested that MANF has the potential to protect against 

dysregulation of the stress response, a hallmark of neurodegenerative diseases (López-Otín et al., 

2023; Pakarinen & Lindholm, 2023; Richman et al., 2018). MANF has an N-terminal signal 

sequence and an ER retention signal at its C-terminal, causing it to localize to the ER lumen 

(Lõhelaid et al., 2022; Richman et al., 2018). Additionally, MANF is critical in regulating the ER-

UPR  to maintain organismal health, making it distinct from classically secreted NTFs (Jӓntti & 

Harvey, 2020; Lõhelaid et al., 2022; Richman et al., 2018; Sousa-Victor et al., 2019). Since 

identifying its ER retention signal and involvement in the UPR, MANF has been classified as a 

promoter of the UPR (Jӓntti & Harvey, 2020; Lõhelaid et al., 2022). Loss of MANF in adulthood 

makes animals susceptible to ER Stress. Several studies have focused on understanding how 

MANF, a neurotrophic factor, is able to regulate the ER-UPR and its role within the ER (Jӓntti & 

Harvey, 2020; Lõhelaid et al., 2022). Research on MANF has been primarily done in mouse and 

cell lines. However, only a handful of articles have been published using Drosophila and C. 

elegans models to date. 

The research in different models has demonstrated multiple connections between the ER-

UPR and MANF (Jӓntti & Harvey, 2020). MANF overexpression reduces UPR activation in a cell 

line model of AD, and conversely, loss of MANF increases UPR activity (S. Xu et al., 2019). In 
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Drosophila, a transcriptomic study demonstrated that several changes in UPR, endosomal, and 

PD-related genes were altered and showed that MANF localizes partially to the ER and endosomal 

compartment (Palgi et al., 2012). Further research in Drosophila observed that ER stress-inducing 

chemicals (tunicamycin and thapsigargin) increase MANF expression (Lindström et al., 2016). 

The authors also elucidated a potential genetic interaction between ER-UPR components and 

MANF. They found that performing RNAi knockdown of XBP-1, GRP78, and PERK in MANF 

overexpression flies altered the wing shape in Drosophila and, in some cases, caused lethality 

(Lindström et al., 2016). This is supported by work in C. elegans, which shows that a mutation of 

atf-6 or pek-1 within manf-1 mutants eliminates the larval resistance of manf-1 mutants to 

tunicamycin (Hartman et al., 2019). Additionally, it was determined that a double mutant between 

ire-1 and manf-1 results in homozygous lethal worms, emphasizing the necessity of both genes for 

survival (Hartman et al., 2019). Other research investigating the IRE1/XBP1 arm of the ER-UPR 

demonstrates that XBP1s may be a transcriptional regulator of MANF, and inhibition of XBP1 or 

IRE1 attenuates the expression of MANF (D. Wang et al., 2018). Interestingly, MANF also 

regulates the expression of ER-UPR proteins, such as the chaperone GRP78/BiP (Richman et al., 

2018).  

MANF is reported to interact with GRP78/BiP and IRE-1 to regulate UPR activity (Eesmaa 

et al., 2021; Kovaleva et al., 2023). MANF can act as a cofactor with GRP78/BiP in UPR 

maintenance, but this is not required for the role of MANF in neuronal survival. Only the IRE-1 

interaction is necessary for its protective capability on neurons (Eesmaa et al., 2021; Kovaleva et 

al., 2023). The role of MANF in heart disease and stroke may also depend on this ER-UPR arm, 

but it may be the precise interaction between XBP1 and MANF that is critical for regulating other 

stress response genes following a stroke (Lõhelaid et al., 2022). 

1.8 More than a Neurotrophic factor: MANF is a regulator of proteostasis 
Research over the years supports MANF being a UPR regulator working to maintain health 

in animals. Is the ER-UPR the only stress signaling pathway that MANF regulates? The broad 

pattern of MANF expression led to research on MANF’s role beyond dopaminergic neurons. 

MANF is capable of modulating different processes to mediate cytoprotective capabilities (Jӓntti 

& Harvey, 2020; Lõhelaid et al., 2022; Pakarinen & Lindholm, 2023; Palgi et al., 2009). MANF 

could potentially be involved in other pathways associated with neurodegeneration and metabolic 

disorders. The intricacies of the involvement of MANF with other UPRs such as (MT-UPR, HSR 
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and LSR) remain to be further explored. Recent work by Kim et al. (2023) demonstrated that 

MANF can restore mitochondrial homeostasis to treat kidney disease in mouse by activating p-

AMPK, which stimulates mitophagy (Y. Kim et al., 2023). Additionally, within the context of 

alcohol-associated liver disease, the addition of recombinant MANF activates AMPK, 

ameliorating liver steatosis (H. Xu et al., 2023). 

The ability of MANF to maintain neuronal and organismal health is complex with the 

addition of its role in different tissues. Unlike other NTFs, MANF is expressed broadly across 

tissues, where it is likely to have diverse functions. This complicates investigating its mechanism 

of action, making it difficult to elucidate how MANF may exert a cytoprotective function within 

animals. A universal receptor for MANF has not been identified, despite this being present in other 

NTF. Recently, a group demonstrated that in HeLa cells, Neuroplastin (NPTN) binds MANF to 

regulate immunity (Yagi et al., 2020). The same group also demonstrated that IRE1α facilitates 

the binding of MANF for neuroprotective properties in cell and rat models (Kovaleva et al., 2023). 

However, no Drosophila or C. elegans receptor for MANF has been identified. Additionally, an 

NCBI blast shows NPTN does not appear to share any sequence similarity with any C. elegans 

proteins, nor has it been identified in C. elegans. There may be a distant homolog of NPTN with 

low sequence similarity in C. elegans, or C. elegans MANF may be bound by a different, unknown 

receptor. 

 It remains to be seen if NPTN and IRE1α are also involved in MANF signaling in 

invertebrate models such as Drosophila and C. elegans. The binding of the IRE1α receptor is a 

possibility as this receptor is conserved in invertebrate models. If MANF binds to this receptor for 

UPR activity could MANF bind to other receptors to regulate the stress response? A proposed 

receptor for MANF activity are KDEL receptors which shuttle proteins that contain a KDEL like 

sequence to move between the ER and Golgi (Lõhelaid et al., 2022). These receptors are named 

after the canonical amino acid ER retention signal “KDEL”. Orthologs of MANF have variations 

in this sequence. For example, the human and mouse ER retention signal for MANF is “RTDL”, 

whereas in D. melanogaster and C. elegans it is “RSEL” and “KEEL” respectively(Henderson et 

al., 2013). The presence of the ER retention signal in MANF proteins supports the potential 

interaction between MANF and KDEL receptors for survival. A proposed mode of action for 

MANF could involve the retrograde cycling of MANF by KDEL receptors. Under normal 

conditions, MANF exists within the ER and is expected to shuttle back and forth between the Golgi 
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and ER. When cells experience stress or a calcium efflux occurs, MANF is secreted from the ER 

and is trafficked extracellularly, going to target cells to be cytoprotective (Lõhelaid et al., 2022; 

Pakarinen & Lindholm, 2023). Opposing papers argue whether the ER retention signal is necessary 

for MANF secretion in response to ER stress (Glembotski et al., 2012; Henderson et al., 2013). 

Research suggests that the MANF ER retention signals are relatively weak signals compared to 

the canonical “KDEL” signal (Glembotski et al., 2012). Changing the ER retention signal of 

MANF to KDEL reduces its secretion following ER stress (Glembotski et al., 2012).  

As a secreted protein induced by stress, MANF could signal target tissues to elicit different 

responses including UPR activity. Once extracellular MANF is taken up, it could balance 

intracellular stress. Potentially, extracellular MANF could bind to ER- UPR sensors such as IRE1, 

activating the UPR in neuronal cells or tissues to prevent disease states (Jӓntti & Harvey, 2020; 

Lõhelaid et al., 2022).  

A substantial amount of work is required to understand the precise mechanism of MANF 

as a regulator of the stress response to mitigate neurodegeneration and promote proteostasis. 

Additionally, the role of MANF in maintaining organismal health as we age requires further 

investigation. MANF holds incredible potential to revolutionize our understanding of regulating 

different stress responses. Understanding the precise mechanism of action of MANF could 

facilitate therapeutic development for a broad spectrum of diseases with dysregulated stress 

responses. This would allow MANF to be employed as a potent therapeutic for age-related 

disorders and could lead to the development of novel genetic therapies for diseases with limited 

treatments(López-Otín et al., 2023; Sousa-Victor et al., 2019; W. H. Zhang et al., 2022). My work, 

described in subsequent chapters, demonstrates that MANF is at the intersection of proteostasis, 

neurodegeneration, longevity, and stress response maintenance and is well suited for addressing 

the effects of a dysfunctional stress response. 

  



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

24 
 

1.9 Thesis Objectives 
Over the years, an in-depth analysis of the stress response and proteostasis has been done 

collaboratively in various model systems from mouse to C. elegans. The work described in this 

thesis aims to understand the contribution of maintaining the stress response to the promotion of 

healthy living in animals. The research objective that guided my Ph.D. thesis was to examine how 

changes in the stress response affect various aspects of health in animals such as behaviour and 

how stress response modulators like MANF prevent the collapse of proteostasis and promote 

organismal fitness. To this end I explored the following hypotheses:  

1) The regulation of the stress response pathways mediates the behaviour of animals.  I 

examined how environmental insults and genetic mutations in C. elegans affect the 

different stress response pathways to modulate electrotaxis behavior.  

2) The stress regulating protein MANF modulates the UPR and proteostasis to promote 

neuronal health and survival. This thesis explored how the cytoprotective function of 

MANF acts as more than a neurotrophic factor. Additionally, I examined the role of 

MANF at the tissue and cellular level to understand its mechanism of action in modulating 

the stress response to promote organismal survival. 

MANF has a broad expression pattern and is implicated in many disorders. The C. elegans systems 

present the opportunity to investigate the mechanisms of MANF from multiple viewpoints, 

including whole organism, tissue-specific, and organelle-specific perspectives. MANF can 

potentially be a central player in the maintenance of adaptive stress response signaling (Figure 

1.5). Understanding the function of MANF in C. elegans through its interaction with regulators of 

neurodegeneration and stress response signaling in a tissue and organelle-specific view will lay the 

mechanistic groundwork needed to effectively harness its therapeutic potential for treating age-

associated disorders. This research addresses the gap in our understanding of genes which maintain 

the response to promote neuronal health and longevity and the multiple routes by which they 

accomplish this.  
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1.10 Chapter Overview 
My thesis is organized into 5 chapters with an appendix. They are as follows: the 

introduction (Chapter 1). Chapters 2-4 describe research findings on the stress response and the 

investigation into the mechanism of MANF function. Chapter 2 is published; Chapter 3 is 

submitted for publication and currently under review. Chapter 4 is a written draft to be submitted 

to a peer-reviewed journal. Chapter 5 includes discussion and future directions which discusses 

the results and outlines potential areas for future investigations.  

Chapter 2 demonstrates the requirements of the different organelle stress responses within 

the cell to modulate movement behavior in C. elegans using a novel microfluidic electrotaxis 

assay. This chapter also demonstrates that different chemical and environmental insults activate 

the stress response, impacting organismal health. Furthermore, it elucidates how transient stress 

can promote a better physiology in animals, but chronic stress is severely detrimental. 

Chapter 3 elucidates the role of MANF in mediating proteostasis in C. elegans. This chapter 

presents for the first time the novel expression pattern of MANF to lysosomes which is dependent 

on the endosomal trafficking system. This chapter demonstrates that MANF overexpression 

extends lifespan, protects dopaminergic neurons, and reduces protein aggregation in C. elegans. 

The protective effect of MANF was dependent on the transcription factor TFEB/HLH-30 which 

regulates lysosomal genes and autophagy. This chapter shows that MANF utilizes the autophagy-

lysosomal system to potentially clear protein aggregates. 

Chapter 4 examines the novel role of MANF in maintaining age-dependent muscle health. 

This chapter shows that MANF regulates several genes related to muscle function. We show that 

Loss of MANF results in reduced muscle function and that MANF regulates mitochondrial health 

in animals. 

Collectively, the work in these chapters emphasizes the broad role of the stress response in 

maintaining organismal health and the significant impact that regulators like MANF have on the 

cell, tissues, and physiology of the animal.  
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Figure 1.6. MANF has the potential to be at the center of stress response signaling. MANF 
has multiple functions unlike other known neurotrophic factors. MANF is able to regulate UPR 
maintenance and proteostasis within the cell, preserving homeostasis with age. The signaling of 
MANF to target tissues allows it to mediate longevity, neuroprotection, lysosome function and 
reduce protein aggregation in animals. Figure created using Biorender.com. 
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2 UPR and HSR pathways modulate electrotaxis behavior.  
2.1 Preface 
This chapter includes the following two articles in their originally published format: 

1) C. elegans electrotaxis behavior is modulated by heat shock response and unfolded protein 
response signaling pathways by Shane K. B. Taylor1, Muhammad H. Minhas1, Justin Tong, 
P. Ravi Selvaganapathy, Ram K. Mishra & Bhagwati P. Gupta. Scientific Reports. 11, 1–
17 (2021). https://doi.org/10.1038/s41598-021-82466-z 
 

2) Effect of starvation on electrotaxis response by Shane K. B. Taylor, Muhammad H. 
Minhas & Bhagwati P. Gupta. microPublication Biolology. (2023). 
DOI:10.17912/micropub.biology.000962 

These are open access articles which are licensed and distributed under a Creative Commons 

Attribution 4.0 International License, which permits the use, sharing, adaptation, distribution and 

reproduction in any medium provided the original source and author are given appropriate credit. 

In this chapter we report on how the stress response plays a major role in mediating the 

movement of animals when stimulated by an electric current i.e. electrotaxis. The electrotaxis 

behavior is known to be affected by the neuronal health of animals. Therefore, we sought to 

examine the role of various stress inducing conditions, such as heat, starvation, chemical toxicity, 

exercise, and genetic mutations which are reported to affect the neuronal health of animals. This 

chapter mainly identified that the HSR and the UPR of the mitochondria and endoplasmic 

reticulum affect the locomotion of animals. Specifically, the major transcription factors of these 

stress response pathways hsf-1, atfs-1 and xbp-1 have a significantly reduced locomotory 

capability compared to control. These pathways all contribute in longevity, proteostasis and the 

neuronal health of animals. This work provides a further extension of how genes mediating the 

stress response are essential to maintaining the neuronal health of animals. 

  

https://doi.org/10.1038/s41598-021-82466-z
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2.2 Taylor, S. K. B. et al. 2021. Scientific Reports 
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Supplementary Methods 

 

Lifespan Assay 

Lifespan analysis was carried out at 200C on NGM agar plates with E. coli OP50 bacteria.  Each 

strain was repeated at least twice. Each batch contained a minimum of 30 animals per strain and 

worms were scored for viability every day, from day 1 of adulthood. Young adult worms were 

transferred to fresh plates every other day and the numbers of dead worms were recorded. 

GraphPad Prism software was used to calculate p values using the log-rank (Kaplan-Meier) 

method. 

 

Dopaminergic neuron analysis 

Neuronal phenotype was visually scored by counting cell bodies of dopaminergic (DA) neurons 

and observing dendritic morphologies under a Nomarski fluorescence microscope. In wild-type 

animals, three pairs of DA neurons (two pairs of CEPs and one pair of ADE) and their smooth 

dendritic/axonal projections are visible in the head region. Mutations and drug-treatments that 

cause defects in neurons result in fewer cell bodies and/or projections showing abnormal 

phenotypes such as blebbing, punctate pattern, deformed shape, faint appearance. and complete 

absence. Such animals were considered defective. Multiple batches of animals were scored on 

different days and from different culture plates to ensure that results were unbiased.  
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Supplementary Tables 

 

Supplementary Table S1. List of primers used in this study.  

 

Primer Gene Direction 
(forward, 
FP; reverse, 
RP) 

Sequence 

GL747 pmp-3 FP CTTAGAGTCAAGGGTCGCAGTGGAG 
GL748 pmp-3 RP ACTGTATCGGCACCAAGGAAACTGG 
GL1446 xbp-1 FP CGCAGCCCAAAATGCTAGAG 
GL1447 xbp-1 RP AGATCGCGCATCACATCCTC 
GL1633 atfs-1 FP CGAGCCGAGAAGAAGGGAAG 
GL1634 atfs-1 RP GCGCCCATTTTACGAAGCTC 
GL1643 hsp-4 FP AAGCTTCTGAGGAGCCATCG 
GL1644 hsp-4 RP GGGGTTGGGTTGGGAAAGAA 
GL1645 hsp-6 FP AACCATTGAGCCATGCCGTA 
GL1646 hsp-6 RP CTTGAACAGTGGCTTGCACC 
GL1647 hsp-16.2 FP GTCCAGCTCAACGTTCCGT 
GL1648 hsp-16.2 RP TCTCAGAAGACTCAGATGGAGAGAT 
GL1685 ifg-1 FP CAGCAGCCATACCGTGGAAG 
GL1686 ifg-1 RP TCGAAGGTCTAACAACTGGTGG 
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Supplementary Figures 

 

Supplementary Figure S1.  

Dopaminergic (DA) neurons in young adult dat-1::YFP  transgenic animals treated with PQ  and 

Tunicamycin. (A) Quantification of neuronal degeneration following exposure to tunicamycin at 

different concentrations. Tunicamycin exposure caused a significantly higher dopaminergic 

neurodegeneration compared to untreated controls (2µg/mL p = 0.0185, 5µg/mL p = 0.0058, 

10µg/mL p = 0.0008). (B) Quantification of neuronal degeneration following exposure to PQ at 

different concentrations. 125 μM PQ had no significant degeneration (p = 0.9996) but significant 

degeneration can be seen at 250µM (p = 0.0079). (C-E) Neuronal morphologies as revealed by 

dat-1p::yfp expression Arrows point to cell bodies and dashed lines represent the boundary of the 

head. The animal in C has normal number of neurons (3 pairs) and smooth appearance of 

dendritic/ axonal projections. Panels D and E show animals that are defective. In one case (D) 

only five cell bodies are visible. The dotted regions represent few example areas of 

neurodegeneration where projections can be seen having blebbing and punctate appearances. 

Untreated control animals (C), 250 μM PQ (D), and 10 μg/mL tunicamycin (E). Exposure to 

tunicamycin caused damage to dopaminergic neurons as seen by punctate and missing axons. 

The numbers of animals examined were: (A) 25 for dat-1::YFP untreated, 53 for Tuni 2 μg/mL, 

47 for Tuni 5 μg/mL, and 42 for Tuni 10 μg/mL. (B) 25 for dat-1::YFP untreated, 27 for PQ 125 

μM, and 30 for PQ 250 μM.  Data in A and B was analyzed using one-way ANOVA followed by 

Dunnett’s post hoc test. 
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Supplementary Figure S2. (A) hsp-4::GFP reporter analysis in pqe-1(ok1983) animals showed 

an increase in GFP fluorescence (p=0.0086, Student’s t-test). (B) Quantification of neuronal 

degeneration in pqe-1 mutants on day 1 and 3 of adulthood using the dat-1::YFP marker. 

Neuronal defects in mutant animals increase with age. (C)  pqe-1(ok1983) animals have a shorter 

lifespan (mean 15.2± 0.6) compared to N2 (mean 15.9 ± 0.6) (p = 0.0222). The numbers of 

animals examined were: (A) N2: n = 24, pqe-1(ok1983) n = 18. (B) Control day 1: n = 47, pqe-

1(ok1983) – day 1: n = 45, Control day 3: n = 50, pqe-1(ok1983) – day 3: n = 51. (C) N2: n = 66, 

pqe-1(ok1983) n = 80.  
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Supplementary Figure S3.  RT-qPCR analysis the UPR chaperones following ifg-1 RNAi. The 

knock-down was confirmed by measuring ifg-1 levels. (A) In N2 animals, hsp-4 was unchanged. 

hsp-6 was downregulated but hsp-16.2 was increased roughly three folds (p = 0.002 and 0.03, 

respectively). (B) ifg-1 RNAi in pqe-1(ok1983) animals had no effect on hsp-4 but both hsp-6 

and hsp-16.2 were upregulated (p = <0.001 and 0.013, respectively). While the increase in hsp-

16.2 is lower than pqe-1 mutant alone (see Figure 4A), it is nevertheless up by 5-6 folds. 

Samples included: L4440 control: n = 2 batches, ifg-1 RNAi: n = 2 batches, pqe-1(ok1983), 

L4440 control: n = 2 batches, pqe-1(ok1983); ifg-1 RNAi: n = 2 batches. Data was analyzed 

using one-way ANOVA with Tukey’s post hoc test.  
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Supplementary Figure S4. Analysis of hsp-4::GFP reporter in wild-type N2 day-1 adults 

following 8 hrs exposures to 25°C and 28°C . The fluorescence was significantly increased for 

both temperatures (p=0.0001). Data was analyzed using one-way ANOVA followed by Dunnet’s 

post hoc test. Control hsp-4::GFP : n = 20;  25°C: n = 22, and 28°C: n = 21.  
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Supplementary Figure S5. Electrotaxis of PQ-treated hsf-1 mutants. Refer to Figure 1 for a 

description of box plot. Speed of hsf-1(sy441) animals is not affected by treatment with 75 μM 

PQ (p = 0.7901) but is further depressed by treatment with 125 μM PQ (p < 0.001). Data was 

analyzed using one-way ANOVA followed by Dunnett’s post hoc test. The numbers of animals 

examined were: hsf-1(sy441) untreated: n = 70, hsf-1(sy441) + 75 μM PQ: n = 20, hsf-1(sy441) + 

125 μM PQ: n = 46. 
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Supplementary Figure S6. Electrotaxis of adult hsf-1 animals that have been starved in M9 for 

variable lengths of time at L1. Refer to Figure 1 for a description of box plot. hsf-1(sy441) 

animals arrested at L1 for 48 h or 72 h show significant slowness relative to control animals that 

were starved at L1 for 24 h (p < 0.001 in both cases). The numbers of animals examined were: 

hsf-1(sy441) starved 24h: n = 37, hsf-1(sy441) starved 48h: n = 24, hsf-1(sy441) starved 72h: n = 

27. Data was analyzed using one-way ANOVA followed by Dunnett’s post hoc test. 
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Supplementary Figure S7. Electrotaxis of animals exposed to S. venezuelae and B. 

thuringiensis. Refer to Figure 1 for a description of box plot. Worms fed with E. coli OP50 on 

NGM plates and MYM plates acted as controls for S. venezuelae fed animals. Likewise, for B. 

thuringiensis, E. coli OP50 on LB plate was used as a control. No significant change in S. 

venezuelae (p = 0.3242) and B. thuringiensis (p = 0.8320) fed animals was observed. The 

numbers of animals examined were: E. coli OP50 n = 26, E. coli OP50+MYM agar n = 22, S. 

venezuelae n= 27, B. Thuringiensis n = 24. Data was analyzed using one-way ANOVA followed 

by Dunnett’s post hoc test.  
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Supplementary Figure S8. Electrotaxis of wild-type animals fed with different microorganisms. 

Refer to Figure 1 for a description of box plot. No significant difference was observed between 

animals cultured on E. coli HB101 (p = 0.999), E. coli HT115 (p = 0.6587), E. coli DH5a (p = 

0.9930), C. aquaticus DA1877 (p = 0.999), A. tumefaciens GV3101 (p = 0.121), or E. 

carotovora SCC3193 (p = 0.9511). The numbers of animals examined were: E. coli OP50 n = 

20, E. coli HB101 n = 25, E. coli HT115 n = 16, E. coli DH5a n = 25, C. aquaticus DA1877 n = 

30, A. tumefaciens GV3101 n = 25, and P. carotovorum  SCC3193 n = 19. Data was analyzed 

using one-way ANOVA followed by Dunnett’s post hoc test. 
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Supplementary Figure S9. Quantification of dopaminergic neurons in day-6 adults following 

exercise by shaking. The dat-1::YFP reporter was used to visualize neurons. No significant 

difference in neurodegeneration was observed (p = 0.7263, unpaired Student’s t-test). F) Control 

n = 48, Exercise n = 47. Data was analyzed using unpaired Student’s t-test.  
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2.3 Taylor, Minhas & Gupta. 2023. microPublication Biology 
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3 More than a Neurotrophic factor: MANF regulates 
autophagy and lysosome function to promote proteostasis in 
C. elegans 

3.1 Preface 
This chapter includes the following two articles in their original published and submitted format:  

1) More than a Neurotrophic factor: MANF regulates autophagy and lysosome function to 
promote proteostasis in C. elegans by Shane K. B. Taylor, Jessica H. Hartman & Bhagwati 
P. Gupta. Under review at Proceedings of the National Academy of Sciences (PNAS) 2024. 
 

2) MANF and lithium paper under review at Micropublication 2024 

These are open access articles which are licensed and distributed under a Creative Commons 
Attribution 4.0 International License, which permits the use, sharing, adaptation, distribution and 
reproduction in any medium provided the original source and author are given appropriate credit. 

In this chapter we primarily report on a novel regulation and mechanism for the neurotrophic 

factor MANF-1. This chapter discusses how MANF-1 regulates proteostasis, which may be a 

multifaceted approach. We discovered that MANF-1 localizes to lysosomes, regulates autophagy, 

the fusion of autophagosomes to lysosomes, and that the neuroprotective benefits of MANF-1 are 

mediated by the transcription factor for autophagy and lysosomal genes, TFEB/HLH-30. We 

present a novel mechanism for how MANF-1 may mediate its benefits through a lysosomal 

interaction that is potentially mediated by HLH-30. Additionally, we observe that MANF-1 may 

be regulated by other transcription factors that can be stimulated by chemical exposure. This 

chapter presents a new perspective on MANF-1 and new avenues for its therapeutic potential for 

a wide range of diseases. 
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3.2 Taylor, S. K. B. et al. 2024. In Review at PNAS. 
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ABSTRACT 

The conserved mesencephalic astrocyte-derived neurotrophic factor (MANF) protects 

dopaminergic neurons but also functions in several other tissues. Previously, we showed that 

Caenorhabditis elegans manf-1 null mutants have defects such as increased Endoplasmic 

Reticulum (ER) stress, dopaminergic neurodegeneration, and abnormal protein aggregation. The 

multiple requirements of MANF in different systems suggest its essential role in cellular processes. 

However, how intracellular and extracellular MANF regulates broader cellular function remains 

unknown. We report a novel mechanism of action for manf-1 that involves the autophagy 

transcription factor HLH-30/TFEB-mediated signaling to regulate autophagy and lysosomal 

function. Multiple transgenic strains overexpressing MANF-1 showed extended lifespan, reduced 

protein aggregation, and improved neuronal health of animals. Using a fluorescently tagged 

MANF-1, we observed different tissue localization of the protein, which was dependent on the ER 

retention signal. Further subcellular analysis showed that MANF-1 localizes within cells to the 

lysosomes and utilizes the endosomal pathway. Consistent with the lysosomal localization, our 

transcriptomic study of MANF-1 and analysis of autophagy regulators demonstrate that MANF-1 

promotes proteostasis by regulating autophagic flux and lysosomal activity. Collectively, our 

findings establish MANF as a critical regulator of the stress response, proteostasis, and aging. 

 

SIGNIFICANCE STATEMENT  

Dysregulation of protein balance can lead to harmful protein aggregation, a key feature of age-

related diseases. Neurotrophic factors such as the Mesencephalic astrocyte-derived neurotrophic 

Factor (MANF) play crucial roles in promoting neuronal health by protecting cells from these 

harmful aggregates. Given MANF's therapeutic promise, understanding its molecular mechanism 

is vital. Our study on nematodes demonstrates that MANF modulates autophagy and lysosome 

signaling, which are essential for neuron health and longevity. The cellular roles of MANF involve 

its interaction with vital machinery regulating protein transport and gene expression. Our findings 

provide new insights into MANF's critical role in maintaining cellular equilibrium, offering 

valuable insights into its potential applications in combating age-associated disorders.  
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INTRODUCTION 

Nothing is perfect, and this includes the intracellular machinery of a cell. Despite their constant 

working, the ability of cells to maintain homeostasis declines with age [1]. Dysregulated 

homeostasis can cause protein misfolding and the formation of protein clumps or aggregates. 

Abnormal accumulation of protein aggregates is toxic to cells because it increases cellular stress, 

disrupts physiological processes, and eventually results in the failure of cells, tissues, and organs. 

Current research suggests that maintaining protein homeostasis (proteostasis) is essential for 

functioning cellular processes, reducing age-related diseases, and promoting healthy aging. 

Notably, cells can activate stress response signaling pathways, such as the unfolded protein 

response (UPR), to maintain proteostasis and minimize cellular damage. Although these responses 

work very well in most cases, they are not always efficient. Failure to eliminate toxic protein 

aggregates is a key hallmark of age-related diseases, including neurodegenerative diseases such as 

Parkinson’s Disease (PD) and Huntington’s Disease (HD) [1-3].  

 

A promising approach to enhance proteostasis and protect against neurodegeneration involves the 

therapeutic delivery of neurotrophic factors (NTFs). NTFs are proteins that support neuronal 

survival, growth, and differentiation. Their anti-inflammatory and anti-apoptotic properties make 

them promising therapeutic candidates [4]. One family of NTFs relevant to this study is 

represented by two proteins, namely the cerebral dopamine neurotrophic factor (CDNF) and the 

mesencephalic astrocyte-derived neurotrophic factor (MANF) [5]. These two proteins are 

structurally and mechanistically distinct from other classical NTFs [4, 6]. Although vertebrates 

express both CDNF and MANF, only MANF is expressed in invertebrates.  

 

MANF homologs have been studied in different animals including mouse, rat, zebrafish, and two 

leading invertebrates, Drosophila melanogaster and Caenorhabditis elegans. These studies have 

shown that MANF confers cytoprotection through endoplasmic reticulum (ER)-UPR regulation 

[5]. ER-UPR is a quality control mechanism that rectifies cellular stress by correctly folding 

misfolded proteins, reducing translation, and activating apoptosis when homeostasis cannot be 

restored [7]. Three conserved transmembrane proteins mediate the ER-UPR, inositol-requiring 

enzyme 1 (IRE1), protein kinase RNA (PKR)-like ER kinase (PERK), and activating transcription 
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factor 6 (ATF6) (ire-1, pek-1, and atf-6, respectively, in C. elegans), which activate overlapping 

but distinct pathways in stress responses [7, 8]. In addition, IRE1 creates a spliced form of the 

transcription factor X-box binding protein-1 (XBP1), the main regulator of ER-UPR. Spliced 

XBP-1 maintains homeostasis through the transcription of chaperones, such as GRP78/BiP (C. 

elegans hsp-4), which is affected by MANF [7-11]. Consistent with the role of MANF in ER-UPR 

maintenance, its sequence contains an ER retention signal [12]. Under normal conditions, MANF 

is retained in the ER and is secreted in response to protein misfolding or cellular stress [13].  

 

Recent studies have indicated that MANF is also linked to other diseases with dysregulated 

homeostasis, more specifically, metabolic dysfunction, diabetes, ischemia, and retinal 

degeneration [4, 14, 15]. Accordingly, MANF is widely expressed [14-17] underscoring the 

protein's critical roles in multiple processes. Although MANF is secreted from the ER in response 

to stress, how it regulates cellular function and how extracellular MANF affects other tissues is 

currently unknown. Is there a common theme underlying its mechanisms of action in different cell 

types? The nematode Caenorhabditis elegans offers the necessary genetic and molecular tools to 

investigate these questions and functions of MANF [18-20]. Studies on the C. elegans MANF 

homolog, MANF-1, have shown that it is secreted and endocytosed upon binding to sulfatides 

[21]. Our group and others have demonstrated the role of MANF-1 in processes that include age-

dependent protection of DA neurons [22], regulation of the ER-UPR chaperone HSP-

4/BIP/GRP78, and sensitivity to bacterial pathogenesis [23, 24]. The protective role of manf-1 may 

be mediated by genes affecting autophagy, ER-UPR, and immunity [23, 24].  

 

This study reports novel findings on C. elegans MANF-1 and the mechanism of function. Our data 

indicate that manf-1 mutants died prematurely when subjected to ER stress, and MANF-1 

expression was upregulated in response to stress-inducing conditions. Further analysis revealed an 

essential role for this gene in regulating ER-UPR signaling. We generated multiple transgenic 

strains overexpressing MANF-1 and found that the animals had longer lifespans, improved 

proteostasis, and reduced neurodegeneration. Consistent with these results, the MANF-1::mCherry 

chimeric protein was widely expressed to areas including the intestine, pharynx, muscles, 

hypodermis, and coelomocytes. Subcellular expression studies revealed that MANF-1 was 
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secreted and localized to lysosomal membranes. Further characterization of MANF-1::mCherry 

showed differences in expression depending on the presence or absence of the ER retention signal; 

however, lysosomal localization was present in all of the strains. Moreover, the MANF-1 pattern 

was broadly similar in animals carrying the native ER sequence (KEEL) and the human version 

(RTDL). Interestingly, the beneficial effects of MANF-1 did not depend on the ER sequence. 

Consistent with these data, transcriptomic profiling of the mutant and overexpressing animals 

revealed significant changes in the expression of ER-UPR and lysosomal genes. We found that 

MANF-1 secretion and sub-cellular localization required proteins such as RAB-5 and RAB-7 

mediating endosomal trafficking. Further experiments conducted to investigate autophagy in 

MANF-1 mutant and overexpression animals using the LGG-1 and p62/SQST-1 reporters suggest 

that MANF-1 regulates autophagic flux. Additionally, MANF-1 overexpression caused HLH-

30/TFEB, a transcription factor that regulates autophagy and lysosomal biogenesis, to be 

upregulated and localized to the nucleus. Altogether, our findings establish MANF-1 as more than 

a neurotrophic factor, but rather as a player regulating ER-UPR, autophagy, and lysosomal 

function, potentially in a coordinated manner, to maintain proteostasis, neuronal health, and the 

lifespan of animals.  

 

Results 

Manf-1 mutants show increased ER stress sensitivity and a shorter lifespan 

We reported earlier that manf-1 mutants have increased expression of the ER-UPR reporter hsp-

4p::GFP [22, 23].  However, the effect of additional ER stress on manf-1 in an age dependent 

manner was unknown considering that the ER-UPR declines with age [1, 25]. To this end, we 

assessed the effect of MANF-1 in older manf-1(tm3603) worms by treating them with the ER 

stress-activating drug tunicamycin. Levels of hsp-4p::GFP were quantified in 1-, 4-, and 7-day 

old adults and found to be significantly higher than controls (Fig. 1A, D). The hsp-4 transcription 

was also upregulated (Fig. 1B, C). The results led us to conclude that manf-1 is essential in both 

young and older adults for the maintenance of ER-UPR. The crucial role of the gene was 

demonstrated through additional experiments showing that manf-1(tm3603) animals had 

significantly reduced lifespan (Fig. 1E). Additionally, tunicamycin exposure exacerbated the DA 
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neurodegeneration, lifespan reduction and mortality of animals (Fig. 1F-G, Supplementary Figure 

1A).  

Consistent with the above results, manf-1p::GFP expression was significantly increased following 

tunicamycin treatment (Fig. 1H). In support of this, manf-1 transcription was upregulated in 

animals subjected to acute (8 hr) and chronic (3 days) tunicamycin treatments (Fig. 1I and J). The 

endogenously tagged mKate2::manf-1 strain [23] showed a similar response (Fig. 1K).  

We also examined whether manf-1 affected the sensitivity of animals to other forms of stress in 

order to understand the role of the gene in other physiological processes. To this end, heat stress 

and oxidative stress assays were performed. Except for paraquat, where chronic exposure caused 

significant damage to DA neurons in manf-1 mutants (Supplementary Figure 1D), no other 

difference was observed between mutant and wild-type animals (Supplementary Figure 1B, C). 

Taken together, the results presented in this section demonstrate that manf-1 is necessary for the 

maintenance of ER-UPR and protects animals against ER stress.  

 

 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

70 
 

 

Figure 1. manf-1 mutant phenotypes and gene expression following ER stress. A) GFP 

fluorescence in manf-1(tm3603); hsp-4p::GFP strain with and without 4 hrs of 25 ng/µL 

tunicamycin exposure on day 1, 4, and 7 of adulthood. B) RT-qPCR analysis of hsp-4 in day 1 

manf-1(tm3603) adults following 8 hr exposure to 5 μg/mL tunicamycin. C) Same as B, except 

that animals were chronically exposed to 5 µg/mL tunicamycin until day 3 of adulthood. D) 

Representative images of hsp-4p::GFP fluorescing animals corresponding to the panel A (scale 

bar 100 µm). E, F) Lifespan analysis of manf-1 mutants and N2 control without any treatment (E) 

and following chronic exposure to 25 ng/µL tunicamycin (F). Mean and max lifespan of animals 

are shown in the Supplementary Table 1. G) Percentage survival following 4 hrs exposure to 50 

ng/µL tunicamycin in liquid. (H) Quantification of GFP fluorescence in manf-1p::GFP day 1 

adults following an 8 hr treatment of 5 μg/mL tunicamycin. (I) manf-1 RT-qPCR analysis in day 

1 N2 adults following an 8 hr treatment of 5 μg/mL tunicamycin. J) Same as I, except that animals 

were chronically exposed to 5 μg/mL tunicamycin until day 3 of adulthood. K) Quantification of 

mKate2 fluorescence in the manf-1p:: mKate2::manf-1 transgenic strain. For results presented in 

panels A, E-G, H & K a total of 60 – 140 worms from three independent batches (20 worms 
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minimum per batch) were examined. The RT-qPCR experiments (B, C, I, J) were carried out in 

three independent batches. The graphs are plotted as mean ± SEM (B, C, G, H-K) and mean ± SD 

(E). Data was analyzed using student’s t-test (A-I) and the log-rank (Kaplan-Meier) method (J and 

K). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

manf-1 mutants show enhanced protein aggregation defects 

Based on the upregulation of hsp-4 in manf-1(tm3603) animals, we investigated the ER-UPR genes 

that define each of the signaling arms, namely ATF6/atf-6, PERK/pek-1, IRE1/ire-1, and the 

downstream transcription factor XBP-1/xbp-1 [7, 11]. The expression of all four genes was 

significantly upregulated in manf-1 mutants compared to wild-type controls (Fig. 2A). The ratio 

of spliced to total xbp-1 was also high (Fig. 2B). These data suggest that manf-1 affects a wide 

range of processes that maintain ER homeostasis.  

As ER stress affects the ability of cells to promote protein folding and reduce the accumulation of 

misfolded and unfolded proteins, we examined the proteostasis defects in manf-1 mutants. To this 

end, transgenic animals expressing YFP reporter-tagged human α-Synuclein in body wall muscles 

were used. In a previous study, we demonstrated that these transgenic animals showed increased 

aggregation in the absence of manf-1 [22]. Analysis of α-Synuclein::YFP in 1-, 4-, and 7-day old 

manf-1 (tm3603) adults revealed higher aggregation compared with that in wild-type controls (Fig. 

2C), suggesting that manf-1 is necessary to maintain proteostasis at different stages of adulthood. 

The phenotype was further enhanced by RNAi knockdown of atf-6 and pek-1 (Fig. 2D–F and 

Supplementary Figure 2A), providing evidence that ER-UPR was compromised but not eliminated 

in the absence of manf-1. Notably, the manf-1(tm3603); xbp-1(RNAi) animals showed an opposite 

effect, i.e., α-Synuclein::YFP levels were considerably reduced (Fig. 2D–F and Supplementary 

Figure 2A). Although the precise reasons are unknown, we noted that the animals were unhealthy 

and exhibited slower growth, abnormal movement, reduced viability, and a tendency to frequently 

burst open through the vulval opening (see Methods and Supplementary Figure 3). These 

observations suggest that xbp-1 knockdown significantly compromised the physiological 

processes in manf-1 mutants, leading to reduced α-Synuclein aggregation. The synthetic 

interaction between manf-1 and xbp-1 was consistent with that observed in a previous study that 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

72 
 

reported that manf-1; ire-1 double mutants and xbp-1 RNAi-treated manf-1 mutants were lethal or 

sterile [23].  

We used another protein aggregation system to examine the effects of manf-1, which consists of 

glutamine repeats (polyQ) and serves as a C. elegans HD model [26]. To this end, two polyQ 

strains, Q35::YFP (AM140) and Q40::YFP (AM141), that express fusion proteins in body wall 

muscles under the unc-54 promoter were utilized [26]. Similar to α-Synuclein, both polyQ carrying 

strains exhibited a significant increase in protein aggregation in manf-1 mutants (Fig. 2G, H and 

Supplementary Figure 2B, C). Thrashing defects in the polyQ35 animals, due to aggregates 

accumulating in muscles, were also enhanced (Fig. 2I). Thus, manf-1 is necessary for regulating 

ER-UPR signaling and preventing protein aggregation. 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

73 
 

 

Figure 2. Effect of RNAi knockdown of ER-UPR components on α-Synuclein and polyQ 

aggregation in manf-1(tm3603) animals. A) RT-qPCR analysis of ER-UPR genes (atf-6, pek-1,ire-

1 and xbp-1) in N2 and manf-1(tm3603) day 1 adults. Xbp-1 total and spliced forms are indicated 

by xbp-1T and xbp-1S, respectively. B) The ratio of spliced xbp-1 to total xbp-1 in manf-1(tm3603) 

day 1 adults. C) The fluorescence intensity of α-Synuclein::YFP in body wall muscles was 

measured in day 1, 4 and 7 adults of manf-1(tm3603) and control genotypes. D-F) α-

Synuclein::YFP fluorescence intensities in day 1 (D), day 4 (E) and day 7 (F) animals, following 
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knockdowns of atf-6, pek-1 and xbp-1. L4440 is an empty vector RNAi control. G-I) polyQ35 

protein aggregation phenotype in manf-1(tm3603) animals on day 4 of adulthood compared to 

wild-type. The total fluorescent intensity measurement of polyQ35::YFP (G) and number of 

aggregates (H) in body wall muscles. The thrashing response of animals over a 30 second interval 

(I). Results in panels A and B are based on pooled worms from 3 batches. For panels C-J, at least 

3 batches were analyzed (10-20 worms per batch).  Results are shown as mean ± SEM (A, B) and 

mean ± SD (C-I). Panel I shows a box plot containing all data points, mean, and 25th and 75th 

quartile boundaries. Data was analyzed using student’s t-test (A-C, G-I) and one-way ANOVA 

with Dunnett’s test (D-F). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. ns: not significant.  

 

Overexpression of manf-1 reduces protein aggregation, improves neuronal survival, and 

extends lifespan 

The essential role of manf-1 in stress response maintenance and proper protein folding raises the 

possibility that overexpression of this gene in animals may have beneficial and protective effects. 

To test this hypothesis, we used different approaches to activate manf-1 expression. One of these 

involves treating animals with bioactive compounds such as curcumin and lithium. Recently, these 

two chemicals were reported to increase manf transcription in mammalian cells [27, 28]. Similar 

experiments in worms also showed increased manf-1 levels, albeit only modestly (SKBT, 

unpublished). Other approaches involve the use of transgenic strains that express manf-1 under the 

control of either the heat-shock hsp-16.41 promoter (hsp::manf-1) or the native promoter (manf-

1p::manf-1 and manf-1p::manf-1::mCherry) (see Methods).  

 

For the hsp::manf-1 strain, we tested whether induction of manf-1 expression had a cytoprotective 

effect in animals. The transgenic worms showed a robust response to heat treatments because a 1 

hr 31-°C exposure caused a significant increase in manf-1 transcription (Fig. 3A). Notably, heat 

shock was not required at later stages as 3- and 7-day old adults showed a significant expression 

without any treatment (Fig. 3B), likely due to basal activity of the promoter at room temperature.  
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Phenotypic analysis of day 7 hsp::manf-1; dat-1p::YFP adults showed increased protection of DA 

neurons following heat treatment. Specifically, these animals had a much higher proportion of 

morphologically normal dendritic processes and cell bodies (Fig. 3C).  Quantification of neuronal 

defects revealed fewer animals with defective dendritic and cell body morphologies, 

demonstrating the beneficial effects of manf-1 in promoting neuronal health. Interestingly, animals 

without heat treatment also showed comparable neuroprotection (Fig. 3C), suggesting that a mild 

increase in MANF-1 levels is sufficient to protect DA neurons. In addition, the hsp::manf-1 

transgene caused a significantly lower α-Synuclein::YFP fluorescence in hsp::manf-1; α-

Synuclein::YFP animals, suggesting a reduction in protein aggregation defects in older adults (Fig. 

3D). Finally, the lifespan was significantly enhanced (approximately 5% in heat-treated animals 

and 21% in untreated animals; Fig. 3E, Supplementary Table 1).  

 

 

 

 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

76 
 

 

Figure 3. Effect of manf-1 overexpression on hsp::manf-1 animals. A)  RT-qPCR analysis of manf-

1 expression in day 1 hsp::manf-1 and N2 adults maintained either at 20°C or subjected to 1 hr 

heat shock at 31°C. B) RT-qPCR analysis of day 3 and day 7 adults grown at 20°C. C) Neuronal 

analysis in day 7 adults. An odd day heat treatment at 31°C starting on day 1 until day 7 was used 

to activate hsp::manf-1. Neurons were scored as described in Methods (1: normal cell bodies and 

dendrites, 2: dendritic damage, 3: cell body missing or abnormally shaped, 4: both dendrites and 

cell bodies defective). D) The effect of MANF-1 overexpression on α-Synuclein aggregation. The 

fluorescent intensity of α-Synuclein::YFP was measured in day 7 adults following the same heat 

treatment as in panel C. E) The lifespan analysis of animals after subjecting them to heat treatments 

as in panels C and D. Mean and max lifespan are in the Supplementary Table 1. Data in panels A-

C include three different batches. For α-Synuclein and lifespan analyses, three batches with 20-30 

animals per batch were examined. Results are expressed as mean ± SEM (A, B, D). Data was 

analyzed using one-way ANOVA with Tukey’s test (A, B). Chi square test (C), Student’s t-test (D), 

and log-rank (Kaplan-Meier) method (E). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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Next, we examined the phenotype of manf-1p::MANF-1::mCherry transgenic animals (termed as 

MANF-1KEEL::mCherry; see methods). The MANF-1KEEL::mCherry worms showed high levels of secreted 

MANF-1 in three different lines examined (see next section and Methods). One of these lines 

showing high transgene transmission (DY759, bhEx304) was analyzed in detail. While hsp-4 

transcripts were not significantly affected in these animals, the hsp-4p::GFP transgene was 

activated resulting in increased GFP fluorescence, which suggests that manf-1 overexpression 

caused a modest activation of ER-UPR (Fig. 4A and B). We also observed an increase in both the 

total and spliced xbp-1 transcripts, whereas pek-1 levels were reduced (Supplementary Figure 4). 

However, MANF-1KEEL::mCherry suppressed the ER stress phenotype of manf-1(tm3603) mutants 

based on hsp-4::GFP analysis (Fig. 4A and B).  

 

To determine if MANF-1KEEL::mCherry had protective capabilities, we analyzed the DA neuron 

morphology, α-Synuclein and polyQ aggregation, movement, and lifespan of animals. The results 

indicated that manf-1 overexpression conferred significant protection on DA neurons (Fig. 4D) 

and reduced the aggregation of α-Synuclein (Fig. 4E) and polyQ35 & polyQ40 (Fig. 4G, H, J and 

Supplementary Figure 2C). Additionally, the thrashing response of muscular polyQ35-expressing 

worms significantly improved (Fig. 4I). Similar to hsp::manf-1 animals; the MANF-1KEEL::mCherry 

animals had a significantly increased lifespan (19.2% higher; mean lifespan 19.9 ± 0.5 days 

compared with 16.7 ± 0.4 days for controls) (Fig. 4K, Supplementary Table 1). In addition, they 

showed higher resistance to chronic ER stress (Fig. 4L). The increase in lifespan was also observed 

in another independently generated manf-1 overexpression strain (manf-1p::manf-1, termed as 

MANF-1HAR; mean lifespan 18.5 ± 0.9 days compared with 15.9 ± 0.5 days for controls) 

(Supplementary Figure 5). Overall, these results demonstrate the multiple beneficial effects of 

MANF-1 in C. elegans.  
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Figure 4. Effect of manf-1 overexpression on neurons, stress response, and lifespan of animals. 

A-B) hsp-4p::GFP reporter expression in wild-type, manf-1(tm3603), MANF-1KEEL::mCherry, and 

manf-1(tm3603); MANF-1KEEL::mCherry day 1 adults. Quantification of GFP fluorescence (A) and 

representative images (scale bar 100 µm) (B). C, D) Analysis of dopaminergic neurons in day 7 

adults. (C) Neurons were classified into four different categories based on defects in cell bodies 

and dendrites. See Figure 3 legend and Methods for details. (D) Corresponding images of 

dopaminergic neurons (scale bar 100 µm). E, F) The effect of MANF-1KEEL::mCherry on α-

Synuclein::YFP aggregation in body wall muscles of day 4 adults. (E) The α-Synuclein::YFP 

fluorescence intensity was measured in day 4 adults; (F) Representative images of day 4 adults 

showing α-Synuclein::YFP fluorescence (scale bar 100 µm). G-J) The effect of MANF-

1KEEL::mCherry on polyQ35::YFP aggregation in body wall muscles of day 4 adults. Quantification 
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of polyQ35::YFP fluorescence intensity (G) and protein aggregates (H). (I) Thrashing response 

over a 30 sec interval. (J) Representative images of day 4 adults (scale bar 100 µm). Arrows mark 

aggregates in the head region. K, L) Lifespan analysis of wild-type N2 and MANF-1KEEL::mCherry 

animals without any treatment (K) and in the presence of 25 ng/µL tunicamycin (L). The mean 

and max lifespan are shown in the Supplementary Table 1. At least three batches with 10-30 worms 

per batch were examined for panels A-I and three batches with 20-30 animals per batch for panels 

K, L. Data in A is expressed as mean ± SEM and in E-H as mean ± SD. Panel I shows a box plot 

containing all data points along with the mean and 25th and 75th quartile boundaries. Data was 

analyzed using one-way ANOVA with Tukey’s test (A), Chi-square test (C), Student’s t-test (E-J), 

and log-rank (Kaplan-Meier) method (K & L). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

MANF-1 is expressed broadly, secreted, and localizes to lysosomes independent of the ER 

retention signal 

Previously, we reported that manf-1 is ubiquitously expressed in tissues such as the pharynx, 

hypodermis, and intestine [22, 23]. To further expand on these studies, we sought to provide novel 

insight into the mechanism of manf-1 function. Moreover, we reasoned that altering the ER 

retention capability of MANF would be a suitable target for further investigation. For MANF to 

localize to ER, the protein must have a signal peptide at the N-terminus and a KDEL sequence 

(KEEL in worms) at the C-terminus. We generated several new transgenic strains expressing 

MANF-1::mCherry chimeric proteins using an endogenous promoter (Supplementary Figure 6). 

Two such strains contained either an obstructed or deleted retention signal with mCherry fused at 

the C-terminus (MANF-1KEEL::mCherry and MANF-1ΔKEEL::mCherry, respectively); one carried an 

unobstructed and functional ER retention signal after mCherry (MANF-1mCherry::KEEL), and in the 

other one, a functional human version of the retention signal (MANF-1mCherry::RTDL) 

(Supplementary Figure 6). These different strains allowed us to investigate the subcellular 

localization of MANF-1 and how it might confer a protective response in animals.  
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The examination of MANF-1KEEL::mCherry and MANF-1ΔKEEL::mCherry animals with putatively 

secreted MANF protein revealed that the chimeric protein was present throughout the body, 

including the hypodermis, pharynx, coelomocytes, and the extracellular space (Fig. 5A–F’ and 

Supplementary Figure 7A). A detailed examination identified fluorescent vesicles in the 

hypodermal cells as lysosomes based on colocalization studies. Specifically, the MANF-

1::mCherry pattern overlapped with the lysosomal dye, LysoTracker Green and the lysosomal 

membrane marker scav-3::GFP [29] (Fig. 5Gi). Similar to the hypodermis, MANF-1 localization 

in coelomocytes was confirmed to be lysosomal by colocalization with another lysosomal 

membrane marker lmp-1::GFP [30] (Fig. 5Giv). These data provide the first evidence that MANF-

1 is localized to the lysosomal membrane. The protein is secreted in the extracellular space that 

allows it to be taken up by other cells and coelomocytes.  

 

An identical expression pattern was observed in two additional independently generated MANF-

1KEEL::mCherry strains with lower amounts of manf-1::mCherry (see Methods) (Supplementary 

Figure 7A, B). The MANF-1::mCherry positive structures in these and the MANF-1ΔKEEL::mCherry 

strain were indistinguishable (Supplementary Figure 7C, D). Similar to MANF-1KEEL::mCherry, 

MANF-1ΔKEEL::mCherry animals showed significant lifespan extension and ER stress resistance 

(Supplementary Figure 7E, F). Another CRISPR-generated transgenic strain NK2548 (manf-1p:: 

mKate2:: manf-1) carrying mKate2 reporter downstream of the endogenous manf-1 signal 

sequence [23] also exhibited lysosomal localization of the chimeric protein upon treatment with 

tunicamycin (Supplementary Figure 8A). Additionally, detailed examination of both the 

mKate2::MANF-1 and the previously existing manf-1p::GFP transcriptional line showed 

coelomocyte localization (Supplementary Figure 8A, B). 

 

Further characterization of manf-1 expression during aging revealed a dynamic pattern. As 

reported earlier for lysosomes [31], MANF-1::mCherry structures changed with age from a 

vesicular to tubular-like morphology (Fig. 5H & I). No significant overlap was observed with 

MANS::GFP (golgi body) [30], vha-6p::GFP::C34B2.10 (ER) [32], GFP::LGG-1 

(autophagosomes) [33] mitoGFP (mitochondria) [34], and Bodipy 493/503 (lipid droplets) 

(Supplementary Figure 9A-E). Additionally, MANF-1::mCherry was not detected in the neurons 
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based on the DA neuronal marker dat-1p::YFP and pan-neuronal marker unc-119p::GFP [35, 36] 

(Supplementary Figure 9F, G). 

 

We also examined MANF-1::mCherry localization in MANF-1mCherry::KEEL and MANF-

1mCherry::RTDL animals, both of which contain functional ER retention signal sequences (Figs. 5J–M 

and Supplementary Figure 10). The expression patterns of these strains were like the observations 

of the two secreted MANF strains, MANF-1KEEL::mCherry and MANF-1ΔKEEL::mCherry. In addition, we 

observed bright fluorescence in the intestine in a pattern resembling ER-like morphology, which 

is consistent with the role of manf-1 in ER-UPR maintenance, and in other tissues, such as the 

spermatheca and muscles (Fig. 5K-M and Supplementary Figure 10A, B). Fluorescence was also 

observed in several neuron-like cells in the ventral cord (data not shown). Intestinal and muscle 

expression was faint in early-stage larvae but became more prominent from the late larval stage 

and during adulthood. Both spermatheca were visible in adults and coincided with the egg-laying 

stage of the animals. Expression in lysosome-like structures became more prominent as the 

animals progressed from early larval to adult stages. MANF-1mCherry::RTDL animals exhibited a 

slightly more diffuse pattern of MANF-1::mCherry in the lysosomes (Supplementary Figure 10C-

I).  

 

Taken together, these data demonstrate that MANF-1 is broadly expressed and secreted.  Its 

presence in various tissues is affected by both native and human versions of the ER retention 

signal. Intracellular MANF-1 localizes to lysosomes within hypodermal cells, where it may 

interact with other proteins to regulate lysosome function and proteostasis. These findings lead us 

to conclude that MANF-1 confers protective benefits on animals beyond its previously described 

role in the ER.  
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Figure 5. MANF-1 expression pattern in MANF-1KEEL::mCherry transgenic animals.  A) Two MANF-

1KEEL::mCherry day 1 adults. The hypodermal region is in focus. Fluorescence is visible throughout 

the body including the pharynx and coelomocytes (arrows and stars). The outlined worm has a 

weak fluorescence compared to the one next to it. Scale bar 100 µm. B-C) Enlarged areas of 

animals showing fluorescence in hypodermal cells in clusters of varying sizes (scale bar 20 µm) 

(B) and in coelomocytes (scale bar 10 µm) (C). D-F’) MANF-1ΔKEEL::mCherry animals at day 1 of 

adulthood. Fluorescence is similar to that seen in the MANF-1KEEL::mCherry line and observed in the 

pharynx (scale bar 100 µm) (D), hypodermal cells (scale bar 20 µm) (E), and coelomocytes (scale 

bar 10 µm) (F and F’). Gi-iv) Colocalization of MANF-1::mCherry with subcellular markers in 
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hypodermal cells of day 1 adults. Gi) A single confocal slice showing lysosomes. Arrows point to 

structures where MANF-1 appears to be on the lysosomal membrane. Scale bar 10 µm.  Gii) 

MANF-1::mCherry colocalization with LysoTracker™ Green DND-26. Giii) Confocal image 

showing colocalization with SCAV-3::GFP. Arrows point to MANF-1 and SCAV-3 overlapping 

areas on lysosome membranes. Scale bar 20 µm. Giv) Colocalization with LMP-1::GFP in 

coelomocytes. The arrow points to a ring structure within coelomocytes showing an overlap of 

MANF-1::mCherry with LMP-1::GFP. Scale bar 5 µm. H) Quantification of MANF-1::mCherry 

fluorescing structures at different stages of adulthood. The foci were classified as vesicular, 

intermediate, or tubular and plotted as a stacked histogram. Worms were scored in at least three 

batches with 10 per batch. Data was analyzed using Chi-squared test. *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. I) MANF-1KEEL::mCherry animals at day 1, 4 and 7 of adulthood (scale 

bar 20 µm). Each animal was imaged for MANF-1::mCherry alone (red) and together with 

lysotracker (green). In all cases, hypodermal cells near the posterior region are shown. Insets show 

zoomed in view of MANF-1::mCherry foci that change from vesicular to tubular-looking 

structures. J-M) MANF-1mCherry::KEEL animals showing the chimeric protein. Fluorescence in this 

animal is visible in the pharynx, hypodermis, and one of the intestinal cells (J) (scale bar 100 µm). 

(K) Zoomed in view of MANF-1::mCherry in a muscle fiber (scale bar 20 µm). Confocal images 

of an animal showing fluorescence in the intestinal (L) and hypodermal (M) regions. MANF-

1::mCherry appears diffused with lysosomes appearing as bright fluorescing dots.  

 

MANF-1 affects lysosome formation and expression of lysosomal genes  

The expression pattern of manf-1 along with the phenotypic studies of mutant and transgenic 

animals prompted us to use a transcriptomic approach to understand the changes in gene 

expression associated with various cellular and molecular processes. To this end, we examined the 

differentially expressed (DE) genes in manf-1(tm3603) and MANF-1HAR animals obtained from 

the Hartman lab. A comparison of downregulated DE genes in MANF-1HAR and upregulated in 

manf-1(tm3603), revealed 16 genes that were linked to terms such as ER function and ER-UPR 

maintenance (Fig. 6A and B and Supplementary File 2). An inverse of this analysis, that is, genes 

upregulated in MANF-1HAR (5,943) with downregulated genes in manf-1(tm3603) (776) identified 

an overlapping set of 388 genes that were enriched in various GO, KEGG, and WormCat terms 
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including lysosome, lipid metabolism, metabolism, and other processes (Fig. 6C and D and 

Supplementary File 2). The list consisted of proteases such as cpr-6, asp-2, asp-5, asp-8, and asp-

12; the V-ATPase vha-6, and the ABC transporter haf-9.  

 

Following up on the transcriptomic results, we examined the lysosomes in manf-1 null mutants. 

LysoTracker staining of manf-1(tm3603) animals revealed significantly fewer stained acidic 

organelles when compared with N2 and MANF-1KEEL::mCherry adults (Fig. 6E and F). Another 

lysosomal marker nuc-1::mCherry [31] showed that lysosomes were smaller but present in a larger 

number in manf-1 mutant worms (Fig. 6G–I). There are several possibilities for differences in the 

LysoTracker and nuc-1::mCherry results. For example, manf-1 mutants may have less efficient 

lysosomes regarding material uptake leading to nuc-1::mCherry expressing structures being 

smaller and with a reduced lysosomal storage capacity. Additionally, not all lysosomes may be 

acidic enough to stain efficiently with LysoTracker in manf-1 mutants and with the lysosome size 

being smaller, would make it difficult to visualize them adequately. The lysosomal defect also 

included increased tubular morphology of nuc-1::mCherry in older adults (Supplementary Figure 

11).  

As lysosomes regulate lipid metabolism and manf-1 transcriptomes contained misregulated lipid-

related genes (Supplementary File 2), we investigated whether lipid content was affected by the 

gene. The results showed that while manf-1 mutants had more lipids, the phenotype was opposite 

in MANF-1KEEL::mCherry animals (Fig. 6J-M, Supplementary Figures 12A, B). Altogether, these data 

support the role of manf-1 in lysosomal maintenance and its potential involvement in the 

autophagy lysosomal pathway. 
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Figure 6. Transcriptome profiling of manf-1 mutant and overexpression strains and the analysis 

of lysosomes. A, B) An overlapping set of 16 genes that were downregulated in MANF-1HAR and 

upregulated in manf-1(tm3603) animals. Venn diagram (A) and selected GO, KEGG and WormCat 

categories generated using easyGSEA from the eVITTA toolbox (B).  C, D) An overlapping set of 

388 genes that were upregulated in MANF-1HAR and downregulated in manf-1(tm3603) animals. 

Data is plotted similar to panels A and B. E-F) Lysotracker staining of N2, manf-1(tm3603) and 

MANF-1KEEL::mCherry animals at day 1 of adulthood. Quantification of total number of lysosomes 

stained (E) and representative images (F). Scale bar 5 µm. G-I) Lysosome size and count based on 

the nuc-1::mCherry reporter in day 1 adult animals. Measurement of lysosomal area (G) and 

number (H) in the hypodermis. (I) Representative Images corresponding to panels G and H 

showing changes in lysosomal size and area. Scale bar 10 µm.  J) Lipid quantification using Oil 

Red O staining. K-M) Lipid quantification in the intestine using DHS-3::GFP. (K) Normalized 

GFP fluorescent intensity, (L) Lipid droplets, and (M) number in a 400µM2 area. For panels E, G 

and H, at least three batches with 10-12 worms per batch were examined. K-M, a minimum of 

three batches with 30-40 worms per batch were examined. Data is expressed as mean ± SD (E, J, 

K) and mean ± SEM (G, H, L, M). Panel H shows a box plot containing all data points along with 

the mean and 25th and 75th quartile boundaries. Data was analyzed using one-way ANOVA with 

Tukey’s test (E) and Student’s t-test (G & H, J-M). *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 

 

MANF-1 affects autophagic flux and requires endosomal pathway and HLH-30/TFEB for 

its function 

Prompted by the MANF-1 expression pattern, mutant phenotype, and transcriptomic data, we 

analyzed the effect of the gene on autophagic process using two known factors LGG-1/LC3 and 

SQST-1/p62. While LGG-1 is involved in autophagosome formation, SQST-1 is an autophagy 

receptor that facilitates the degradation of ubiquitinated protein cargo [37, 38]. The results showed 

that although the lgg-1/LC3 and sqst-1/p62 transcripts were unaffected in MANF-1KEEL::mCherry 

worms (Fig. 7A), a significant reduction was noted in GFP::LGG-1 and SQST-1::GFP fluorescent 

puncta (Fig. 7B–E), consistent with increased autophagic clearance [39]. In agreement with this, 

manf-1(tm3603) mutants exhibited an increased number of autophagosomes (Fig. 7H and I).  
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We also used a tandem mCherry::GFP::LGG-1 reporter, which differentially marks 

autophagosomes (APs) and autolysosomes (ALs), to examine the effect of manf-1 on autophagy. 

In this transgenic line, APs emit both green (GFP) and red (mCherry) fluorescence whereas ALs 

emit only red fluorescence as the GFP signal is quenched [40]. The results showed that manf-1 

RNAi caused a significant increase in APs compared to the control and a corresponding reduction 

in ALs (Fig. 7F and G). These results suggest that in the absence of manf-1, autophagy is blocked 

and fewer APs fuse to lysosomes.  

Next, we investigated the involvement of endosomal pathway components in mediating MANF-

1’s role in autophagy and its lysosomal localization. To this end, RAB-5 and RAB-7, two Rab 

GTPases affecting early and late trafficking, respectively, were examined. RNAi knockdown of 

rab-7 resulted in MANF-1KEEL::mCherry worms having the same amount of autophagosomes as 

controls, suggesting that autophagy was blocked (Fig. 7H). A similar phenotype was observed 

following rab-5 RNAi (Fig. 7I), however the animals showed additional defects. Unlike control 

worms where MANF-1::mCherry fluorescence was present predominantly in vesicle-like 

structures, rab-5 RNAi caused a striking change in mCherry localization such that the fluorescence 

was significantly diffused (Fig. 7J,K). We also observed that coelomocytes were much brighter in 

these animals (data not shown). Additionally, abnormally large MANF-1::mCherry structures 

were present in hypodermal and seam cells, indicative of defects in MANF-1 transport (Fig. 7L). 

In some cases, GFP::LGG-1 fluorescence overlapped with MANF-1::mCherry (Fig. 7M). Thus, 

endosomal components play an essential role in MANF-1 secretion and subcellular localization. 

In addition to RNAi experiments, we studied the colocalization of MANF-1 with markers of the 

endosomal trafficking system. One of these, RME-8::GFP, localizes to endosomal membranes in 

coelomocytes and structures in hypodermal cells that may be cytoplasmic [41]. Our results showed 

that the cytoplasmic RME-8::GFP within the hypodermis appeared to surround MANF-

1::mCherry fluorescence (Fig. 7N) While the colocalization of two proteins needs to be 

investigated in greater detail, these data together with Rab GTPase requirements lead us to 

conclude that MANF-1 utilizes the endo-lysosomal system for secretion and intracellular transport.  

Finally, we analyzed HLH-30/TFEB, a transcription factor that regulates autophagy and lysosomal 

genes in C. elegans [42]. The analysis of MANF-1KEEL::mCherry animals revealed that HLH-30 was 

predominantly localized to nucleus (Fig. 7O and P). As a positive control, animals subjected to 
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starvation showed a significant increase in nuclear HLH-30/TFEB (Fig. 7O and P). Additionally, 

the expression of hlh-30 was upregulated (Fig. 7A). Consistent with the essential role of hlh-30 in 

mediating manf-1 function, hlh-30(tm1978); MANF-1KEEL::mCherry animals had smaller MANF-

1::mCherry puncta (Fig. 7Q and R), a slower thrashing rate (Fig. 7S), and a shorter lifespan 

compared to the MANF-1KEEL::mCherry alone (Fig. 7T). These results demonstrate that MANF-1 

utilizes the HLH-30-mediated pathway to promote autophagy and lysosomal activity to promote 

proteostasis and longevity in animals.  
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Figure 7. Analysis of autophagy, endosomal trafficking, and HLH-30 role in MANF-1 function. 

A) RT-qPCR Analysis of hlh-30, lgg-1 and sqst-1 transcripts. B) Quantification of GFP::LGG-1 

puncta in seam cells. C) Representative images showing GFP fluorescence corresponding to panel 

B. Fluorescent puncta in GFP::LGG-1 seam cells are visible (arrows). Scale bar 5 µm. D) 

Quantification of SQST-1::GFP puncta in the head region. E) Representative images 

corresponding to (D) showing the posterior pharyngeal bulb region. Arrows point to puncta in a 

30 µm x30 µm region, scale bar 5 µm. F) Quantification of lgg-1p::mCherry::GFP:lgg-1 tandem 

reporter in day 1 adults following manf-1 RNAi. G) Representative images (enlarged) 
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corresponding to panel F. manf-1 RNAi causes autophagy defects. Fluorescing structures represent 

autophagosomes (APs) carrying both mCherry and GFP and autolysosomes (ALs) with only 

mCherry. Arrows in the lower panel point to mCherry and GFP overlap in seam cells. Scale bar 

10 µm. H, I) Quantification of GFP::LGG-1 puncta in seam cells following rab-7 (H) and rab-5 

(I) RNAi. J) Quantification of MANF-1::mCherry distribution. The distribution was classified as 

either normal or diffused and plotted as a stacked histogram. K) Representative images showing 

fluorescing foci distribution corresponding to panel J. Scale bar 20 µm. L) Representative images 

showing defects in MANF-1::mCherry foci following rab-5 RNAi. Arrows in the lower panel 

point to abnormal structures in seam cells. The left arrow shows an abnormally large MANF-

1::mCherry aggregate. The right arrow points to a hollow appearance. Scale bar 20 µm. M) 

Colocalization of MANF-1::mCherry with GFP::LGG-1 puncta (arrows) following rab-5 RNAi. 

Scale bar 20 µm. N) No colocalization was observed with the endosome marker RME-8::GFP in 

coelomocytes (top panel) but arrows point to cytoplasmic RME-8::GFP (bottom panel) 

surrounding MANF-1::mCherry in the hypodermal region. Scale bar 10 µm. O)  Quantification of 

HLH-30::GFP nuclear localization in MANF-1KEEL::mCherry day 1 adults. Wild-type and starved 

animals were used as negative and positive controls, respectively. Graph is plotted as cumulative 

percentage of animals with nuclear localization. P) Representative fluorescent images 

corresponding to (O). Arrows point to areas of intestinal nuclear localization, scale bar 100 µm. 

Q) MANF-1::mCherry foci size in the hypodermis. R) Representative images of MANF-

1::mCherry foci corresponding to Q, scale bar 20 µm. S) Thrashing rates of animals expressing 

polyQ35::YFP in a 30 sec interval. T) Lifespan analysis. Mean and max lifespan are in the 

Supplementary Table 1. A, three batches of pooled worms. B, D, O, Q, S, T, three batches with 

30-40 worms per batch were examined. F-J three batches, with n= 10 to 15 worms per batch. Data 

are expressed as mean ± SEM (A, B, F, H, I, O) and mean ± SD (D, Q). Panel S shows a box plot 

containing all data points along with the mean and 25th and 75th quartile boundaries. Data was 

analyzed using one-way ANOVA with Dunnett’s test (B & O), Student’s t-test (A, D, F, H, I, Q), 

Chi-squared test (J), one-way ANOVA with Tukey’s test (S), and log-rank (Kaplan-Meier) method 

(T). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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DISCUSSION 

The neurotrophic factor MANF was originally identified for its role in promoting dopaminergic 

neuron survival but subsequently was also found to affect other processes [4, 14, 15, 43, 44]. Much 

work on MANF has focused on its ER localization and regulation of ER-UPR. Although this aspect 

of MANF function has been studied in considerable detail, recent data point to additional novel 

mechanisms. This is supported by expression studies in animal models showing the cellular 

presence of MANF in many tissues and extracellular regions [16, 21, 45-47].  

We and others previously reported that C. elegans MANF-1 plays an essential role in protecting 

dopaminergic neurons from increased ER stress [21-23]. In this study, we present a novel 

understanding of MANF function in stress response maintenance, proteostasis, and longevity. We 

found that manf-1 mutants exhibit chronic ER-UPR activation, and when subjected to ER stress, 

they exhibit enhanced neurodegeneration and a shorter lifespan. Additionally, both the transcript 

and protein levels of MANF-1 increased in response to ER stress, similar to findings in other 

systems [9, 48-51]. As ER-UPR helps cells to manage stress through multiple mechanisms, 

including enhanced protein folding and clearance of nonfunctional proteins [7, 52], we examined 

whether manf-1 mutant animals have defects in these processes. The results showed increased 

protein aggregation in PD and HD models that express human α-Synuclein and polyQ, 

respectively. These phenotypes were exacerbated in older adults lacking manf-1 and resulted in 

abnormal locomotion, suggesting an age-dependent breakdown of proteostasis.  

Our work demonstrates that manf-1 overexpression through different paradigms offers 

cytoprotective benefits leading to increased neuronal survival and healthy aging. We found that 

MANF-1 is expressed at different stages and in different cell types. Although there was no obvious 

overlap between MANF-1-expressing cells and DA neurons, the neurons may be protected by the 

uptake of the protein from the extracellular environment [21] since MANF-1::mCherry is seen at 

high levels in the pharynx and surrounding areas. Subcellular studies showed that MANF-1 is 

predominantly present in the intestine, pharynx, muscles, hypodermal cells, and coelomocytes. A 

similar expression pattern was observed in strains carrying endogenous manf-1p::mKate2::manf-

1 and transcriptional manf-1p::GFP reporters. It is worth mentioning that our manf-1 expression 

results are supported by recent transcriptomic and proteomic studies [53, 54].  
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We found that MANF-1 expression was altered when the ER retention signal was blocked or 

deleted. Such sequence manipulations resulted in a weak or no localization of the protein in the 

intestine, muscles, and other areas, likely because it was secreted to the extracellular space. 

Previous studies involving cell cultures had shown that removal of the ER retention sequence 

caused higher levels of MANF being released in the culture media [45, 48]. The novel shift in 

MANF-1::mCherry expression in transgenic animals lacking ER signals, in conjunction with our 

results and rescue experiments, lead us to suggest that MANF-1 may be secreted from the intestinal 

ER and localizes to lysosomes of different cells to elicit its cytoprotective function. Furthermore, 

the identification of the intestine as a likely synthesis point for MANF and the hypodermis as a 

target tissue for exported MANF opens the door for future inquiry into the cell-non-autonomous 

function of MANF in vivo.  

Our analysis of C. elegans MANF-1 was supported by transcriptomic data in which lysosomal 

genes were repressed in mutant animals and activated in those overexpressing manf-1. A previous 

study in the fruit fly Drosophila melanogaster also identified lysosomal genes that were 

downregulated in the MANF mutant [47]. In addition, the authors studied MANF localization in 

Schneider-2 cells, which revealed structures such as endosomes. Our work identified specific 

endosomal pathway components RAB-5, RAB-7, and RME-8 that are involved in MANF-1 

transport in C. elegans. Overall, the data suggest that MANF transport via the endosomal pathway 

and its role in lysosome function may be conserved.  

This study also provides the first evidence of MANF-1 expression in coelomocytes. Proteins in 

coelomocytes, which are scavenger cells, play a role in the efficient uptake of materials from the 

pseudocoelom and endosomal to lysosomal trafficking [55]. Following uptake by coelomocytes, 

molecules travel through endocytic compartments and eventually enter lysosomes for degradation 

[56]. Although the exact mechanism underlying the role of MANF-1 in coelomocytes is unknown, 

it is likely to affect lysosomal function to maintain proteostasis. In support of this, Sousa et al. 

recently reported the GO enrichment of lysosomal and endosomal terms in MANF-deficient 

macrophages [57]. The authors also showed that recombinant MANF in older adults improved 

phagocytosis-induced lysosomal activity [57].  

Recent work has shown that lysosomes act as signaling hubs inside cells, and the dysregulation of 

lysosomal function and autophagy are associated with various defects and neurodegenerative 
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diseases [58, 59]. The autophagy-lysosomal pathway is instrumental in clearing toxic protein 

aggregates. We found that MANF-1KEEL::mCherry affects the gene expression and nuclear localization 

of HLH-30/TFEB, a transcriptional regulator of lysosomal and autophagy genes [60], which is 

necessary for lifespan extension conferred by Insulin/IGF-1 signaling and other longevity 

pathways [42]. HLH-30 is essential for the lifespan and proteostasis benefits of overexpressed 

MANF in MANF-1::mCherry animals. Previous studies have shown that the calcium released from 

lysosomes can activate calcineurin to dephosphorylate TFEB, leading to its nuclear localization 

[60]. Additionally, lysosomal calcium can trigger ER calcium release and signaling [58, 60]. These 

data, together with the observation that changes in ER calcium can promote MANF secretion [48], 

provide support to a model where MANF is part of a network that facilitates ER and lysosome 

crosstalk to regulate the TFEB-mediated activation of autophagy and proteostasis (Fig. 8). 

Interestingly, we observed a reduction in the size of MANF-1-positive foci in hlh-30 mutants, 

raising the possibility of a feedback mechanism. In support of this, the manf-1 promoter contains 

sequences that overlap with the HLH-30 CLEAR-binding motif. Thus, similar to the lysosomal 

gene targets of TFEB [42], it is conceivable that manf-1 is transcriptionally regulated by hlh-30 

and forms a positive regulatory network.  

The role of MANF-1 in lysosome-mediated signaling and the involvement of HLH-30/TFEB in 

this process led us to investigate the role of LGG-1/Atg8/LC3 and SQST-1/p62 in regulating 

autophagy [38, 61-64]. While an increase in LGG-1 and SQST-1 puncta may be caused by a 

blockage of autophagy, a reduction in both types of puncta is indicative of an increase in 

autophagic flux. We found that MANF-1KEEL::mCherry animals exhibited reduced GFP::LGG-1 and 

SQST-1::GFP puncta, suggesting that MANF-1 promotes autophagy. Similarly, manf-1(tm3603) 

animals showed an increase in the number of GFP::LGG-1 puncta. A double fluorescent reporter 

strain, mCherry::GFP::LGG-1, was also used which showed an increase in autophagosomes with 

a concomitant decrease in autolysosomes. Consistent with these data, a recent study reported that 

MANF overexpression in mouse kidney cells promoted autophagy and mitochondrial biogenesis 

[39]. The authors also observed a decrease in p62 abundance and found that p-AMPK and FOXO3 

play roles in promoting mitochondrial biogenesis. However, whether C. elegans AAK-2/AMPK 

and DAF-16/FOXO are involved in MANF-1-mediated processes remains unclear. 
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Figure 8. A proposed model for MANF action. MANF-1 can be synthesized by cells or taken 

up from their extracellular environment. Within the cell, MANF-1 is retained in the ER through 

its native ER retention sequence and released in response to stress-inducing conditions. Once 

released from the ER, MANF-1 localizes to lysosomes as well as secreted out. The intracellular 

transport and secretion are mediated by the endosomal trafficking. The cytoprotective benefits of 

MANF-1 depend on the HLH-30-mediated signaling. Image created with BioRender.com. 
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Our findings on HLH-30-mediated MANF-1 function were also supported by lipid analysis. As 

ER-UPR, autophagy, and lysosomes affect lipid metabolism [65-67] and manf-1 transcriptomes 

identified lipid-related genes, we examined neutral lipids in manf-1 mutants and found that levels 

were significantly higher. As expected, MANF-1KEEL::mCherry animals exhibited the opposite 

phenotype, which was accompanied by a reduction in the number and size of lipid droplets. Earlier, 

TFEB was shown to be necessary for the clearance of lipid droplets and regulation of lipid 

catabolism [60]; in relation to this, mammalian TFEB and worm HLH-30 were found to regulate 

lysosomal genes and fusion of lipid droplets to lysosomes in a process called lipophagy [68, 69]. 

These data underscore the importance of MANF-1-HLH-30 signaling in multiple lysosome-

mediated processes.  

The presence of MANF-1 on lysosomes and its interactions with HLH-30 to mediate proteostasis 

raises various questions such as how MANF-1 gets to lysosomes? And how could MANF-1 cause 

HLH-30 to translocate to the nucleus? Firstly, MANF-1 needs to be secreted from the ER to be 

cytoprotective. One likelihood is that MANF-1 is trafficked through the Golgi to enter the endo-

lysosomal pathway, reaching lysosomes. Furthermore, once in this pathway, MANF-1 may affect 

autophagic flux through enhanced lysosome function. This model is supported by manf-1 RNAi 

blocking autophagy and reducing the number of lysosomes which impacts the health of animals 

overall. MANF-1 may also follow the endosomal pathway, as discussed above, to localize to 

lysosomes where it may interact with other membrane proteins. It would be interesting to 

investigate whether MANF-1 affects the calcium channel MCOLN1 to release lysosomal calcium 

into the cytoplasm and/or interacts with MTOR components, thereby causing HLH-30’s nuclear 

localization [58, 60]. Further experiments are needed to study these possibilities.  

Our results have broad implications for understanding the function of MANF in higher eukaryotes 

and manipulating its role in promoting healthy aging and treat diseases including lysosomal 

disorders. In this regard, it is worth noting that manf expression is downregulated in Niemann-Pick 

and Gaucher disease models [70, 71]. Future work will help to understand the precise mechanisms 

of MANF localization, HLH-30/TFEB interaction, and stress response signaling that collectively 

promote neuronal health, proteostasis maintenance, and longevity.  
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MATERIALS AND METHODS 

Strains and culturing   

Strains were cultured on standard NGM (nematode growth media) agar plates using established 

protocols. Plates were seeded with E. coli bacterial strain OP50 as a food source [18]. Worms were 

grown and maintained at standard culture temperature (20°C) unless stated otherwise. Age-

synchronized animals were obtained by using a standard bleaching protocol and treating gravid 

hermaphrodites with a mixture of sodium hypochlorite and sodium hydroxide (3:2::NaOCl:NaOH) 

[72]. The Bristol isolate of C. elegans (N2) was used as a wild-type control. Strains generated as 

part of this study and those obtained from the Caenorhabditis Genetics Center (University of 

Minnesota, St. Paul, MN) are listed along with full genotypes in the Supplementary File 1.  

 

Plasmid construction, site-directed mutagenesis, and transgenic strains   

The plasmid pGLC72 (dat-1p::YFP) was described earlier [73]. Three others, pGLC130 (hsp-

16.41::manf-1), pGLC180 (manf-1p::MANF-1::mCherry, carrying an obstructed or non-

functional ER retention signal), and HAR002 (manf-1p::manf-1) were generated to study MANF-

1 expression and its effect on cellular processes. For the pGLC130, a 507 bp cDNA fragment of 

manf-1 was amplified by PCR using primers GL1041 and GL1042. The fragment was subcloned 

into pPD49.83 (a gift from Andrew Fire, Addgene plasmid # 1448; http://n2t.net/addgene:1448 ; 

RRID:Addgene_1448) using BamH1 and Nco1 restriction sites. The pGLC180 was created by 

PCR amplification of a 3,429 bp genomic fragment containing 2,713 bp of the manf-1 promoter 

and manf-1 gene (705 bp) using primers GL1749 and GL1750. The fragment was cloned into an 

mCherry reporter carrying vector, pHT101 (a gift from Casonya Johnson, Addgene plasmid # 

61021; http://n2t.net/addgene:61021; RRID: Addgene_61021) using Pst1 and Age1 restriction 

sites. The third plasmid, HAR002, contains full-length manf-1 genomic DNA driven by the manf-

1 promoter. The DNA fragment was subcloned into the Fire vector pPD95.75 using directional 

cloning upstream of the unc-54 3’UTR. The resulting plasmid was confirmed by sequencing.  
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Three additional manf-1 plasmids were generated by site-directed mutagenesis that affect the ER 

retention signal sequence. This involved creating deletions and insertions in the gene using NEB 

Q5® Site directed mutagenesis kit (E0554). Mutagenic primers were designed using the online 

tool NEBaseChangerTM and the provided annealing temperature was used for the PCR. As per the 

kit instructions, 1 ng/µL of pGLC180 was amplified using Q5 hot start high-fidelity 2x master mix 

and routine PCR thermocycling conditions. The PCR product was then incubated at 24°C for an 

hour in the NEB KLD enzyme mix and introduced into NEB DH5α cells by transformation. The 

plasmid pGLC189 (manf-1p::MANF-1ΔKEEL::mCherry) was created by deleting the 12 bp of 

native ER retention sequence (KEEL) of MANF-1 in pGLC180 using primers GL1908 and 

GL1909. The pGLC189 was subsequently used as a base plasmid to generate pGLC196 (manf-

1p::MANF-1::mcherry::KEEL) and pGLC197 (manf-1p::MANF-1::mcherry::RTDL) that carry 

12 bp native ER retention sequence (KEEL) and the corresponding human sequence (RTDL), 

respectively. The primer pairs GL1983 & GL1984 and GL1987 & GL1988 created a 12bp 

insertion of pGLC189 to give pGLC196 and pGLC197 respectively. All plasmids were sequenced 

before generating transgenic strains. The primers are listed in the Supplementary File 1.  

The HAR002 plasmid was injected at 50 ng/µl concentration into the gonad of adult unc-119(ed4) 

animals along with the unc-119 rescue plasmid (50 ng/µl), and 50 ng/µl EcoRI-cut salmon sperm 

DNA. Once extrachromosomal lines were established, plasmid was integrated by gamma 

irradiation as previously described [74]. The integrated line jhhIs001 was outcrossed with N2 to 

remove possible background mutations. All other plasmids were injected into the germline of adult 

N2 hermaphrodites using dat-1p::YFP (pGLC72; 25-50 ng/µL range) as a co-injection marker 

[73]. The pGLC130 (50 ng/µL) was used to generate two independent lines DY695 (bhEx291) and 

DY696 (bhEx292), both with genotype hsp::manf-1; dat-1p::YFP (See Supplementary File 1).  

One of these, DY695, was selected for detailed studies and RT-qPCR analysis showed roughly 

15x increase in manf-1 expression following 1 hr heat shock at 31°C. The pGLC180 (30 ng/µL) 

was used to generate three independent lines, DY757 (bhEx302), DY758 (bhEx303) and DY759 

(bhEx304), with transcript levels ranging from 3x to 6x determined by RT-qPCR (data not shown). 

Additional transgenic animals were generated by injecting lower concentrations of pGLC180: 

DY798 (bhEx305) 10 ng/µL and DY800 (bhEx306) 1 ng/µL. The genotype of these animals was 

manf-1p::manf-1::mCherry; dat-1p::YFP. The pGLC189 was injected at 20 ng/µL to create 

DY807 (bhEx307), DY808 (bhEx308) and DY809 (bhEx309) strains with the genotype: manf-
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1p::MANF-1ΔKEEL::mCherry; dat-1p::YFP. The pGLC196 (25 ng/µL) plasmid was used to 

create DY819 (bhEx310) and DY820 (bhEx311) with the genotype: manf-1p::MANF-

1::mCherry:: KEEL; dat-1p::YFP. And, finally, pGLC197 (25 ng/µL) was used to create DY821 

(bhEx312) and DY823 (bhEx314) with the genotype: manf-1p::MANF-1::mCherry::RTDL; dat-

1p::YFP.  

 

RNA extraction and RT-qPCR 

Total RNA was extracted from adults using Trizol (Sigma-Aldrich Canada, Catalog Number 

T9424). In brief, animals were bleach synchronized at desired adult stages. Worms were collected 

and washed with M9. Trizol was added followed by flash freezing in liquid nitrogen and then 

thawed in a 37°C water bath. The flash freeze and thaw steps were repeated three to four times. 

Chloroform was added, mixed, and then centrifuged to collect the aqueous phase. Isopropanol was 

used to precipitate RNA followed by two washes in 75% ethanol. Samples were allowed to air dry 

to remove any remaining ethanol. Extracted samples were treated with TURBO DNA-free™ Kit 

(Catalog Number: AM1907, ThermoFisher Scientific) according to manufacturer's instructions. 

The resulting samples were used to obtain cDNA using the SensiFAST cDNA Synthesis Kit 

(Catalog Number BIO-65053, Meridian Bioscience) following kit instructions.  

RT-qPCR was performed (in triplicate) using the Bio-Rad cycler CFX 96 and the SensiFAST 

SYBR Green Kit (Catalog Number BIO-98005, BIOLINE, USA). Gene expression levels were 

normalized to housekeeping genes pmp-3, iscu-1 (Y45F10D.4) and cdc-42. The primers are listed 

in the Supplementary File 1. qPCR involving extrachromosomal lines was done by enriching 

cultures for worms carrying the reporter of interest. For this, 30 fluorescent day 1 adults were 

picked and allowed to lay eggs overnight. The progenies were grown to gravid adults and bleached 

to obtain F2 worms. For the DY759 strain, 200 of these F2 fluorescent day 1 adult worms were 

individually picked and used for RNA extraction. 
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RNAi  

RNAi-mediated gene silencing was carried out using an established protocol in our lab [75]. 

Knockdowns were performed from the egg stage unless stated otherwise. Worms were fed with an 

empty plasmid (L4440)-containing E. coli HT115 culture or a gene-specific plasmid culture from 

the Ahringer library. The manf-1 RNAi plasmid (pGLC176) was constructed by inserting a 720 

bp genomic fragment into the L4440 vector using the restriction enzymes KpnI and SalI. The 

fragment was amplified by PCR using a primer pair GL1739 and GL1740. 

 

Lifespan assay 

All lifespan assays were carried out at 20°C on NGM agar plates seeded with E. coli OP50 bacteria 

as previously described [76]. Assays were repeated in triplicates. Each batch contained roughly 30 

animals per strain. Worms were scored every day for survival starting from day 1 adulthood. They 

were transferred to fresh plates on alternate days until no progeny were seen. Cases involving 

escaping, bursting at vulva, and progeny hatching internally were censored. Survival curves were 

estimated using the Kaplan-Meir method (see the statistical analysis section). Mean and max 

lifespan of strains used in this study are presented in the Supplementary Table 1.  

 

Heat shock treatments 

Animals were grown at room temperature until young adulthood, they were then transferred to a 

35°C incubator for 2 hrs and assayed for their survival 24 hrs later. The hsp::manf-1 transgenic 

worms (DY695) were age synchronized and grown till adulthood. One-day old adults were heat 

shocked at 31°C for 1 hr. For lifespan assays, animals were treated every other day starting from 

day 1 until day 7 of adulthood.  
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Normarski fluorescence microscopy and fluorescence quantification 

Worms were mounted onto glass slides containing 2% agar pad. Animals were anaesthetized using 

30 mM stock solution of NaN3, if necessary. Fluorescence was visualized using a Zeiss Observer 

Z1 microscope equipped with an Apotome 2 and X-Cite R 120LED fluorescence illuminator 

(unless stated otherwise). Images were also taken using a Leica SP5 confocal and are specified in 

figure legends. Zeiss Zen2 blue (https://www.zeiss.com/microscopy/en/products/software/zeiss-

zen.html) and NIH ImageJ (http://rsbweb.nih.gov/ij/) software were used to capture and analyze 

images. Subcellular structures were examined in age synchronized animals at 63x magnification. 

For co-localization studies involving MANF-1::mCherry and other subcellular markers, individual 

stacks were examined.  

Analysis of LysoTracker, MANF-1::mCherry, and NUC-1::mCherry fluorescence involved taking 

10 to 15 Z stacks per image. For LysoTracker Green stained structures, the total number of 

fluorescent foci within the field of view were counted in the hypodermis of individual animals. In 

the case of MANF-1::mCherry and NUC-1::mCherry fluorescing structures, the maximum 

projection was used to count the number of foci and to quantify their morphology in the 

hypodermis.  The number of foci within the field of view per animal were quantified using Cell 

Profiler [77].  The lysosomal morphology in hypodermal cells was grouped into three categories: 

tubular, intermediate, and vesicular. A Chi-square test was used to analyze the data. 

DA neurons were scored using a protocol that we described earlier [75] and refined in this study. 

Specifically, the dat-1p::GFP reporter was used to visualize neuronal cell bodies and dendrites 

[73]. To quantify neurodegeneration, we used the following four morphological categories: 1: 

normal-looking neuronal cell bodies and dendrites (wild-type pattern), 2: dendritic damage (blebs, 

puncta, faint appearance, missing, etc.) but cell bodies appearing normal, 3: one or more cell bodies 

missing, faint, or abnormally shaped but dendrites appearing normal, and 4: type 2 and 3 combined. 

At least 3 independent batches of animals were scored with a minimum of 20 animals per batch. 

For hsp-4p::GFP strain, whole animal images were taken to quantify GFP fluorescence following 

different treatments. Using the polygon tool of ImageJ (http://rsbweb.nih.gov/ij/), the total 

fluorescence of a selected area was obtained. Samples were analyzed in triplicate, a minimum of 

n = 15 per batch.  

https://www.zeiss.com/microscopy/en/products/software/zeiss-zen.html
https://www.zeiss.com/microscopy/en/products/software/zeiss-zen.html
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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To quantify α-Synuclein::YFP fluorescence in unc-54p::a-Synuclein::YFP animals, we used a 

protocol published earlier by our lab [22]. A fixed area of the head region with the pharynx in 

focus was selected and images were captured at an optimal exposure rate. Total fluorescent 

intensity was obtained using the polygon and measure tool of ImageJ. Samples were analyzed in 

triplicate, with a minimum of n = 15 per batch.  

To quantify fluorescence intensity and no. of aggregates in unc-54p::polyQ35::YFP and unc-

54p::polyQ40::YFP animals was analyzed similar to α-Synuclein::YFP as described above. 

Images were taken of the entire worm with the pharynx in focus. Total whole worm fluorescent 

intensity was obtained using ImageJ's polygon and measure tool. To count aggregates, the “Find 

Maxima” function in ImageJ was used. Samples were examined in triplicate, with a minimum of 

n = 10 per batch. 

The hlh-30p::hlh-30::GFP strain was used to count fluorescing intestinal nuclei in one-day old 

adults using published protocols [42]. As a positive control, animals were starved by transferring 

them to an unseeded NGM agar plate for 24 hrs that induced nuclear location of HLH-30. Samples 

were analyzed in triplicate, a minimum of n = 20 per batch.  

The GFP puncta in lgg-1p::GFP::lgg-1 animals were quantified using published protocols [37, 

61, 63]. Z stack images at 63x magnification were taken at optimal slice intervals determined by 

the Zeiss Zen2 blue software. The maximum projection was acquired and the GFP puncta were 

counted in 4 seam cells per animal. Samples were analyzed in triplicate, a minimum of n = 10 per 

batch. A similar method was used to quantify mCherry and GFP foci in lgg-

1p::mCherry::GFP::lgg-1 animals.  

The SQST-1::GFP puncta in sqst-1p::sqst-1::GFP animals were examined using a protocol based 

on published studies [38, 61]. Z stack images were taken at optimal slice intervals determined by 

the Zeiss Zen2 blue software. A maximum projection of the Z stacks was obtained and GFP 

positive puncta were counted in the posterior pharynx of the head region using ImageJ “Find 

Maxima” function. Samples were analyzed in triplicate, a minimum of n = 10 per batch. 

The dhs-3p::dhs-3::GFP strain [78] was used to quantify lipid droplets in age synchronized one-

day-old adults. Z-stack images were captured at 63x magnification. The images ranged from 8 to 

12 stacks per image at optimal slice intervals determined by the Zeiss Zen2 blue software. As per 
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the published protocol [79], a 400 µM2 region of interest was selected in the tail region of worms. 

All visible lipid droplets were counted, and their diameter was measured using the line tool in 

software. Samples were analyzed in triplicate, n = 14 animals per batch. 

 

LysoTracker™ Green staining 

LysoTracker™ Green DND-26 dye (Catalog Number: L7526, ThermoFisher Scientific) was used 

to stain the lysosomes in age synchronized worms as described earlier [31]. A stock solution of 

250 µM was made. Worms were washed with M9 and placed in a 1.5 mL microcentrifuge tube 

containing 80 µL of dye in M9 buffer (working concentration 60 µM). The tube was wrapped in 

an aluminum foil. Animals were placed in a rotator for 1 hr and then transferred to an aluminum 

foil wrapped NGM plate seeded with OP50 bacteria. The plates were placed in the 20°C incubator 

for 2 hrs and animals were imaged.  

 

Oil Red O staining 

Neutral lipids in one-day-old synchronized adults were visualized by Oil Red O dye (Thermo 

Fisher Scientific, USA) staining using a published protocol [80]. Images were acquired using a 

Nikon 80i Eclipse Nomarski fluorescence microscope fitted with a Micropublisher 3.3 RTV color 

camera and Q-imaging software.  ImageJ was used to quantify the images [80]. Samples were 

analyzed in triplicate, n = 15 to 20 animals per batch. 

 

Bodipy 493/503 staining 

Bodipy 493/503 (Catalog Number: D3922, Invitrogen) was used to stain lipid droplets in age 

synchronized worms as described earlier [81]. Worms were washed in M9 buffer prior to a 15 min 

incubation in 4% paraformaldehyde fixative. They were then flash frozen in liquid nitrogen and 

thawed in a 37°C water bath. The freeze-thaw cycle was repeated three times. In the end, worms 

were washed three times with M9. A stock solution of 1mg/mL BODIPY 493/503 in DMSO was 

diluted to a working concentration of 1 µg/mL. The animals were incubated in the BODIPY 

solution for 1 hr at room temperature, washed three times with M9, and imaged.  
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Thrashing Assay 

The thrashing rate of polyQ35::YFP animals was quantified using a published protocol [82]. Age 

synchronized day 4 adults were placed in 10 µL of M9 buffer and the number of thrashes in 30 

seconds were counted. Samples were analyzed in triplicate, a minimum of n = 15 per batch. 

 

Chemical treatments 

Age synchronized day 1 adults were used for chemical treatments unless stated otherwise. Animals 

were exposed to desired concentrations of drugs as described earlier [75]. For manf-1 and hsp-4 

expression assays, animals were exposed to tunicamycin on culture plates. The duration and 

concentration are mentioned in figure legends. Acute treatments of tunicamycin (50 ng/µL) and 

paraquat (200 mM) were carried out in liquid by exposing animals for 4 hrs as described earlier 

[76].  

Lifespan and hsp-4p::GFP reporter assays were performed using published protocols [25]. For 

lifespan, day 1 adults were transferred to plates containing 25 ng/µL concentration of the drug. 

Viability was scored daily. Samples were analyzed in duplicate, each batch containing a minimum 

of 30 animals. The hsp-4p::GFP animals were placed in a 1.5 mL microcentrifuge tube containing 

25 ng/µL of tunicamycin in M9 buffer and incubated on a rotator for 4 hrs. Samples were analyzed 

in triplicate, each batch containing a minimum of 20 animals. 

 

RNA Sequencing Analysis 

RNA-seq data was processed using the TrimGalore toolkit 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) which employs Cutadapt [83] 

to trim low quality bases and Illumina sequencing adapters from the 3’ end of the reads. Only reads 

that were 20nt or longer after trimming were kept for further analysis. Reads were mapped to the 

WBcel235r95 version of the worm genome and transcriptome using the STAR RNA-seq 

alignment tool [84]. Reads were kept for subsequent analysis if they mapped to a single genomic 

location. Gene counts were compiled using the HTSeq tool [85]. Only genes that had at least 10 

reads in any given library were used in subsequent analysis. Normalization and differential 
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expression were carried out using the DESeq2 Bioconductor package [86, 87] with the R statistical 

programming environment. The false discovery rate was calculated to control for multiple 

hypothesis testing. Gene set enrichment analysis  [88] was performed to identify gene ontology 

terms associated with altered gene expression for each of the comparisons performed. We used 

eVITTA to perform a gene enrichment analysis on the genes that were common between manf-1 

(tm3603) and MANF-1HAR [89]. Specifically, the easyGSEA tool generated the enrichment terms 

in Figures 6C and D (Supplementary File 2). 

 

Statistical analyses 

GraphPad Prism 9.5.1 was used to plot all the graphs and perform statistical analyses. The 

Student’s t-test or analysis of variance (ANOVA) with a multiple comparisons test were performed 

depending on the number of conditions and comparisons to be made. Data from repeat experiments 

were pooled and analyzed together. Graphs were plotted with either standard deviation (SD) or 

standard error of mean (SEM) as appropriate (see figures). RT-qPCR results were analyzed using 

CFX Manager 3.1 software (Bio-Rad, Canada; https://www.bio-rad.com/en-ca/sku/1845000-cfx-

manager-software?ID=1845000), which performed an ANOVA or t-test. SigmaPlot 14 was used 

to calculate the mean lifespan using the log-rank (Kaplan-Meier) method.  
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Figure S1. Effect of chemicals and heat on manf-1 mutants. A) manf-1 mutants were exposed to 

5 µg/mL tunicamycin. The treatment reduced the percentage of viable DA neuron cell bodies by 

day 3. The neuronal damage plateaued by day 5. B) Survival of manf-1 mutants following heat 

treatment at 35°C for 2hrs. Survival was examined after 24 hrs of recovery. manf-1 mutants 

behave similarly to N2 worms. C) manf-1 mutants were exposed to 200 mM paraquat for a 4 hrs 

period. D) manf-1 mutants were exposed to 250 µM of paraquat. The treatment reduced the 

percentage of viable DA neuron cell bodies by day 3. For each assay, at least 3 batches of 

animals were examined with 10 - 30 per batch. Values are expressed as mean ± SEM. Data was 

analyzed using two-way ANOVA with Sidak’s test (A and D), one-way ANOVA with Tukey’s 

test (B), and Student’s t-test (C). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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Figure S2. manf-1(tm3603) animals show increased aggregation of α-Synuclein::YFP and 

polyQ::YFP. A) Representative images of α-Synuclein::YFP fluorescence in manf-1(tm3603) 

animals measured on day 1, 4 and 7, following RNAi knockdown of atf-6, pek-1 and xbp-1. 

L4440 refers to an empty vector control RNAi. Images correspond to panels D-F in Figure 2. 

Scale bar 100 µm. B) Representative images of polyQ35::YFP aggregation in manf-1(tm3603) 

and wild-type animals (control) on day 4 of adulthood. The images correspond to panels G-I in 

Figure 2. Scale bar 100 µm. C) Total number of polyQ40::YFP aggregates was significantly 

increased in manf-1(tm3063) but decreased in MANF-1KEEL::mCherry day 1 adults when compared 

to wild-type controls. n = 15-20 worms per batch (2 batches). Box plots showing all data points 

along with mean and 25th and 75th quartiles. Data was analyzed using one-way ANOVA with 

Dunnett’s test or Student’s t-test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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Figure S3. Effect of xbp-1 RNAi knockdown on manf-1 mutants. The xbp-1 RNAi caused manf-

1(tm3603) animals to become unhealthy. Representative images of day 1 adult animals are 

shown. The manf-1(tm3603); xbp-1(RNAi) animal is skinnier and more transparent compared to 

the manf-1(tm3603) control. In addition, the cuticle was weaker. The arrow points to an area 

where the cuticle was ruptured while mounting on the glass slide, causing internal contents to 

leak out. Head is towards the left in both panels. Scale bar is 100 µm.  
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Figure S4. Transcript analysis of ER-UPR genes in MANF-1 KEEL::mCherry animals.  Expression 

levels were determined by RT-qPCR. A) MANF-1 KEEL::mCherry had increased spliced xbp-1 (xbp-

1S) and total xbp-1 (xbp-1T), but hsp-4 gene expression was comparable to N2 and pek-1 was 

reduced. The animals show ~6.5 fold increase in manf-1 transcripts. Results are expressed as 

mean ± SEM. Data was analyzed using student’s t-test. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 
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Figure S5. Lifespan analysis of MANF-1HAR worms. The strain carries full-length manf-1 gene 

under the control of the native promoter, which results in manf-1 overexpression. The mean 

lifespan of MANF-1HAR animals is 18.5 ± 0.9 days compared with 15.9 ± 0.5 days for controls. 

Approximately 30 worms were scored per batch and data from two independent batches was 

pooled. Statistical analysis was performed using the log-rank (Kaplan-Meier) method. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001.  
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Figure S6. A schematic of different forms of manf-1 gene fused to the mCherry reporter. In all 

cases, the unc-54 3’ UTR is located at the 3’ end and manf-1 expression is driven by the 

endogenous promoter. The constructs differ in the presence and location of the ER retention 

signal sequence (KEEL: native sequence, RTDL: human sequence). The plasmids were injected 

into the N2 background to generate transgenic worms overexpressing chimeric MANF-

1::mCherry. The strain names are listed on the right side of each construct and the full genotypes 

of animals are in the Supplementary File 1.  
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Figure S7. MANF-1::mCherry expression in various transgenic strains and lifespan phenotype 

of animals. A) Fluorescence intensity in bhEx306 (pGLC180), bhEx305 (pGLC180), bhEx304 

(pGLC180), and bhEx308(ΔKEEL) transgenic worms at day 1 of adulthood. B) Representative 

images of animals corresponding to panel A. Scale bar 100 µm. C, D) MANF-1::mCherry foci 

number (C) and area (D) in day 1 adults of MANF-1KEEL::mCherry bhEx304 and MANF-
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1ΔKEEL::mCherry bhEx308 lines. E) Lifespan analysis of MANF-1KEEL::mCherry bhEx306 and MANF-

1ΔKEEL::mCherry bhEx308 at 20°C. Mean lifespans were as follows: N2 = 15.8 ± 0.408 days, 

MANF-1KEEL::mCherry bhEx306 17.673 ± 0.376 days, and MANF-1ΔKEEL::mCherry bhEx308 18.843 ± 

0.414 days. F) Lifespan analysis of MANF-1KEEL::mCherry bhEx306 and MANF-1ΔKEEL::mCherry 

bhEx308 following chronic tunicamycin exposure (25 ng/µL). Mean lifespan were as follows: 

N2 = 8.024 ± 0.212 days, MANF-1KEEL::mCherry  bhEx306 9.783 ± 0.299 days, MANF-

1ΔKEEL::mCherry bhEx308 9.828 ± 0.227 days. A, C-F: n = 10 to 30 worms per batch (2 to 3 

batches), Data in A, C, D is expressed as mean ± SEM. Comparisons were done using one-way 

ANOVA with Tukey’s test (A), Student’s t-test (C & D) and log-rank (Kaplan-Meier) method (E 

& F). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.   
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Figure S8. Reporter gene expression in manf-1p:: mKate2::manf-1 and manf-1p::GFP 

transgenic animals at day 1 of adulthood. A) The second row shows enlarged views of white 

boxed regions in the upper panel. The fluorescence is faint and diffused. Regions containing 

coelomocytes are marked. Treatment with 25ng/µL tunicamycin increased MANF-1 levels, 

thereby revealing an overlap with lysosomes (arrowheads). Scale bar 20 µm. B) Nomarski and 

GFP fluorescence images of a transcriptional manf-1p::GFP one-day old adult. The animal has 

GFP fluorescence in a coelomocyte and body wall muscle in the posterior region (arrows). Scale 

bar 20µm. Head is towards the left in all cases.   



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

125 
 

 

 

Figure S9. MANF-1::mCherry fluorescence analysis in MANF-1KEEL::mCherry animals. 

Representative images are shown. A-G) No colocalization was observed with a Golgi body 

marker MANS::GFP (coelomocyte) (A). autophagosome marker lgg-1p::GFP::lgg-1 (B), 

intestinal ER lumen marker vha-6p::GFP::C34B2.10(SP12) (C), mitochondria marker myo-

3p::GFP(mit) (D), lipid droplet marker Bodipy green 493/503 (E), dopaminergic neuronal 

marker dat-1p::YFP ((F), and the pan-neuronal marker unc-119p::GFP (G). Scale bars in A-D 

and F are 20 µm. A & E were imaged with a Leica confocal microscope, scale bar 10 µm.  
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Figure S10. MANF-1::mCherry expression analysis in animals carrying the native ER retention 

sequence, KEEL and the human version RTDL. Panels show MANF-1mCherry::KEEL (A, B) and 

MANF-1mCherry::RTDL (C-I) transgenic worms. A, B) Expression in coelomocytes (A, scale bar 20 

µm) and spermatheca (B, scale bar 50 µm). C) Expression pattern, which is similar to that 

observed in the MANF-1mCherry::KEEL line with fluorescence visible throughout the body, scale bar 

100 µm. Close up images of tissues showing fluorescence in the pharynx (D), coelomocytes (E), 

hypodermal lysosomes (F) and the intestine (G-I). The panel F shows an overlap of brightfield 

and fluorescent signals. scale bar 20 µm.   
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Figure S11. Loss of manf-1 affects lysosomal morphology. Quantification of NUC-1::mCherry 

structures in manf-1(tm3063) four-day old adults. The lysosomes were analyzed and classified as 

vesicular, intermediate, or tubular and plotted as a stacked histogram. A total of three batches, n= 

20 to 25 worms per batch, were plotted as stacked histograms. Data was analyzed using Chi-

squared test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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Figure S12. Representative images of animals showing Oil Red O staining and expression of the 

lipid droplet marker dhs-3p::dhs-3::GFP. (A) Oil Red O staining of day 1 manf-1(tm3603) 

mutants and N2. scale bar 10 µm. (B) Representative images of the lipid droplets in the tail 

region of day 1 MANF-1KEEL::mCherry adults, scale bar 5 µm. 
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Table S1.  

Mean and max lifespans of animals along with treatments. The p values were calculated based on 
wild-type N2 or respective controls. SEM: Standard Error of Mean. N: number of animals 
examined, combined from at least 3 independent batches. 

 

Genotype Treatment 

Mean Lifespan 

± SEM 

Max 

Lifespan N p value 

N2 - 16.0 ± 0.5 25 92 - 

manf-1(tm3603) - 14.5 ± 0.4 24 132 0.0183 

manf-1(gk3677) - 13.5 ± 0.5 22 62 <0.0001 

N2 25 ng/µL tunicamycin  10.7 ± 0.3 17 62 - 

manf-1(tm3603) 25 ng/µL tunicamycin  8.6 ± 0.3 14 63 <0.001 

N2 - 16.7 ± 0.5 25 93 - 

hsp::manf-1  - 20.2 ± 0.4 26 54 <0.0001 

N2 31°C 18.1 ± 0.4 23 56 - 

hsp::manf-1 31°C 19.0 ± 0.5 27 61 0.048 

N2 - 16.7 ± 0.4 23 81 - 

MANF-1KEEL::mCherry - 19.9 ± 0.5 30 75 <0.0001 

N2 - 17.0 ± 0.4 25 69 - 

hlh-30(tm1978) - 12.5 ± 0.3 17 70 <0.0001 

MANF-1KEEL::mCherry - 18.5 ± 0.5 29 78 - 

MANF-1KEEL::mCherry; hlh-30(tm1978) - 13.5 ± 0.2 19 97 <0.0001 

N2 - 15.8 ± 0.4 22 55 - 

MANF-1KEEL::mCherry; bhEx306 - 17.7 ± 0.4 23 55 <0.0001 

MANF-1ΔKEEL::mCherry - 18.8 ± 0.4 24 51 <0.0001 

N2 25 ng/µL tunicamycin  8.0 ± 0.2 14 85 - 
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MANF-1KEEL::mCherry 25 ng/µL tunicamycin  9.4 ± 0.3 18 71 <0.001 

MANF-1KEEL::mCherry; bhEx306 25 ng/µL tunicamycin  9.8 ± 0.3 17 92 <0.0001 

MANF-1ΔKEEL::mCherry 25 ng/µL tunicamycin  9.8 ± 0.2 17 87 <0.0001 

N2 - 15.9 ± 0.5 26 66 - 

MANF-1HAR  - 18.5 ± 0.9 26 66 0.004 

 

Dataset S1 (separate file).  

Supplementary File 1 (primers and strains) – Microsoft Excel document 

 

Dataset S2 (separate file).  

Supplementary File 2 (RNA-seq) – Microsoft Excel document 
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Abstract 
 
Mesencephalic Astrocyte Derived Neurotrophic Factor (MANF) is a novel family of neurotrophic 
factors in metazoans that promotes neuronal health and helps maintain cellular homeostasis. Using 
bioactive compounds to increase MANF expression is a promising therapeutic strategy. We 
examined the effect of curcumin, the most abundant polyphenolic compound present in the 
Curcuma longa (turmeric) rhizome, and lithium, a small alkali metal, on the nematode 
Caenorhabditis elegans manf-1 expression. Our results showed that both curcumin and lithium 
increased manf-1 expression. In the case of lithium, the effect was dependent on AP1 transcription 
factors ATF-6 and FOS-1.  
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Figure 1. Analysis of manf-1 expression in adult worms following curcumin and lithium 
exposure. A) qRT-PCR Analysis of chronic curcumin exposure on manf-1 expression using 
DY611. Animals were exposed to curcumin from day 1 of adulthood until day 3 at 
concentrations ranging from 1mM to 20µM and significantly increased manf-1 expression. B) 
Lithium (Li) Exposure of N2 significantly increases the expression of manf-1 at 10mM and 
100mM. C) Analysis of AP-1 family of proteins on manf-1 expression. The increased expression 
of manf-1 due to 10mM lithium (Li) is not observed in atf-6 mutants and fos-1(RNAi) but is seen 
in jun-1 mutants. atf-6, jun-1 and fos-1 do not affect manf-1 expression. A-C: n = 2-3 batches of 
pooled worms. A-C Results are expressed as mean ± SEM. A-C: Data was analyzed using one-
way ANOVA with Dunnett’s post hoc test (*p<0.05; **p<0.01; *** p<0.001; ****p<0.0001) 
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Description 
Neurotrophic factors promote the survival and differentiation of neurons (Nasrolahi et al., 

2018). The Mesencephalic Astrocyte Derived Neurotrophic Factor (MANF) is of great interest as 

it is conserved in eukaryotes and its absence in animal models including C. elegans (worm) has 

been shown to phenocopy symptoms of Parkinson’s Disease (Palgi et al., 2009; Richman et al., 

2018; Voutilainen et al., 2009). While the decline or the absence of MANF accelerates 

dopaminergic (DA) neurodegeneration, its overexpression protects neurons (Taylor et al., 2024). 

Thus, MANF is a good candidate for therapeutic treatment of neurodegenerative diseases (Eesmaa 

et al., 2021; Renko et al., 2018; Voutilainen et al., 2009).  

Utilizing existing chemicals that increase MANF expression may be a promising strategy 

to promote neuroprotection. To this end, we examined the effects of curcumin and lithium 

exposure on the C. elegans MANF homolog, manf-1. Curcumin was selected based on its 

widespread use and popularity as an anti aging drug to be protective whereas lithium was selected 

due to its role in bipolar disorder(Abu-Hijleh et al., 2020; Liao et al., 2011; McColl et al., 2008; 

Monroy et al., 2013)  

Wild-type animals were exposed to six different concentrations of curcumin starting from 

day 1 adulthood until day 3. Examination of day 3 worms revealed a significant increase in manf-

1 expression (15 to 30%) (Fig. 1A).  The highest increase in gene expression was observed at 

200µM. These data add support to existing literature that describe the benefits of inducing MANF 

expression (Pakarinen & Lindholm, 2023). Since curcumin affects the endoplasmic reticulum-

unfolded protein response (ER-UPR) similar to manf-1 (Hartman et al., 2019; Kovaleva et al., 

2023; Richman et al., 2018; Shakeri et al., 2019), it is conceivable that curcumin may exert its 

effect on the ER-UPR in part through manf-1 activation. 

Next, we examined the effect of lithium on manf-1 transcript levels. Previous work in rats 

and cellular models reported that lithium can increase MANF expression and is neuroprotective 

(Abu-Hijleh et al., 2020). We found that lithium promoted manf-1 expression in C. elegans at 

different concentrations (Fig. 1C). Studies investigating the mechanism of action of lithium on 

MANF expression have reported the involvement of the activating protein-1 (AP-1) family of 

transcription factors (TFs). Previously, AP-1 binding sites were identified in the human MANF 

promoter region (Wang et al., 2018). In support of this, work in  rats and cells demonstrated that 

AP-1 inhibitors suppress the effect of lithium on MANF induction (Abu-Hijleh et al., 2020).  
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The AP-1 family consists of many TFs, including JUN, FOS, and ATF whose C. elegans 

homologs are JUN-1, FOS-1 and ATF-6, respectively (Garces de Los Fayos Alonso et al., 2018; 

Harris et al., 2009). These proteins possess a basic leucine zipper domain and form a dimeric 

complex. It is worth noting that ATF-6 is a major component of the ER-UPR, which manf-1 

intricately regulates (Hartman et al., 2019; Kovaleva et al., 2023; Richman et al., 2018; Walter & 

Ron, 2011). We performed in silico analysis of the MANF promoter regions from C. elegans, 

Drosophila melanogaster, and Mus musculus using the CIS-BP database (Weirauch et al., 2014). 

While consensus sites for JUN, FOS, and ATF were found in D. melanogaster and M. musculcus, 

only the ATF-6 site was present in the C. elegans promoter (Table 1). This analysis suggested 

differences in MANF transcriptional regulation and raised the possibility that ATF-6 may be 

involved in regulating manf-1 expression in C. elegans. As expected, we found that manf-1 levels 

were not increased in atf-6(ok551) animals following lithium treatment (Fig. 1D). Interestingly, 

fos-1(RNAi) showed a similar response (Fig. 1D). No such effect was observed in jun-1(gk557) 

animals (Fig. 1D). In control experiments loss of these three TFs did not alter manf-1 expression 

(Fig. 1E). While more work is needed to determine the precise mechanism of atf-6 and fos-1 

function, these results suggest that lithium-induced manf-1 expression in C. elegans is mediated 

by the AP-1 proteins.  

It is worth mentioning that curcumin regulates AP-1 family members in mammalian 

systems. However, the mechanism appears to be more complex since both positive and negative 

effects on the expression of AP-1 family members have been reported (Balasubramanian & Eckert, 

2007; Dickinson et al., 2003; Yang et al., 2012). Whether AP-1 homologs in C. elegans play a role 

in curcumin-mediated manf-1 expression, remains to be investigated.  

Overall, our findings have revealed important roles of curcumin and lithium in activating 

manf-1 transcription and provide preliminary data to further investigate the roles of ATF-6 and 

FOS-1 in this process.  
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Table 1. Transcription factor binding site prediction based on CIS-BP database 

 

Methods 

Strain and growth conditions 

Worms were grown at 20°C on standard nematode growth media plates seeded with E. coli OP50. 

The strains used in this study are N2 (wildtype C. elegans) and, RB772 atf-6(ok551) and VC1200 

jun-1(gk557). DY611 bhEx260[pGLC135(manf-1p::GFP) + pRF4 (rol-6 (su1006))]; otIs181 [dat-

1::mCherry + tax-3::mCherry] 
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Chemical Exposure 

For all chemical exposures animals were maintained at 20°C until young adulthood where they 

were then harvested for RNA isolation at the required stage and manf-1 levels quantified by RT-

qPCR. These chemical exposures were done at two different times. 

Lithium Exposure 

N2 eggs were bleach isolated and transferred NGM agar plates with OP50 until they reached the 

L4 stage. Using an adapted protocol (McColl et al., 2008) the culture of L4 worms was then 

transferred onto NGM plates with and without 10mM or 100mM of Lithium Chloride (LiCl). 

Curcumin Exposure 

A stock solution of 200mM Curcumin was prepared in DMSO and then diluted to the required 

concentration by directly adding to the liquid agar media before it solidified prior to pouring. 

OP50 was seeded on the plate the following day and allowed to grow for a day before placing 

day 1 adults and allowing animals to develop to the required stage for analysis. Day 3 adults 

were chosen for gene expression analysis to allow adequate curcumin exposure and day 5 adults 

were chosen for neuronal analysis. Animals were transferred to fresh curcumin plates when 

necessary.  

 

Dopaminergic neuron analysis 

Method to score DA neurons has been described previously in our paper (Taylor et al., 2021). In 

brief, cell bodies and dendritic morphology were observed under a Nomarski fluorescence 

microscope. Wildtype animals have three pairs of DA neurons and smooth dendritic projections 

in the head region. Animals with fewer cell bodies and abnormal dendrites with blebbing, 

punctate pattern, deformed shape, faint appearance or complete absence were counted as 

defective.  
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RNAi 

The Ahringer library was used to feed worms bacteria containing fos-1 RNAi. Animals were 

bleached synchronized, and eggs were placed on fos-1 RNAi plates. They were allowed to grow 

to adulthood and collected for RNA extraction. The fos-1 knockdown was confirmed visually as 

animals were observed to be 100% sterile.   

RNA extraction and RT-qPCR 

Total RNA was extracted from adults using Trizol (Catalog Number T9424, Sigma-Aldrich, 

Canada), as described previously in(Taylor et al., 2021). In brief, animals were bleached 

synchronized to acquire day 1 adults. Worms were collected in 1.5mL tubes following M9 

washes. Approximately 4x the amount of Trizol was added to the collected worm pellet volume. 

This was followed with flash freezing in liquid nitrogen and then thawed in a 37°C water bath. 

This step was repeated three to four times. Chloroform was added, mixed, and then spun to 

obtain the aqueous phase. Isopropanol was used to precipitate RNA and two 75% ethanol washes 

removed impurities. Samples were air dried to remove remaining ethanol. Extracted samples 

were treated with TURBO DNA-free™ Kit (Catalog Number: AM1907, ThermoFisher 

Scientific) according to manufacturer's instructions. The resulting samples were used for cDNA 

synthesis using the SensiFAST cDNA Synthesis Kit (Catalog Number BIO-65053, 

MeridianBioscience) following kit instructions.  

RT-qPCR was performed using the Bio-Rad cycler CFX 96 and the SensiFAST SYBR Green Kit 

(Catalog Number BIO-98005, BIOLINE, USA). Gene expression levels were normalized to 

housekeeping gene pmp-3 and manf-1 expression was measured. Primers are as follows:  

Table 2. List of qRT-PCR Primers 

Gene 
Oligo 

Name 
Direction (forward, FP; 

reverse, RP) 
Sequence (5’ to 3’) 

pmp-3 
GL747 FP CTTAGAGTCAAGGGTCGCAGTGGAG 

GL748 RP ACTGTATCGGCACCAAGGAAACTGG 

 manf-

1 

GL916 FP AGCCGACTCGTCCTTCTCAT 

GL1232  RP GCATCTGGCTTGGATTTGTCG 
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Statistical analysis 

GraphPad Prism 9.5.1 was used to plot all the graphs and perform statistical analysis. A t-test or 

analysis of variance (ANOVA) with a multiple comparison’s test was performed depending on 

the number of conditions and comparisons to be made. Data from repeat experiments were 

pooled and analyzed together. Graphs are plotted with either SD or SEM and are indicated in 

figure legends.  
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4 MANF-1 plays an essential role in muscle maintenance and 
function  

4.1 Preface 
This chapter includes the following manuscript draft to be submitted to a peer reviewed journal. 

1) MANF-1 plays an essential role in muscle maintenance and function by Shane K. B. 
Taylor, Gurtaaj Gill, Jessica H. Hartman & Bhagwati P. Gupta.  

In this chapter we discuss the role of neurotrophic factor MANF-1 and its contribution to 

maintaining muscle health in animals. Utilizing existing transcriptomic data sets, I show that 

MANF-1 is enriched for genes related to muscle function. This chapter demonstrates the impact 

that loss of MANF-1 has on the physiology of animals, showing reduced thrashing and burrowing 

capacity. This chapter shows that the loss of MANF-1 in animals elicits an age dependent decline 

in the behavior of animals. The current data in this chapter implicates MANF as being a necessary 

component to maintain muscle health with age. 
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4.2 Taylor, S. K. B et al. 2024. To be Submitted. 
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ABSTRACT 

Muscle function declines with age. Healthy muscles can be maintained through exercise 

and genetic manipulations that promote cellular homeostasis. We recently discovered that the C. 

elegans homolog of the conserved neurotrophic factor, mesencephalic astrocyte-derived 

neurotrophic factor (MANF), is expressed in muscles. MANF protects against age-dependent 

neurodegeneration in different animal models. Work from our lab and others has shown that 

MANF is neuroprotective in C. elegans against age-dependent protein aggregation and extends 

lifespan. Expression of MANF in muscles suggests that the protein may be involved in regulating 

muscle maintenance and health in these animals. Here, we report that MANF affects the expression 

of genes involved in muscle function, and that loss of MANF impacts muscle morphology, as well 

as animals' burrowing and thrashing capacity. These findings support the role of MANF in muscle 

function, establishing its requirement in maintaining muscle health with age.  

 

Introduction  

Maintaining muscle function is critically important to promote healthy aging and has been 

shown to extend the longevity of animals. Unfortunately, muscle health naturally declines with 

age, a phenomenon known as sarcopenia (Christian & Benian, 2020). There are multiple reported 

mechanisms that lead to the onset of sarcopenia (Fernando et al., 2018). The collapse of 

proteostasis, a key hallmark of aging, is one such pathway that has been attributed to the decline 

in muscle health with age (Fernando et al., 2018; López-Otín et al., 2023). The increase in protein 

aggregation and the decline of proteasome activity with age could severely impact the muscle 

health of animals (Fernando et al., 2018). Loss of muscle function with age is also associated with 

some neurodegenerative disorders which cause both muscle stiffness and loss of muscle control 

due to a decline in neuronal function (Hetz & Saxena, 2017; Nasrolahi et al., 2018). Exercise can 

be used as an intervention for sarcopenia, as it promotes neuromuscular health and is associated 

with longevity in both humans and animal models (Christian & Benian, 2020; Hartman et al., 

2018; Laranjeiro et al., 2019).  

The nematode Caenorhabditis elegans is an excellent model for the study of the interplay 

between exercise and genetics, including those controlling muscle aging (Campos et al., 2023; 
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Christian & Benian, 2020; Gieseler et al., 2017; Laranjeiro et al., 2019). This is due to the 

conservation of disease-related genes, transparent body, and easy of visualization of muscles 

(Christian & Benian, 2020; Corsi et al., 2015; Gieseler et al., 2017). It is a useful tool for applying 

knowledge of muscle function to other animals including humans. Fluorescent reporters facilitate 

detailed examination of the muscle structures within C. elegans.  Muscle structure and function, 

as well as the genetic pathways required for muscle health are conserved from C. elegans to 

vertebrates (Gieseler et al., 2017).   

Body wall muscle development in vertebrates is regulated similarly compared to C. 

elegans. The ortholog of MyoD, hlh-1, is a myogenic regulatory factor which exists in C. elegans 

to facilitate muscle development. There are 95 striated muscles within C. elegans which are 

functionally similar to skeletal muscles of vertebrates. The muscles of vertebrates and C. elegans 

are made up of thick myosin containing filaments and thin actin filaments. The body wall muscles 

in C. elegans also undergo sarcopenia, as the sarcomeres can become disorganized with age 

(Gieseler et al., 2017). Additionally, the lack of muscle stem cells within C. elegans makes them 

incapable of muscle regeneration. However, this has made them an excellent model for 

investigating mechanisms to maintain muscle mass and function with age (Christian & Benian, 

2020). C. elegans has been found to experience age associated loss of muscle function, but 

interventions such as genetic manipulations and exercise have previously been found to improve 

muscle health and movement in animals (Laranjeiro et al., 2019; Mergoud dit Lamarche et al., 

2018). 

While investigating the role of MANF in neuroprotection and proteostasis, we discovered 

its potential role in muscle function. The neurotrophic factor, mesencephalic astrocyte derived 

neurotrophic factor (MANF) is an ideal candidate for studying muscle health in animals through 

genetic manipulations. As a neurotrophic factor MANF is neuroprotective in multiple 

neurodegenerative models (Pakarinen & Lindholm, 2023). Additionally, recent work on MANF 

has demonstrated that it is a regulator of the stress response and can reduce the age-dependent 

decline of proteostasis within animals (Taylor et al., 2024). MANF is expressed in many tissues 

and much work has focused on its protective effect on neurons (Pakarinen & Lindholm, 2023). In 

mice MANF appears to have a role in muscle regeneration, however the specific function of 

MANF in muscles in other model systems remains to be examined (Sousa et al., 2023). The muscle 
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expression of MANF potentially demonstrates additional requirements of MANF in C. elegans 

(Taylor et al., 2024).  More work is needed to investigate the role of MANF in the muscles of C. 

elegans muscles as they do not regenerate but deteriorate with age. This presents an opportunity 

to understand the age dependent role of MANF in muscle maintenance.  

In this report, we investigate the role of MANF in maintaining muscle health in C. elegans. 

Utilizing existing whole worm transcriptomic data, we show that MANF regulates a subset of 

muscle genes which are required for age dependent muscle function. Consistent with this, a 

separate transcriptomic data specific to muscles, identified MANF as a muscle protein coding gene 

(Schorr et al., 2023). This further supports the role of MANF in muscle maintenance. We assessed 

the functional muscle health of animals using thrashing and burrowing assays (Gaffney et al., 

2014; Lesanpezeshki et al., 2019, 2021; Volovik et al., 2014). Additionally, we assessed the muscle 

mitochondrial morphology of animals. Overall, this work provides new insights into age dependent 

requirements of MANF for maintenance of muscle health in animals.  

Results 

MANF-1 regulates expression of muscle-related genes 

We analyzed existing databases to investigate the muscle role of the C. elegans MANF 

homolog, manf-1. Initially, we utilized an existing RNAseq dataset consisting of day 8 worms 

which identified genes that are upregulated following manf-1 overexpression and are 

downregulated in manf-1 mutants (Taylor et al., 2024). Utilizing this dataset, we found several 

significantly enriched muscle terms, including muscle function, myosin complex, striated muscle 

dense body, and sarcomere (Fig. 1A). Additionally, we examined the genes (13) identified within 

the muscle function enrichment term (Fig. 1B). Some of these genes, which constitute the 

sarcomere, are involved in myosin thick filament assembly (myo-3, mlc-1, mlc-2, mlc3, unc-15, 

unc-54,) myosin thin filament formation (unc-87, pat-10), M line formation (unc-89), dense body 

formation (dim-1) (Fig. 1C). Other genes such as mup-2 are part of the troponin complex; hum-4 

is predicted to be part of the myosin heavy complex; however, cpna-2, which is expressed in 

muscles, is predicted to be involved in protein ubiquitination.  

We next examined a tissue specific transcriptome database. This database allowed us to 

examine tissue specific expression of manf-1 that was based on microarray and RNAseq datasets 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

146 
 

within C. elegans (Kaletsky et al., 2018). We found that within C. elegans, manf-1 is broadly 

expressed as previously reported in several tissues (Fig. 1C) (Lindholm et al., 2008; Pakarinen et 

al., 2022). Additionally, an updated transcriptomic study for muscle function and formation 

identified manf-1 as a muscle expressed gene (Schorr et al., 2023). Taken together, the data 

demonstrate the potential role of MANF-1 in maintaining muscle function, providing a basis for 

the following work.   

 

Figure 1. In Silico analysis of manf-1 expression and function in muscles. A) Transcriptomic data 

set of overexpression and loss of manf-1 showing enriched GO, KEGG and WormCat categories 

using easyGSEA B) The log fold change of the 13 genes from the enriched Muscle function 

Category of (A). C) The tissue specific gene expression prediction of manf-1 within C. elegans 

using Worm Tissue (https://worm.princeton.edu/). The list shows 35 out of 76 tissues based on the 

software. The blue arrows point to the different muscle tissues with predicted manf-1 expression. 

https://worm.princeton.edu/
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Manf-1 is expressed in diverse muscles types  

The in-silico analysis (Fig. 1C) using the Worm tissue database, predicted MANF-1 

expression within muscles. To this end, we followed up with in vivo analysis using MANF-

1::mCherry transgenic animals to identify specific areas with MANF-1 expression in the muscles 

of C. elegans. We found that MANF-1::mCherry animals show expression within the pharynx, 

body wall muscle, vulva muscles, and anal muscles (Fig. 2A-D). Additionally, Worm Tissue 

software predicted that MANF is expressed in the alimentary system of C. elegans, and we 

observed expression in cells in the area of the rectal gland and anal depressor muscles (Fig. 2D). 

We also observed that the muscle expression of MANF-1 is easily visible from the L4 stage but 

becomes more prominent during adulthood. Furthermore, the localization of MANF-1 to muscles 

was dependent on a functional ER retention signal (Taylor et al., 2024). To further assess the 

localization of MANF-1 to muscles, we crossed MANF-1::mCherry worms with a muscle 

mitochondria marker (myo-3p::GFP(mit)). We observed that in MANF-1mCherry::KEEL animals, the 

expression of MANF-1 was dispersed between the mitochondria within the muscles appearing 

circular in shape. However, this was not the case for MANF-1KEEL::mCherry animals where the ER 

retention signal was disrupted (Fig. 2E-F). These spherical structures may represent lysosomes in 

the muscles of animals and could potentially implicate a role for MANF in mitophagy. Altogether, 

the muscle localization suggests MANF could have a role in maintaining muscle health of animals.  
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Figure 2. The muscle expression pattern of MANF-1::mCherry. A-D) MANF-1mCherry::KEEL 

animals showing fluorescent expression in muscles of the pharynx (A), body wall (B), vulva (C) 

and anal depressor (D) in adult C. elegans. E-F) MANF-1::mCherry colocalization with 
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mitochondria marker myo-3p::GFP(mit). MANF-1mCherry::KEEL animals show fluorescent 

expression interspersed between the muscle mitochondria (E), arrows within inset, point to 

MANF-1::mCherry foci between the mitochondria. MANF-1KEEL::mCherry animals do not show 

fluorescence within the muscle mitochondria (F). Scale bar = 20µm for A-F. 

Manf-1 is required for normal muscle function 

Following the identification of manf-1 expression in different tissues and muscle types, we sought 

to examine the functional impact of loss of manf-1 on muscle function, using thrashing and 

burrowing assays (Laranjeiro et al., 2019; Lesanpezeshki et al., 2019, 2021). The thrashing assay 

and burrowing assays measure changes in the muscle health and function of animals. We tested 

two manf-1 mutants, the tm3603 allele which deletes exon 3 causing a premature stop codon and 

the gk3677 allele which is a CRISPR knockout of manf-1(Richman et al., 2018). We found that 

both mutants of manf-1 significantly increased the thrashing rate in day 1 adults compared to 

wildtype (Fig. 3A). This hyperactivity of thrashing could potentially be due to altered 

neuromuscular activity in these animals. This change in thrashing was no longer seen in day 7 

manf-1(tm3603) adults but manf-1(gk3677) animals showed significantly reduced activity 

compared to wildtype (Fig. 3B). Overall, this suggests that their muscle function capacity had 

decreased due to the absence of manf-1. 

 Next, we analyzed the burrowing capacity of manf-1 mutants using a Pluronic gel assay. 

This gel assay uses OP50 as an attractant, forcing worms to crawl to the surface of a substance that 

turns from liquid to gel at room temperature (Laranjeiro et al., 2019; Lesanpezeshki et al., 2019). 

Previous work has demonstrated that this measurement of crawling behavior is a readout of 

neuromuscular health muscle in C. elegans (Laranjeiro et al., 2019; Lesanpezeshki et al., 2019). 

Using this assay, we were able to quantify the proportion of worms that are able to reach the surface 

after a 1hr and 2hr time period. First we confirmed that the burrowing assay is functional for our 

purposes. More WT animals should reach the surface over time, which we observed. We also 

observed that the ability of animals to reach the surface of the gel significantly declined with age 

from day 1 to day 7 of adulthood (Fig. 3C). This suggests that neuromuscular health declines with 

age. We then analyzed manf-1(gk3677) mutants and saw a significant reduction in the burrowing 

capacity of day 1 and day 7 adults reaching the surface of the gel (Fig. 3C). However, this was not 

the case for manf-1(tm3603) (Fig. 3C). Additionally, no day 7 manf-1(gk3677) worms were able 
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to reach the surface during the first hour of the assays. The gk3677 allele of manf-1 may exhibit a 

stronger phenotype due to it being a null mutation. Similar data was observed following lifespan 

analysis of manf-1 mutants showing the gk3677 allele having a greater reduction in lifespan 

compared to control animals (Taylor et al., 2024). Overall, this data suggests the impact of manf-

1 on maintaining muscle function with age. 

 A hallmark of age dependent muscle degeneration is dysfunctional mitochondria in animals 

(Regmi et al., 2014). Our observation of decreased muscle function in manf-1 mutants therefore 

lead us to investigate if manf-1 alters the health of mitochondria in the muscles of animals. We 

utilized a fluorescent reporter to examine mitochondria morphology specifically in the muscles. 

We chose to focus on manf-1(gk3677) due to the more significant impact it has on muscle function. 

Interestingly, we found that manf-1 mutants had a significantly increased distribution in tubular 

mitochondrial morphology compared to control animals (Fig. 4A-B). However, analysis of worms 

which overexpress MANF-1 exhibited similar mitochondrial morphology compared to control 

(Fig. 4C).  

Altogether, these results suggest that MANF-1 plays an essential role in muscle 

maintenance. This effect on muscle health may be due in part to the role of MANF-1 in proteostasis 

and as a regulator of the UPR.  
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Figure 3. The functional analysis of muscles within manf-1 mutants. A, B) The thrashing response 

of animals at day 1 and day 7 of adulthood over a 30 second interval. C) The proportion of day 1 

and day 7 adults that reached the surface of the gel after 1hr and 2hr intervals. A-C: A minimum 

of 3 individual batches were performed. A & B: n=12-15 worms per batch were analyzed. C, n=30-

40 worms per batch. A and B show box plots containing all data points along with the mean and 

25th and 75th quartile boundaries. C is expressed as mean ± SEM. Data was analyzed using 

Student’s t-test (A), a one-way ANOVA with Dunnett’s test (B) and a mixed effects two-way 

ANOVA with Dunnet’s test (C). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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Figure 4. Muscle Mitochondria Morphology of manf-1(gk3677) and MANF-1KEEL::mCherry animals 

A) Three different categories for muscle mitochondria morphology were used for scoring. The 

mitochondria in the muscles were classified as either tubular, intermediate or fragmented with 

tubular being the most preserved morphology and fragmented being the least preserved. B, C) 

Quantification of muscle morphology at day 7 of adulthood in manf-1(gk3677) (B) and MANF-

1KEEL::mCherry (C) worms. Plotted as a stacked histogram. B: Worms were scored in at least three 
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batches with 15 to 20 per batch. C: This is one batch of preliminary scoring with 12-15 worms in 

each group. Data was analyzed using Fisher’s exact test. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001.  

 

Discussion 

MANF-1 is expressed in multiple tissues and a tremendous amount of work has been done 

to characterize its function, mechanism of action, and its association with various diseases. 

Specifically, MANF-1 has been investigated for its role in dopaminergic neurodegeneration in PD 

models, and other neurodegenerative disorders (Abu-Hijleh et al., 2020; Kovaleva & Saarma, 

2021; Pakarinen & Lindholm, 2023; Y. Wang et al., 2021). My recent work has shown changes in 

MANF tissue localization that is dependent on the ER retention signal (Taylor et al., 2024). A non-

functional ER retention signal causes MANF to be expressed predominantly in the hypodermis 

whereas the functional ER retention signal results in the muscular localization of MANF, among 

other tissues. The data described in this paper reinforces the importance of MANF function in 

muscles. Furthermore, this current study examining MANF in muscles adds to the growing body 

of literature investigating the collapse of proteostasis and its effect on muscle health (Christian & 

Benian, 2020; Fernando et al., 2018). The decline of MANF-1 with age could also be a contributing 

factor in sarcopenia. Overall, as a regulator of proteostasis with age, MANF-1 is a suitable 

candidate for investigating how to maintain muscle function and potentially morphology with age.  

The work in this paper demonstrates the requirements of MANF-1 as an age-dependent 

regulator of muscle maintenance. Here, we show that MANF-1 regulates the expression of several 

muscle function genes in older adults. Interestingly, expression of genes such as mlc-1, mlc-2, mlc-

3, myo-3, mup-4, pat-10, unc-15, unc-54, and unc-87 are reported to decline with age (Mergoud 

dit Lamarche et al., 2018). These genes are considered sarcomeric genes and their downregulation 

may be a contributing factor in early muscle aging (Mergoud dit Lamarche et al., 2018). However, 

overexpression of MANF-1 is able to maintain high levels of these genes in older adults. 

Additionally, mlc-1, unc-54 and unc-87 are upregulated following an exercise regimen (Laranjeiro 

et al., 2019). Altogether this data suggests that MANF contributes not only to the age dependent 

neuronal health of animals, but also age dependent muscle health.  



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

154 
 

In support of this decline in expression of muscle function genes with age, we found that 

loss of MANF-1 is associated with loss of muscle function in animals. The burrowing assay 

demonstrated that the severity of muscle dysfunction correlated with the different mutant alleles 

of manf-1. The full deletion led to a significant reduction in the animal’s burrowing capability. The 

burrowing assay is a measure of neuromuscular health as animals sense the food at the surface 

(Lesanpezeshki et al., 2019). This assay was a direct read out of muscle function in manf-1 mutants. 

It is important to mention that manf-1 does not affect the chemotactic response of animals 

(Richman et al., 2018).  

Interestingly, the manf-1 mutants showed an increased thrashing response at day 1 of 

adulthood but this declined with age while the tm allele was comparable to WT and the GK was 

less functional than WT by day 7. This could potentially be due to the increased UPR activity that 

manf-1 mutants exhibit (Richman et al., 2018). High UPR activity has been reported to allow manf-

1 animals to develop in the presence of tunicamycin when wildtype worms cannot (Hartman et al., 

2019). This suggests that day 1 manf-1 mutants may be experiencing high UPR activation which 

may cause the hyperactive thrashing behaviour of animals. 

 Muscle function may be affected by changes in muscle morphology. In C. elegans 

mitochondrial morphology can be used as a readout of muscle health following exercise regimen 

and drug treatment (Hewitt et al., 2018; Laranjeiro et al., 2019). Our results provide the first 

evidence of the effect of manf-1 mutations on muscle mitochondrial morphology. We observed 

that manf-1(gk3677) animals retained a tubular mitochondrial morphology with age, which was 

unexpected as their muscle function was severely impacted. Interestingly, ER stress has been 

reported to cause dynamic remodeling of mitochondrial morphology in cell cultures (Lebeau et al., 

2018). The loss of manf-1 has been shown previously to induce ER stress (Hartman et al., 2019; 

Richman et al., 2018) This increased ER stress maybe forcing a constant or adaptive remodeling 

of the mitochondria i.e. changes in mitochondrial dynamics or morphology. Previous research has 

shown that mutations in proteins which regulate mitochondrial dynamics (fission and fusion of 

mitochondria), disrupt the muscle mitochondrial morphology. Interestingly, double mutants for 

both mitochondrial fission (drp-1) and mitochondrial fusion (eat-3) result in normal muscle 

mitochondrial morphology. However, the genetic combination of loss of both drp-1 and fzo-1, 

another mitochondrial fusion gene, retained the fragmented mitochondrial morphology seen in 
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single mutants (Byrne et al., 2019). This data suggests that manf-1 may potentially regulate 

mitochondrial dynamics and mitophagy within animals. It is possible manf-1 may directly affect 

mitochondrial fission or fusion within animals by affecting the expression of drp-1, fzo-1 and eat-

3.  

My previous work shows that manf-1 mutants have reduced autophagy (Taylor et al., 

2024), which could be a contributing factor to the unexpected mitochondrial morphology of manf-

1 mutants. Moreover, muscle autophagy is reported to decline with age, and increases in 

autophagosome number is considered a marker of aging (Mergoud dit Lamarche et al., 2018). 

Similar to this, loss of MANF increases autophagosomes number as well (Taylor et al., 2024). 

RNAi of the muscle transcription factor unc-120/SRF increases muscle autophagosomes with age 

and dysregulates muscle genes (Mergoud dit Lamarche et al., 2018; Taylor et al., 2024). This 

suggests that MANF may potentially influence autophagy in muscles for efficient function. 

A transcriptomic study on muscles in C. elegans identified MANF-1 as a muscle gene 

(Schorr et al., 2023). This same study also identified xbp-1 and hlh-30 as muscle specific 

transcription factors and these are known to affect MANF regulation (Schorr et al., 2023; Taylor 

et al., 2024; D. Wang et al., 2018). This indicates that the requirements of MANF in muscles may 

be dependent on regulation by these two transcription factors, xbp-1 and hlh-30.  

Taken together, the work in this paper points to a novel role of MANF-1 in regulating 

muscle maintenance in animals. This research highlights different avenues such as mitophagy and 

muscle gene regulation, that manf-1 may utilize in promoting muscle homeostasis.  Overall, this 

provides evidence that further study of MANF-1 may demonstrate its utility as an intervention for 

the improvement and maintenance of muscles during aging. 
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Method 

Strains and culturing   

Worms were grown and maintained at standard culture temperature (20°C) unless stated otherwise. 

All strains were cultured on standard NGM (nematode growth media) agar plates seeded with E. 

coli bacterial strain OP50 as a food source unless otherwise indicated. To obtain age-synchronized 

cultures, gravid hermaphrodites were exposed to a mixture of sodium hypochlorite and sodium 

hydroxide (3:2::NaOCl:NaOH) which followed a standard bleaching protocol. Worm strains that 

were obtained from the Caenorhabditis Genetics Center (University of Minnesota, St. Paul, MN) 

and those that were created during this study are as follows: Bristol isolate N2, DY487 manf-

1(tm3603), DY699 manf-1(gk3677), SJ4103 zcIs14 [myo-3::GFP(mit)], DY711 manf-1(gk3677); 

zcIs[myo-3::GFP(mit)], DY759 bhEx304[pGLC180(manf-1p::MANF-

1::KEEL::mcherry)+pGLC72(dat-1p::YFP)], DY819 bhEx310[pGLC196(manf-1p::manf-

1ΔKEEL::mCherry::KEEL)+pGLC72(dat-1p::YFP)], DY761 zcIs14 [myo-

3::GFP(mit)];bhEx304[pGLC180(manf-1p::MANF-1::KEEL::mcherry)+pGLC72(dat-

1p::YFP)], DY828 zcIs14 [myo-3::GFP(mit)];bhEx310[pGLC196(manf-1p::manf-

1ΔKEEL::mCherry::KEEL)+pGLC72(dat-1p::YFP)]. 

Burrowing Assay 

The burrowing capacity of animals was adapted from existing protocols(Laranjeiro et al., 2019; 

Lesanpezeshki et al., 2019). In brief, 30 to 40 worms were placed via picking or washing into a 12 

well plate which contained 20 µL of Pluronic F-127 gel that was at 15°C. After the worms were 

added, an additional 3mL of Pluronic gel was added to the top and allowed to solidify at room 
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temperature (25°C). Following this 20 µL of E. coli OP50 at an OD of 0.12 was placed onto the 

surface of the gel as a chemoattractant for worms. Worms that reached the surface of the gel were 

counted every hour on the hour for 2hrs. 

Thrashing Assay 

The thrashing rate of animals was quantified using a established lab protocols. Age synchronized 

day 1 or day 7 adults were placed in 10 μL of M9 buffer and the number of thrashes in 30 seconds 

were counted. Samples were analyzed across 3 bathces. 

Bioinformatic Analysis 

We used eVITTA to perform a gene enrichment analysis on the genes that were common between 

manf-1 (tm3603) and MANF-1HAR. Specifically, the easyGSEA tool generated the enrichment 

terms in Figures  

Fluorescence microscopy and quantification  

Animals were mounted on 2% agar pad containing glass slides. They were then anesthetized with 

30mM of NaN3. myo-3::GFP(mit ) GFP fluorescence was visualized using a Zeiss Observer Z1 

microscope equipped with an Apotome 2 and X-Cite R 120LED fluorescence illuminator. Analysis 

of mitochondrial morphology was done by blinding the observer to the genotype and condition of 

the worm. The researcher then quantified the mitochondrial morphology under the microscope. 

Statistical analyses 

GraphPad Prism 10.2 was used to plot all the graphs and perform statistical analyses. The Student’s 

t-test or analysis of variance (ANOVA) with a multiple comparisons test were performed 

depending on the number of conditions and comparisons to be made. Data from repeat experiments 

were pooled and analyzed together. Graphs were plotted with either standard deviation (SD) or 

standard error of mean (SEM) as appropriate (see figures).  
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5 Discussion and Future Directions 
5.1 Major Findings of Thesis 

Each chapter discussed within my doctoral thesis has added to the current field of stress 

response signaling and how it relates to MANF. Understanding the underlying mechanisms by 

which genes interact with each other to regulate multiple stress responses is essential to ensure 

survival against stress response dysregulation, a key hallmark of several diseases. This research 

supports future work investigating the role of stress response regulating proteins within the context 

of behaviour and organism survival. In this thesis, I have laid the foundation for future research to 

explore organelle-specific regulation of the stress response by MANF in order to promote 

organism survival.  

Analysis of electrotaxis behaviour (Chapter 2) demonstrated that changes in UPR activity 

significantly impact the behaviour of animals following a variety of external insults. These 

stressors cause animals to adapt their behaviour through reduction or increase in speed, but also 

activate multiple stress response chaperones to maintain organismal health. Though chaperone 

activity represents an active stress response, it does not necessarily indicate whether a behavioural 

response will be detrimental or beneficial. The coupling of changes in UPR activity with 

electrotaxis behaviour allowed us to understand the severity or benefits due to cellular changes 

caused by our internal and external environment. 

Chapter 3 of my thesis provides an in-depth investigation of MANF-1, the stress-regulating 

neurotrophic factor. In vivo analysis of MANF performed here presents a new interpretation for 

how MANF works within tissues and at the subcellular level of various organelles. This research 

redefines MANF as not only a neurotrophic factor but also as a central player in facilitating 

communication between the ER and lysosomes within multiple tissues. Furthermore, localization 

analysis of MANF within Chapter 3 provides groundwork for the requirement of MANF in 

multiple tissues to be cytoprotective.  

As a follow up to this work, Chapter 4 began our first line of investigation into the tissue 

specific roles of MANF. Chapter 4 describes the importance of the localization of MANF to 

muscles. Interestingly, loss of MANF downregulates genes that are required for muscle function 

and health. To this end, we observed that mutations in manf-1 reduced the neuromuscular ability 

of animals in an age-dependent manner, suggesting that MANF may have a different role within 

various tissues to maintain animal fitness.   
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Overall, this thesis reveals the impact of the stress response on behaviour and that 

understanding how MANF acts to control cellular mechanisms provides novel avenues for how 

stress responses can be altered to mitigate various diseases. It also suggests that crosstalk between 

different cellular compartments is crucial for appropriate function of the cell with aging, and that 

dysregulation of this system causes a detriment to behaviour, neurons, muscles, and longevity. 

The results described here provide the groundwork for future study on how animals co-

ordinate tissue-to-tissue stress response signaling and how this impacts behaviour. Future work on 

MANF should investigate its tissue-specific function, its interaction with the other organelles to 

maintain organismal health, its transcriptional regulation, and the interacting proteins that MANF 

utilizes to be cytoprotective.  

5.2 The HSR, MT-UPR, and ER-UPR modulate electrotaxis behavior 
This chapter demonstrated that mutations in the major transcription factors that regulate the 

ER-UPR (xbp-1), MT-UPR (atfs-1), and HSR (hsf-1) caused significant defects in animal 

behaviour, reducing electrotactic movement. These same mutations are also known to impact 

animal health (Bennett et al., 2014; Hajdu-Cronin et al., 2004; Henis-Korenblit et al., 2010; Morley 

& Morimoto, 2004; Wu et al., 2018). The findings of this chapter showed that various stressors 

such as chemical, heat, starvation, and exercise increased the expression of organelle-specific 

stress response chaperones. These external stressors affected the behaviour of animals, resulting 

in either a hypoactive or hyperactive response. This suggests that modulation of electrotaxis 

behaviour is potentially rooted in stress response signaling.  

One of the genes that impaired UPR and HSR activity was pqe-1. Mutations in pqe-1 enhance 

polyglutamine (polyQ) toxicity and dysregulate the stress response, causing increased hsp-4, hsp-

6 and hsp-16.2 chaperone expression. Consequently, this led to a reduction in the movement 

response of animals. In contrast, exercise treatment from larval stages, which also increase 

expression of the previously mentioned chaperones, enhanced the electrotaxis behaviour of 

animals and improved muscle mitochondrial morphology.  Interestingly, wildtype animals and hsf-

1 mutants which were given a chronic heat shock and a 1hr heat treatment respectively reduced 

electrotaxis speed but also had reduced chaperone expression (Figure A1). However, the chronic 

heat treatment caused an upregulation of hsp-16.2 (Figure A1). This suggests the stress response 

has collapsed in the face of chronic stressors, including mutations, affecting the behaviour of 

animals. Overall, I found that the difference in the behaviour of animals appears to depend on the 
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type of stressor, in this case mutations or external stressors. How the cell determines which 

behaviour to elicit is likely a tightly regulated network that changes overall animal physiology and 

can impact the electrotaxis response. 

The work in this chapter has laid the foundation for electrotaxis as a means to study changes 

in the behaviour of animals to promote organismal survival, following manipulations of the stress 

response. Furthermore, it provides a basis for understanding the requirement of UPR activity in 

controlling the behaviour of animals for organismal survival.   

5.3 The Future of Electrotaxis and Behaviour 
5.3.1 Potential mechanisms by which the stress response modulates behaviour 

The stress response coordinates changes at the cellular level to maintain homeostasis. 

Research shows that neuronal overexpression of the stress response modulates proteostasis and 

organismal health in animals via cell-nonautonomous signaling (Dutta et al., 2022). Therefore, 

future studies should examine how cell non-autonomous signaling by the stress response via 

different tissues modulates behaviour. Neurons are of particular interest due to their ability to 

communicate to tissues to promote organismal survival (Dutta et al., 2022). 

Utilizing neuronal overexpression of the MT-UPR, ER-UPR, and HSR we can investigate 

how cell-nonautonomous signaling by the stress response affects the behaviour of animals. 

Neuronal signaling caused by the different stress responses is reported to lead to the release of 

neuropeptides from neurons to signal to other tissues to extend lifespan and maintain proteostasis 

(Dutta et al., 2022). It is plausible that these same neuropeptides signaling may additionally 

regulate animal behaviour. This will provide insight into how the UPR modulates locomotory 

behaviour in animals. In support of this, both the ER-UPR and HSR appear to influence different 

types of behaviour in mammals such as memory and foraging (Özbey et al., 2021). However, the 

impact of neuronal MT-UPR signaling on behaviour in mammals has not been investigated (Özbey 

et al., 2021). Activation of MT-UPR can promote longevity and better mitochondrial function in 

animals which may translate to changes in the behaviour of animals (Dutta et al., 2022; Schulz & 

Haynes, 2015; Wu et al., 2018; Q. Zhang et al., 2018). 

Future work can also examine how neuronal expression of the stress response works to 

adapt the behaviour of animals in response to stress inducing conditions such as chemicals and 

environmental changes. This can provide a more complete understanding of how the cell non-

autonomous signaling of the stress response by neurons alters the behavior of animals in response 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

165 
 

to detrimental stimuli. Additionally, it can elucidate which stress response pathways and genes 

may be critical for behavioural responses to stress. For example, exercise has been shown to 

activate the stress response and improve electrotaxis response. By utilizing different neuronal 

overexpression lines of the organelle specific stress responses, we can investigate the specific 

pathways regulating the stress response in this exercise scenario. This will allow us to understand 

which stress responses pathways are activated to mediate behaviour under various conditions. 

5.3.2 pqe-1 regulation of the stress response 
In addition to examining the effects of exercise we can investigate if a potential gene 

harnesses a specific stress response pathway to modulate behaviour. One potential candidate is the 

understudied gene, pqe-1, which enhances proteotoxicity in cells and causes neuronal damage 

impacting the health of animals. Loss of pqe-1 also activates the stress response and modulates the 

electrotaxis behaviour of animals. Future work should perform genetic knockdown of pqe-1 in 

combination with different transgenic lines which overexpress transcription factors associated with 

the different stress responses (e.g. XBP-1, HSF-1 and ATFS-1). We can ascertain which stress 

response pathway can rescue defects in pqe-1 loss. Additionally, this will provide insight into the 

pathways which require pqe-1 to maintain homeostasis and modulate behaviour in animals. It can 

also give us perspective on how pqe-1 acts as a regulator of the stress response to promote 

organismal health. 

Electrotaxis presents as a means for monitoring these behavioral adaptations following a 

multitude of stress response manipulations. Overall, this can allow us to couple the precise stress 

response tissue signaling with behaviour.  

5.4  MANF-1 regulates autophagy and lysosome-mediated proteostasis 
My work demonstrates that overexpression of MANF promotes longevity, neuronal health, 

and maintains proteostasis in C. elegans through regulating both the stress response and lysosomal 

function. Other eukaryotic models have demonstrated that overexpression or supplementation of 

MANF is cytoprotective (Bai et al., 2018; Eesmaa et al., 2021; S. K. B. Taylor et al., 2024). The 

work in this chapter sought to elucidate the relationship between MANF/MANF-1 and the UPR 

and to gain an understanding of its mechanism of action. Furthermore, this chapter demonstrated 

a novel function of MANF-1 in mediating autophagic flux and its essential role in lysosome-

mediated organismal survival.  
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I observed an age-dependent accumulation in the ER-UPR chaperone hsp-4 within manf-1 

mutants. The chronic activation of hsp-4 with age is likely detrimental to animals, which could 

contribute to the reduced lifespan of manf-1 mutants (R. C. Taylor & Dillin, 2013). Additionally, 

this is the first study showing manf-1 mutants are sensitive to tunicamycin during adulthood, 

causing reduced lifespan. Larvae of manf-1 mutants show resistance to tunicamycin, conceivably 

due to the increased ER-UPR activity due to loss of manf-1 (Hartman et al., 2019; Richman et al., 

2018). Larvae experience increased resistance, but chronic activation of stress response pathways 

is detrimental to health long-term, as evidenced by the shortened lifespan. 

Chapter 3 provides new lines of evidence regarding the genetic interaction between manf-

1 and ER-UPR components (Hartman et al., 2019). Loss of manf-1 caused an age-dependent 

increase in α-Synuclein aggregation, which was exacerbated by loss of ER-UPR components. 

Chronic activation of the ER-UPR is a contributing factor in the age-dependent protein aggregation 

of manf-1 mutants. Consistent with this, I demonstrated that loss of manf-1 enhances polyQ 

aggregation in HD disease models in C. elegans. Additionally, knockdown of MANF is reported 

to enhance amyloidβ toxicity, a hallmark of AD (S. Xu et al., 2019). These data support the 

potential role of MANF in multiple neurodegenerative diseases to reduce aggregation of misfolded 

proteins. My results also demonstrate that MANF-1 overexpression reduces the accumulation of 

misfolded proteins in different neurodegenerative models. Furthermore, this beneficial effect of 

overexpression of MANF-1 extends to protection of DA neurons, reduces ER stress, and extends 

lifespan in C. elegans.  Thus MANF-1 likely functions to confer protective benefits in whole body 

maintenance, not just in neuroprotection. MANF therefore represents a potential therapeutic target 

for promoting whole organism survival in vivo. 

5.4.1 MANF-1 Expression Pattern  
Knowing that MANF-1 has a role in maintaining multiple aspects of health in the entire 

organism, elucidating its mechanism became more crucial. We investigated this by examining 

whole animal protein expression pattern of MANF-1. We observed that it is strongly expressed 

within the pharynx, hypodermis, intestine, muscles, and also possesses a previously 

uncharacterized localization to the coelomocytes. Interestingly, the localization pattern of MANF-

1 varied depending on the presence of the ER retention signal. However, the removal of the ER 

retention signal results in MANF-1 predominantly localizing to the hypodermis, coelomocytes, 
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and pharynx. Despite this, the ER retention is not required for MANF-1 to elicit its cytoprotective 

function. 

At a subcellular level we also observed localization of MANF-1 to the lysosomal 

membrane. This is the first time MANF-1 has been reported to have a role in lysosomal function. 

In support of this, RNAseq data analyzing differentially expressed genes in both manf-1 mutants 

and manf-1 overexpression contained several enriched terms, one being lysosomal function. Some 

of the enriched genes were proteases, which are required for lysosomal protein degradation (Saftig 

& Puertollano, 2021). In particular, MANF-1 increased an aspartyl protease, asp-12, by roughly 

20-fold (Figure A2). Increases in lysosomal proteases can aid in the protection against misfolded 

proteins (Imanikia, Özbey, et al., 2019). This suggests that the native role of MANF-1 is likely to 

promote cellular proteostasis.  

5.4.2 Potential Mechanism of MANF-1: How and why is it going to lysosomes? 
By localizing to the lysosomes MANF-1 stimulates autophagy and lysosomal function, 

reducing toxic protein aggregation. The research in Chapter 3 revealed a potential mechanism for 

“how” MANF-1 localizes to lysosomes. I found that MANF-1 utilizes the endo-lysosomal pathway 

to reach the lysosomal surface. Specifically, the RAB proteins rab-5 and rab-7 are involved in the 

translocation of MANF-1 to lysosomes. In support of the role of MANF in lysosomes, I observed 

that MANF-1 overexpression causes TFEB/HLH-30 (the main transcriptional regulator of 

autophagy and lysosomal biogenesis) to move from the cytoplasm to the nucleus. We found that 

this translocation is essential for the lifespan benefits and neuroprotection conferred by MANF-1.  

Altogether, this data illustrates a novel model for the mechanism of action of MANF-1. As 

a regulator of the UPR, MANF-1 starts within the ER but gets secreted out to target cells to be 

beneficial, leading to its lysosomal localization. Activated MANF-1 appears to regulate lysosomal 

function and is not just a regulator of ER stress. This model for MANF-1 addresses some of the 

existing questions for its mode of action. It provides a missing link for what MANF-1 does when 

it localizes to target cells to execute a protective function. Furthermore, it broadens our areas of 

investigation for identifying either a bonafide receptor of MANF-1 or multiple receptors that are 

context dependent for MANF-1 binding. Additionally, this study presents novel regions of 

exploration for the role of MANF-1 in stress response regulation. 

In summary, MANF may utilize the lysosome as a signaling hub to execute its cytoprotective 

function. This chapter provides the basis for the idea that MANF is more than a neurotrophic 
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factor, and enhances our knowledge of its mechanism of action in diverse tissues and gene 

regulatory networks. 

5.5 The Future of MANF  
5.5.1 Tissue specific role of MANF   

Despite MANF being expressed in many tissues, the bulk of existing research has focused 

on its protective role within neurons. However, recent work has begun analyzing the broad 

requirements of MANF within different tissues such as kidneys and muscles (Danilova et al., 2019; 

Neves et al., 2016; Peled et al., 2021; Sousa-Victor et al., 2019). As more than an NTF, Chapter 

3 demonstrated the broad expression pattern of MANF which suggests it functions in multiple 

tissues. Future work should examine the tissue specific regulation and function of MANF. Follow 

up to this discovery can revolve around the following question: Do specific tissues have different 

requirements of MANF expression level?  

Using tissue specific promoters such as those expressed in the coelomocytes, hypodermis, 

intestine, muscles, and neurons we can specifically overexpress MANF in these tissues. This will 

allow us to examine if tissue specific overexpression of MANF in wildtype animals is sufficient 

to promote longevity, proteostasis, neuronal health, and maintenance of the stress response with 

age. We can examine if tissue specific MANF expression mediates UPR activity of organelle 

specific chaperones such as hsp-4 (ER), hsp-6 (mitochondria), and hsp-16.2 (cytosolic). 

Furthermore, we can investigate a cell non-autonomous mechanism for the requirements of MANF 

to regulate the stress response in animals. This could involve either tissue specific knockdown or 

overexpression of MANF and would provide detailed analysis of how MANF regulates the ER-

UPR in different tissues. These experiments will provide answers regarding the requirements of 

MANF in a tissue dependent manner. 

5.5.2 Organelle specific requirements of MANF-1 
MANF is an ER resident protein which is secreted to other tissues to serve a protective 

function (Jӓntti & Harvey, 2020). My work suggests that MANF begins in the ER and is eventually 

shuttled to the lysosomal membrane to promote proteostasis (Chapter 3). Interestingly, the ER 

protein ATF-6 can stimulate mitochondrial function, which ultimately leads to longevity in 

animals (Burkewitz et al., 2020). It remains to be explored if MANF can affect mitochondrial 

function. Chapter 3 shows that MANF plays a role in autophagy and recent work shows that 

MANF regulates proteins involved in mitophagy (Y. Kim et al., 2023). Using different conditions 
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such as genetic or chemical disruption of the electron transport chain which are known to damage 

mitochondria and activate the MT-UPR, we can ascertain if MANF protects against mitochondrial 

dysfunction through clearance of damaged mitochondria. It is worth examining if after different 

chemical insults loss of manf-1 accelerates the damage to the mitochondria, similarly to how it 

accelerates neurodegeneration in animals (Richman et al., 2018). Additionally, it remains to be 

explored if MANF can interact with the cytosolic HSR to promote organismal health. We can 

examine if loss or overexpression of HSF-1 will reduce hsp-4 chaperone activity in MANF-1, and 

the impact that will have on survival. 

Chapter 3 demonstrates that manf-1 affects lysosome number and function. However, the 

conditions under which MANF acts to maintain lysosomal homeostasis can be further explored. 

To this end, we can attempt to block entry of MANF to lysosomes through genetic or chemical 

inhibition and examine the health of animals. We can knockdown different genetic components of 

the endosomal pathway or use chloroquine which blocks autophagosome fusion to lysosome 

(Mauthe et al., 2018). We can also inhibit the function of calcium channel proteins or VATPases 

on the lysosome membrane to examine changes in MANF cytoprotective capabilities, and 

potentially its localization. An RNAi screen can be conducted to examine endo-lysosomal 

components that may inhibit the lysosomal localization of MANF and potentially the proteostasis 

benefits conferred by MANF overexpression.  These experiments will allow us to elucidate what 

other components of the trafficking system MANF utilizes.  

Overall, these experiments can provide insight into the different organelles that may require 

MANF for maintenance and function. Furthermore, the above experiments highlight the different 

biological processes MANF uses to promote organismal health through organelle crosstalk. 

5.5.3 Receptors of MANF 
NTFs are known to bind to specific receptors (Ibáñez, 1998), however no specific receptor 

for MANF has been identified to date. It has been reported that MANF may bind to NPTN and the 

IRE1 receptor, which are involved in the inflammatory response and ER-UPR activity respectively 

(Kovaleva et al., 2023; Yagi et al., 2020). These studies report that MANF requires these receptors 

to be protective in the cell (Kovaleva et al., 2023; Yagi et al., 2020). The necessity of these 

receptors for the function of MANF has yet to be confirmed within C. elegans. C. elegans appear 

to lack an NPTN receptor, which suggests the existence of a potentially unidentified MANF-

binding receptor. However, the IRE1 receptor is conserved within C. elegans. Due to the level of 
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conservation in the function of MANF between species, it is expected that the IRE1 receptor would 

play a similar role in C. elegans. It should be noted that worms with mutations in both ire-1 and 

manf-1 exhibit larval lethality. However, it remains to be examined if inhibiting ire-1 function in 

MANF-1 overexpression worms can impede MANF localization and its cytoprotective abilities 

within C. elegans.  

The aforementioned receptors, however, may not be able explain the broad role of MANF 

across an organism in regulating cellular processes. It is possible that MANF may have multiple 

binding receptors. Using the fluorescent constructs of MANF-1 that I have created, we can perform 

biochemical analysis to pull down protein complexes of MANF and potentially identify other 

receptors and interacting partners. These strains could also be used to perform a genetic screen for 

potential receptors that block or shift MANF localization and examine their impact on organismal 

health.  

Chapter 3 demonstrated that without the KDEL signal, MANF overexpression is still 

beneficial. It would be interesting to analyze the binding affinity of the KDEL receptors within C. 

elegans. Previous research showed that MANF trafficking involved KDEL receptors and its 

paralog CDNF also binds to KDEL receptors at the cell membrane (Henderson et al., 2013; Maciel 

et al., 2021). Future analysis can investigate if overexpression of KDEL receptors can affect 

MANF trafficking by retaining MANF within the ER, potentially inhibiting its ability to affect the 

health of animals. Analysis of novel receptors for MANF should also focus on looking at its 

interaction with lysosome transmembrane proteins. Taken together, the above experiments would 

allow us to further understand what signaling components MANF activates to facilitate its 

lysosomal function and be cytoprotective. 

5.5.4 Transcriptional Regulation of MANF   
Future work on MANF should investigate novel transcriptional regulators HLH-30 and 

AP-1 transcription factors. My data described in Chapter 3.3 (micropublication) and other 

published studies show that AP-1 transcription factors can regulate the expression of MANF-1 

following pharmacological induction (Abu-Hijleh et al., 2020; C. H. Wang et al., 2018). The ER 

transmembrane protein ATF6 is part of the AP-1 transcription factor family and is a transcriptional 

regulator of MANF-1, similar to XBP1 (Oh-Hashi et al., 2013; D. Wang et al., 2018). A follow-

up investigation for the transcriptional regulation of MANF could involve assessing the 
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requirements of AP1 family members in mediating the stress response regulation of MANF and 

its protective benefits.  

One can also consider a potential complex signaling cascade involving XBP-1, HLH-30, 

and MANF-1. Similar to MANF-1 overexpression, neuronal overexpression of XBP-1 causes 

TFEB/HLH-30 nuclear localization, ultimately causing expression of genes involved in lysosomal 

biogenesis and function (Imanikia, Özbey, et al., 2019). One of these lysosomal genes could be 

MANF-1, which is also induced by XBP-1. This interaction suggests that MANF-1 may be 

regulated by different transcription factors under different conditions. Does ER-stress cause 

transcription of MANF by XBP-1? Does lysosomal stress cause transcription of MANF by HLH-

30? To this end, future experiments should examine the binding affinity of XBP1 and HLH-30 

with MANF under basal conditions and stress inducing conditions. Using ER stress-inducing drugs 

such as tunicamycin and thapsigargin, or drugs which inhibit lysosome function such as 

bafilomycin or chloroquine we can examine the binding affinity of XBP-1 and HLH-30 to MANF. 

This would allow us to examine the conditions required for transcriptional regulation of MANF, 

advancing our understanding of its function. Genetic interaction experiments can also be used to 

examine if either XBP-1 or HLH-30 preferentially regulates MANF under specific stress-inducing 

conditions to maintain cellular health.  

5.5.5 MANF interacting proteins 
There are several lysosomal membrane protein complexes (Saftig & Puertollano, 2021) 

which MANF-1 could conceivably utilize to regulate a lysosomal stress response to maintain 

proteostasis. The identification of MANF on the lysosome membrane has opened the door for 

various potential interacting partners. Proteins such as MTOR, AMPK, and calcium channel 

pumps are also found on the lysosome membrane (Napolitano & Ballabio, 2016; Saftig & 

Puertollano, 2021). Assessing the interaction of MANF with these proteins can provide further 

evidence for how MANF is able to cause nuclear localization of TFEB/HLH-30. Using a 

combination of fluorescent colocalization and biochemical analysis such as mCherry pulldown, 

co-immunoprecipitation, and mass spectrometry, we can determine potential binding partners of 

MANF. Additionally, membrane proteins such as VATPases and calcium channels are also 

potential areas of binding for MANF, especially considering that MANF is activated in response 

to calcium efflux (Glembotski et al., 2012). Additionally, I propose that performing genetic 
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knockdown of AMPK, MTOR components, or calcium channel pumps in MANF overexpression 

animals will allow us to examine their role in MANF mediated cytoprotection. 

5.5.6 The interaction between MANF and Axin/PRY1 
Another potential interacting partner of MANF-1 is the C. elegans Axin homolog pry-1. 

Axin/PRY1 is expressed in many tissues and is well studied in our research group (Mallick et al., 

2019, 2020, 2022). Research on Axin has shown that it acts as a scaffolding protein on the 

lysosome membrane (Saftig & Puertollano, 2021). This localization points to the possibility of a 

MANF-1 interaction with Axin at the lysosomal surface. Additionally, preliminary work in 

Appendix E shows that pry-1 mutants have reduced manf-1 expression (Mallick et al., 2019). 

MANF-1 overexpression partially rescues the defect of pry-1 mutants, extending lifespan, and 

improving the neuronal health of these animals (Figure C1).  

Colocalization analysis of MANF-1 and AXIN/PRY-1 should be performed to determine 

if these two proteins are co-expressed in multiple tissues, and also if they localize together on the 

lysosomal membrane. Future work should also examine if MANF-1 overexpression can reduce the 

detrimental activation of the stress response within pry-1 mutants or vice versa. This will allow us 

to build a model defining the role of these two proteins which regulate the stress response and 

promote health by acting together. Additionally, utilizing transcriptomic datasets between these 

two proteins can identify candidate genes that might be commonly regulated between MANF-1 

and PRY-1. Such genes could then be analyzed to explore how MANF-1 and PRY-1 act to 

maintain organismal fitness and regulate the stress response. This will further build the interaction 

network between MANF-1 and PRY-1, two proteins which can be beneficial to organismal health.  

5.5.7 Potential role of MANF in proteasomal degradation 
The collapse of proteostasis is hallmark of aging. When proteostasis cannot be achieved 

proteins are targeted for degradation. This can occur via the ubiquitin proteasome system (UPS) 

and autophagy. These are the two main protein degradation pathways in the cell. Current research 

on MANF demonstrates its role in the autophagy pathway (Chapter 3), but the UPS remains to be 

explored. Currently, fluorescent transgenic strains in C. elegans exist which allow us to monitor 

the rate of proteasomal degradation with age based on fluorescent protein accumulation. Using 

this tool, we can study how loss and overexpression of MANF impacts proteasomal degradation 

as animals age. Preliminary data in Appendix A shows that MANF overexpression upregulates 

rpn-6.1, a component of the 26S/30S proteasome (Figure A2). Overexpression of rpn-6.1 

increases proteasome activity, extends lifespan and reduces protein aggregation in animals 
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(Vilchez et al., 2012). Genetic interactions can be used to study if MANF requires rpn-6.1 or other 

components of the UPS system for survival or reducing protein aggregation. Furthermore, we can 

examine the impact of UPS components on MANF expression and localization. The study of the 

UPS will allow us to determine the existence of additional processes that MANF uses to clear the 

cell of protein aggregates. 

5.6 MANF-1 causes age dependent decline in muscle function 
The results of Chapter 3 demonstrate that MANF-1 is localized to many tissues, including 

muscles. RNA seq analysis in Chapter 4 found that MANF-1 regulates a subset of muscle genes 

that are known to be upregulated following exercise (Laranjeiro et al., 2019). Maintaining muscle 

function as we age is associated with longevity in animals (Campos et al., 2023; Laranjeiro et al., 

2019). The results in Chapter 4 provide the first evidence of the requirements of C. elegans 

MANF-1 to maintain muscle morphology and function with age. 

 By examining different markers of muscle health in worms, we observed that loss of 

MANF-1 causes muscle dysfunction in an age-dependent manner. The loss of MANF-1 reduced 

the burrowing capacity in an age-dependent manner but increased the thrashing ability of day 1 

adults compared to WT. However, by day 7 of adulthood they were worse than WT, notably 

thrashing less. The unexpected thrashing behaviour on day 1 could result from an elevation in ER-

UPR activity due to the loss of MANF-1. Once correctly regulated the high ER-UPR may be 

beneficial to animals in a transient manner, but chronic activation is to the detriment of the animal. 

The work in Chapter 4 observed a novel phenomenon, in that manf-1 mutants retain tubular 

mitochondrial muscle morphology with age. Tubular morphology suggests that these animals have 

functional mitochondria and good muscle function (Hartman et al., 2018; Laranjeiro et al., 2019). 

However, this appears to not be the case due to the decline in muscle function of manf-1 mutants. 

It is possible that we are observing an accumulation of mitochondria. Research in Chapter 3 

demonstrated that MANF-1 regulates autophagy. It is possible that MANF-1 may regulate the 

selective autophagy process of mitophagy (Galluzzi et al., 2017) and is required for efficient 

clearing of dysfunctional mitochondria.   

These analyses provide a basis for age-dependent requirements of MANF-1 to maintain 

muscle health. My studies in C. elegans complement recent research showing that MANF is also 

required for skeletal muscle repair in young mice (Sousa et al., 2023). Sousa et al. (2023) also 

demonstrated that supplementation of MANF in aged mice can restore muscle health following 
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impairment (Sousa et al., 2023). Together, these results highlight not only the cytoprotective 

capability and requirements of MANF at different stages in animals but also the therapeutic 

potential from modulating MANF expression. Based on my findings and current research we 

believe MANF is a suitable intervention target for the improvement of muscles as we age. 

5.7 The Future of MANF in muscle health maintenance 
5.7.1 Does MANF-1 have a muscle specific role? 

This section provides a detailed discussion of future work to investigate the effect of 

MANF on muscle function. It presents an opportunity to examine the muscle-specific roles and 

requirements of MANF in animals. To address this question, both muscle specific RNAi and 

muscle specific overexpression should be utilized to analyze how changes in MANF expression 

impact the muscle health of animals. Using a muscle specific promoter we can create a muscular 

overexpression of MANF-1 in C. elegans. Following this we can examine how stress response 

genes such as hsp-4, hsp-6, and hsp-16.2 are regulated by tissue specific MANF expression (as 

described in 5.5.1). A similar experiment can be performed using a muscle specific knockdown 

of MANF. Furthermore, we can examine how MANF impacts the body wall muscle fibers of 

animals in an age-dependent manner. Data in Chapter 4 demonstrates that loss of MANF causes 

an age-dependent decline in neuromuscular health. Muscle specific overexpression of MANF may 

be able to rescue the age dependent decline in muscle health of manf-1 mutants. 

Chapter 4 shows that MANF is distributed in spherical puncta throughout the muscle 

mitochondria in animals. These are likely to be lysosomes in muscle cells. Future experiments 

using lysosome staining should aim to confirm if MANF also localizes to the lysosomes of 

muscles. Interestingly, lysosomes were one of the cellular component GO terms that were enriched 

in macrophages taken from muscles deficient in MANF (Sousa et al., 2023). Lysosomes are a 

central signaling hub that can act as a platform for several signaling molecules including AMPK 

(Saftig & Puertollano, 2021). AMPK is a sensor of energy levels and is known to improve muscle 

health and function in animals (Campos et al., 2023; Saftig & Puertollano, 2021). The genetic 

interaction between MANF and AMPK can be examined to determine if AMPK overexpression 

can rescue the muscle defects exhibited by manf-1 mutants.  

Overall, this analysis can provide a better understanding of the different processes that 

MANF may utilize to maintain muscle health in animals.  
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5.8 Concluding Remarks 
The research that I have completed throughout my Ph.D. tenure has addressed gaps in our 

understanding of the effect of the stress response on behaviour and stress regulating proteins such 

as MANF. MANF is integral for regulating the stress response and proteostasis to ensure the 

survival of organisms. The data presented in this thesis builds a stronger connection between 

MANF and different processes that regulate the stress response. These results further emphasize 

the novel roles of MANF in lysosome trafficking and signaling, tissue-to-tissue communication, 

and its potential interacting partners. Additionally, this work highlights the involvement of MANF 

in other disease processes through regulation of the stress response. The extensive characterization 

of MANF in C. elegans provides a strong base for further experiments in C. elegans and other 

model systems to look at the novel regulatory networks that I have presented in this thesis. 

Understanding the detailed mechanism of action of MANF could assist with the development of 

novel therapeutics to prevent or attenuate age-related disorders. From originally being described 

as exclusively a neurotrophic factor, to a UPR regulator gene, and now a potential mediator of 

lysosomal function, our understanding of MANF has grown dramatically. Due to its all-

encompassing function within the cell, it is evident that MANF is more than a neurotrophic factor. 

By leveraging knowledge of MANF, the stress response and overall proteostasis, there is an 

opportunity to develop novel therapeutics to enhance human health and our standard of living 

throughout our lifespan. 
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6 Appendix 
6.1 Appendix A. Analysis of Stress response, autophagy, lysosomal and 

proteasomal genes under different conditions. 

 

Figure A1. Analysis of UPR and HSR chaperones following heatshock. A) RT-qPCR 

analysis of HSP chaperones in N2 and hsf-1(sy441) day 1 adults following heat shock at 33°C 

for 1hr. Animals were unable to mount a heat shock response as hsp-4(ER-UPR), hsp-6(MT-

UPR) and hsp-16.2 (HSR) chaperones were significantly downregulated. B) Effect of continuous 

heat-shock on chaperone expression. Starting at day 1 of adulthood N2 worms were transferred 

from 20°C and then heat-shocked for 3 days at 28°C. The data shows that continuous heat 

treatment caused a significant decline in the chaperones of the ER-UPR and MT-UPR but HSR 

activity continued to be expressed. Results are expressed as mean ± SEM (*p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001). 
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Figure A2. Analysis of autophagy, lysosomal and proteasomal genes in following MANF-1 

overexpression. RT-qPCR analysis MANF-1KEEL::mCherry day 1 adults showed a significant 

reduction in genes associated with autophagosome formation. Only atg-9 and atg-16.2 are 

downregulated but bec-1 remains the same. Overexpression of MANF-1 downregulated 

lysosome genes, lmp-1 and vha-18 which are a lysosomal membrane protein and a V-ATPase 

that exist on the lysosome membrane. However, the aspartyl protease, asp-12 is significantly 

upregulated (~20 fold) and is one of the lysosomal genes identified from the RNAseq. 

Proteasomal genes were also upregulated following MANF-1 overexpression. Namely, rpn-6.1 

which is an ortholog of human 26S proteasome subunit and cdc-48.1, a p97 homolog that 

shuttles proteins to the proteasome for degradation. Results are expressed as mean ± SEM 

(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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6.2 Appendix B. Therapeutic effects of TP5, a Cdk5/p25 inhibitor, in in vitro and 
in vivo models of Parkinson’s disease 

6.2.1 Preface 
This appendix includes the following article published in its original format:  

Therapeutic effects of TP5, a Cdk5/p25 inhibitor, in in vitro and in vivo models of Parkinson’s 

disease by Judith Tran, Shane K.B. Taylor, Anika Gupta, Niranjana Amin, Harish Pant, Bhagwati 

P. Gupta and Ram K. Mishra. Curr. Res. Neurobiol. 2, 100006 (2021) 

This is an open access article that is licensed and distributed under a Creative Commons 

Attribution 4.0 International License, permitting the use, sharing, adaptation, distribution and 

reproduction in any medium provided the original source and author are given appropriate credit. 

In this chapter publication we examined the neuroprotective and neurorestorative effects of 

TP5, a Cdk4/p25 inhibitor using both cell and worm models. We found that TP5 was protective of 

dopaminergic morphology and locomotion within C. elegans and improved cell viability following 

paraquat exposure. TP5 was demonstrated to block CDK5 activation and be a notable compound 

in the protection against dopaminergic neurodegeneration, a pathophysiological marker of 

Parkinson’s Disease. 

Contributions 

Judy Tran performed the in vitro experiments, statistical analysis and wrote the manuscript. I 

assisted Judy in writing, reviewing the initial manuscript draft and responding to reviewers’ 

comments. I conducted the in vivo experiments for Figures 5 to 8 in collaboration with Judy Tran 

and Anika Gupta. Fluorescent images of dopaminergic neurons were taken by me in figures 6 and 

7. Niranjana Amin performed the Cdk5 immunoreactivity experiment. All authors were involved 

in reviewing and editing the manuscript for publication. 
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6.2.2 Tran et al. 2021. Current Research in Neurobiology  
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6.3 Appendix C. Investigation into the regulation of the Stress response by pry-1, 
picd-1 and kin-9. 

6.3.1 Preface 
This chapter includes the following unpublished work and two articles in their original published 

and submitted format:  

1) The regulation of MANF-1 by PRY-1/AXIN to maintain proteostasis within animals. by 

Shane K. B. Taylor 

2) Cabin1 domain-containing gene picd-1 interacts with pry-1/Axin to regulate multiple 

processes in Caenorhabditis elegans by Avijit Mallick, Shane K. B. Taylor, Sakshi Mehta 

& Bhagwati P. Gupta. Scientific Reports. 12, 1–18 (2022). https://doi.org/10.1038/s41598-

022-15873-5 

3) The FGFR4 Homolog KIN-9 Regulates Lifespan and Stress Responses in Caenorhabditis 

elegans by Avijit Mallick, Leo Xu, Sakshi Mehta, Shane K. B. Taylor, Hannah Hosein and 

Bhagwati P. Gupta. Frontiers in Aging. (2022). DOI: 10.3389/fragi.2022.866861 

Articles 2 and 3 are open access articles which are licensed and distributed under a Creative 

Commons Attribution 4.0 International License, which permits the use, sharing, adaptation, 

distribution and reproduction in any medium provided the original source and author are given 

appropriate credit. 

In this appendix I examined the relation between pry-1 and genes which are known to be 

involved in activating the stress response. In the first section of Appendix B, we find that MANF-

1 overexpression is able to protect against neurodegeneration and lifespan defects observed in pry-

1 mutant animals. In section 2 of Appendix B we discovered a novel gene picd-1 which regulates 

a suite of pry-1 mediated phenotypes, in particular the stress response and lifespan. We find that 

both pry-1 and picd-1 cause CRTC-1 nuclear localization which regulates longevity in a 

calcineurin-dependent manner. In section 3 of Appendix B we investigate the Fibroblast Growth 

Factor Receptor homolog kin-9, and found it is essential in ER-UPR maintenance and is potentially 

downstream of pry-1 in mediating longevity. 
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Contributions 

Towards article 1) above I, Shane Taylor performed all experiments and wrote the summary and 

discussion of them. 

Towards article 2) above I, Shane Taylor performed experiments and analyzed Figures 8A-C, 9G-H, 

10B and 10D. Avijit Mallick and Sakshi performed all other experiments. Avijit created the figures 

and the initial manuscript. I, Avijit and Dr. Gupta revised the entire manuscript for submission and 

addressed reviewer comments for publication. 

Towards article 3) above I performed experiments towards Figure 3D and E. All other authors 

performed the experiments and analyzed the other sets of data. Avijit and Dr. Gupta wrote the 

manuscript. I edited and aided in reviewer responses for publication. 
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6.3.2 Taylor and Gupta. The interaction between MANF-1 and PRY-1  

 

Figure C1. MANF overexpression rescues lifespan and neuronal defect in pry-1(mu38) animals.  
A) The lifespan analysis of overexpression of manf-1 in pry-1(mu38) mutants following heat shock 
at 31°C. This heat treatment was done from the fourth larval stage and on day 1 of adulthood. 
There was a significant difference in lifespan between pry-1(mu38) at 31°C (mean 2.905 ± 0.136) 
compared with pry-1(mu38);hsp::manf-1 at 31°C (mean 4.146 ± 0.345). manf-1 overexpression 
was able to extend pry-1 mutant lifespan. B) Neuronal analysis of pry-1(mu38) day 1 adults with 
manf-1 overexpression. Animals had the same heat treatment as in A. pry-1 mutants Animals had 
significantly improved neuronal health following manf-1 increased expression. A-B: n = 3 batches 
of pooled worms (>50 in total). Results are expressed as mean ± SEM. A: lifespan analysis was 
done using the log-rank (Kaplan-Meier) method. B: was analyzed using Chi square test 
(*p<0.05;**p<0.01;*** p<0.001;****p<0.0001) 
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6.3.3 Mallick et al. 2022. Scientific Reports  
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6.3.4 Mallick et al. 2022. Frontiers in aging 

 

Figure C2. Sensitivity of hsp::kin-9 animals to paraquat and tunicamycin. D & E) Bar graph 
showing the survivability of hsp::kin-9 adults compared to N2 following paraquat (200 mM) and 
tunicamycin (25 ng/ μL) exposure for 2hrs. (D&E) Data represent the mean of two to three replicates 
(n > 50 animals in each replicate) and error bars represent the SEM. Statistical analyses were done 
using unpaired t-tests with Welch correction (*p<0.05;**p<0.01;*** p<0.001;****p<0.0001). 
Figure Adapted from Mallick et al. (2022). 
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6.4 Appendix D. Chronic Metal Exposure impacts the electrotaxis behavior and 
Heat Shock Response in Caenorhabditis elegans 

6.4.1 Preface 
This appendix includes the following unpublished article in its original format:  

Chronic Metal Exposure impacts the electrotaxis behavior and Heat Shock Response in 

Caenorhabditis elegans by Shane K. B. Taylor, Muhammad H. Minhas, Justin Tong, P. Ravi 

Selvaganapathy, Ram K. Mishra, and Bhagwati P. Gupta 

In this appendix we discuss how various metal salts impact the movement of animals 

represented as defects in dopaminergic neurons, body bends and body oscillations.  Furthermore, 

we show that the severity of certain metals is mediated by hsf-1 in C. elegans. This works 

emphasizes the detriment that chronic exposure of metals can have on a species. Additionally, it 

provides insight into the role of the HSR in the response against chemical toxicity. 

Contributions 

I revised the manuscript, created the figures and analyzed the data. I performed experiments for 

figure 2B, Figure 4, Figure 5A. Hannan and Justin performed all other experiments. I and Dr. 

Gupta revised the current manuscript. 
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6.4.2 Taylor, S. K. B. et al. 2024. To be submitted. 
 

Chronic Metal Exposure impacts the electrotaxis behavior and Heat Shock Response in 
Caenorhabditis elegans 

 

Shane K. B. Taylor1, Muhammad H. Minhas1, Justin Tong1, P. Ravi Selvaganapathy2, Ram K. 
Mishra3, and Bhagwati P. Gupta1 

 

1Department of Biology, McMaster University, Hamilton, ON 

2Department of Mechanical Engineering, McMaster University, Hamilton, ON 

3Department of Psychiatry and Behavioural Neurosciences, McMaster University, Hamilton, ON 

 

 

Short title: Metal salts induce electrotactic swimming defects in C. elegans 

 

Corresponding author: guptab@mcmaster.ca 

 

 

Key words: C. elegans, microfluidics, electrotaxis, bioindicator, metals 
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ABSTRACT 

We examined the effects of chronic exposure to various environmental toxicants on the nematode 
C. elegans’ electrotactic behavior using a specially designed microfluidic channel device. The 
results provide the first evidence that electrotactic swimming behavior is particularly susceptible 
to knockdown by metal salts.  We found that Ag, Hg, Cu, Pb and Mn caused speed deficits in 
animals. Prolonged, metal exposure also significantly reduced the speed of animals. We also 
observed that hsf-1 mutants are insensitive to metal salts and that the heat shock response is 
activated following metal exposure. In conclusion, our work demonstrates that the electrotactic 
swimming behavior of C. elegans is susceptible to metal exposure which may involve the HSR. 
The speed and sensitivity of the microfluidic assay makes it a promising non-invasive approach to 
detect environmental toxicants and examine their effects on locomotory behavior in multicellular 
eukaryotes. 

 

INTRODUCTION 

Heavy metals are known to have detrimental health effects. Metal exposure can occur from 
anywhere in the environment, food source and general day to day life. Organisms have developed 
multiple ways to clear these toxic substances from their system that include reducing metal uptake, 
expelling the metal from the system, or activating stress response systems. While mammalian 
models such as mice and rats can be used to study metal toxicity in laboratory settings however 
these systems are complex, slow growing, expensive to maintain, and require sophisticated 
equipment to manipulate them. Cell cultures can also be used however they are good for in vitro 
studies and cannot mimic the response observed in whole animal models (Hunt, 2017). In these 
regards, the nematode (worm) Caenorhabditis elegans is an excellent system because it offers 
many advantages such as the ease of cultivation, short life cycle, inexpensive to maintain and 
manipulate, relatively simple nervous system, and requiring no ethical approvals.  

C. elegans are sensitive to most toxicants of interest, including metal salts, and have been used for 
toxicity studies (Hunt, 2017). The sensitivity of worms to a diverse range of toxicants renders it 
useful for assessing toxicity at environmentally relevant concentration (Akinyemi et al., 2019; Ju 
et al., 2013; Wu et al., 2012). The present study describes deleterious effects of chronic exposure 
to a range of heavy metals, namely Hg, MeHg, Ag, Cu, Fe, Pb, Mn, Ni, and Cd, on C. elegans 
using a novel movement assay.  

Hg and its compounds are notorious for their extreme toxicity and the targets of Hg are quite 
diverse, including the respiratory and gastrointestinal tracts. A large fraction of the Hg that enters 
aquatic ecosystems undergoes methylation to assume its organic form MeHg, which represents a 
major concern (Forsyth et al., 2004; Hong et al., 2012). Hg is most infamous for its neurotoxic 
properties: even acute exposures can induce an assortment of cognitive, personality, sensory, and 
motor abnormalities, possibly culminating in coma and death (Clarkson & Magos, 2006).  

Three of the metals tested, Cu, Fe, and Mn, are essential trace metals that are involved in vital 
enzymatic reactions. The deficiency of any of these or their high exposures can result in 
detrimental health effects (Wazir & Ghobrial, 2017), including neurological and behavioral 
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abnormalities (V. Kumar et al., 2015; Ndayisaba et al., 2019). Cellular studies have reported 
oxidative stress and mitochondrial dysfunction due to Mn toxicity (Raj et al., 2021). Experiments 
in mice have found that bioaccumulation of Mn affects GST and AChE activity, lipids and 
proteins. Similar to Cu and Mn, Fe also plays important roles in healthy organisms; yet acute Fe 
overload can cause iron poisoning (Chen et al., 2013; Ruszkiewicz et al., 2018)  

Of the remaining four metals (Ag, Ni, Pb, and Cd), Ag is known to be toxic to humans and many 
other taxa. Ag is a known skin and eye irritant, and its prolonged exposure causes discoloration of 
the skin and eyes known as argyria and argyrosis, respectively (Drake & Hazelwood, 2005; Hadrup 
et al., 2018). Other studies on Ag toxicity have reported developmental deformities in zebrafish, 
neurotoxicity in mice, and mitochondrial damage to human cells (AshaRani et al., 2009; Bar‐Ilan 
et al., 2009; Gonzalez-Carter et al., 2017; Rahman et al., 2009). Ni, too, while fairly ubiquitous in 
industrial and consumer products, is associated with toxicity at large doses or with chronic 
exposure. Chronic exposures to Ni affect skin such as causing itching or rashes, respiratory defect, 
and some forms of cancers affecting lung and other tissues (Genchi et al., 2020).  Experiments in 
mice have shown that Ni causes acute lung inflammation (Mo et al., 2019), although skin and 
cancerous phenotypes were not observed. Pb is a pervasive environmental neurotoxicant; it is 
particularly toxic to developmental brains, causing long-term detrimental effects on learning, 
memory and behavior in children (Neal and Guilarte, 2010). Pb poisoning also results in symptoms 
such as neuromuscular weakness., anemia, delirium, convulsions, and death (Jaishankar et al., 
2014). Studies have shown that high Pb exposures in mice can lead to altered movement, 
exploratory responses, and hyperactivity (Jaishankar et al., 2014; Silbergeld & Goldberg, 1974). 
And, finally, Cd is a known carcinogen that has been associated with mutagenic responses 
(Jaishankar et al., 2014). Cellular and molecular studies have report that Cd exposures affect 
expression of genes involved in cell cycle, apoptosis, oxidative stress and inflammation (Kim et 
al., 2017). Studies on Cd exposures have also reported cirrhosis, kidney dysfunction, and defects 
in the skeletal system (Jaishankar et al., 2014).  

A number of test endpoints such as movement, viability, brood size, and lifespan are used for 
toxicity analyses with C. elegans (Chen et al., 2013; Tang et al., 2019; D. Wang & Xing, 2008). 
Additionally, transgenic and fluorescent microscopy techniques have been employed to visualize 
metal-induced damage (Chen et al., 2013).  

Locomotory behavior of C. elegans is a simple yet highly reliable indicator of toxicity, with slow 
and abnormally uncoordinated movement being associated with nervous system defects (Hart, 
2006). Our group has developed a microfluidic-based locomotion assay (termed ‘electrotaxis’) that 
measures the electrosensory response of animals. Microfluidic electrotaxis provides an 
environment where the animal reliably chooses to swim toward the negative electrode in the 
presence of a direct current (DC) electric field (Rezai et al., 2010). Electrotaxis assay provides a 
powerful, on-demand, and quantitative measurement of movement behavior, which can be 
combined with other common endpoints such as brood size, growth, and lifespan to enable a better 
understanding of the harmful impact of toxicants on multicellular eukaryotes. The present study 
describes the first use of the electrotaxis assay to evaluate the deleterious effects of chronic 
exposure to heavy metals on C. elegans movement. 

Our results show that among the metal salts tested, Ag, Hg, Cu, Mn, and Pb induced significant 
electrotaxis abnormalities in C. elegans. Three of these (Cu, Ag, and Hg) were analyzed further 
using our exposure paradigm and were found to cause growth and physiological defects in animals. 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

226 
 

The remaining three metals (Ni, Fe, and Cd) showed no obvious electrotaxis phenotype even after 
exposing animals for an extended period. We observed a significant correlation between 
electrotaxis defect and dopaminergic neurodegeneration in animals, which is consistent with 
previous findings of dopamine signaling being involved in mediating electrotaxis behavior (Salam 
et al., 2013). We carried out additional experiments to further investigate the basis of electrotaxis 
defects. The analysis of cytosolic unfolded protein response (UPR) for a subset of metals (Pb, Cd, 
and Mn) did not show a correlation between metal toxicity, stress response, and electrotaxis, 
suggesting differences in how metals affect behavior. Finally, we determined the post-exposure 
effect of two of the metals (Pb and Mn) and found that animals continued to exhibit abnormal 
electrotaxis. Overall, these findings provide the first evidence for metal toxicants causing 
electrotaxis defects in C. elegans. Our sensitive assay serves as an additional tool to understand 
different mechanisms involved in metal toxicity and allows investigations of environmental impact 
of metals in living systems.  

 

RESULTS 

Chronic exposures to some metal salts cause defects in electrotaxis 

To evaluate the toxic effects of metal exposure on the electrotaxis behavior of worms, we 
introduced Day 1 adult C. elegans grown on media plates containing metal toxicants into the 
microchannel device and measured their electrotaxis speed. Initially, worms were exposed to three 
different metals, Ag, Hg, and Cu. Previous studies have reported LC50 values for these chemicals 
(Du & Wang, 2009; Ruszkiewicz et al., 2018; Shen et al., 2009). Based on this, we chose 5 μM as 
a starting concentration for electrotaxis assays. While Ag and Hg caused reduced electrotaxis 
speed, Cu had no such effect (Figure 1A). Two additional doses, 50 μM and 150 μM, were also 
tested. For Ag and Hg, both doses were highly toxic thereby precluding electrotaxis assays, 
whereas Cu once again showed no adverse effect at the eye level (Figure 1A, see Methods). It 
took a much higher level of Cu, i.e., 500 μM, to elicit an electrotaxis defect (Figure 1A). Consistent 
with these results, examination of other biological endpoints, namely brood size, body length, and 
lifespan also supported detrimental effects of metals on animals (Supplementary Figure 1) and 
are in line with previous findings (Roh et al., 2009). Specifically, Ag and Cu inhibited 
reproduction, however Hg caused no visible change. Body length was not affected by Ag and Hg, 
but Cu exposure led to a small but statistically significant reduction. All metals had harmful effects 
on the lifespan of animals.  

An organic Hg salt was also tested. As mentioned above, the methyl form of Hg (MeHg) is 
particularly toxic to humans and causes nervous system abnormalities and birth defects (Hong et 
al., 2012). C. elegans are highly sensitive to MeHg since even a short acute exposure leads to 
lethality and defects in development, reproduction and locomotion (Helmcke & Aschner, 2010; 
McElwee & Freedman, 2011). Of the four different concentrations tested (2 μM, 4.5 μM, 9 μM, 
18 μM), the lowest dose (2 μM) was the only one suitable for electrotaxis assays as it did not 
appear to harm the animals at the plate level although progeny counts were significantly reduced 
(data not shown). Exposed animals showed major reduction in electrotaxis (Figure 1B, 
Supplementary data x). Overall, the results show that the electrotaxis phenotype of C. elegans is 
highly sensitive to low, chronic doses of Ag, Hg, Cu, and MeHg. Additionally, movement defects 
correlate well with other phenotypes observed.  
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To determine if electrotaxis abnormalities were due to metals being taken up by animals in our 
exposure paradigm, we used the ICP-MS technique. The analysis revealed that metal contents were 
significantly higher inside worms than what was recovered from agar media. While Ag, Hg, and 
Cu accumulated at 8-fold, 4-fold, and 4-fold, respectively, MeHg accumulation was 33-fold 
(Figure 1C, Supplemental Figure 2). These data show that metal toxicants, particularly MeHg, 
increase at high levels inside animals’ bodies when present in their external environment. The 
results demonstrate an efficient uptake of metals in our method.  

 

 

Figure 1. Electrotaxis of animals chronically exposed to Ag, Hg or Cu. Boxes represent 
measurements from 25th to 75th percentiles, central horizontal lines represent medians, vertical lines 
extend to 10th and 90th percentiles, and dots represent outliers. A) Defects manifesting as slower 
swimming speeds appear in animals grown on plates containing 5 μM Ag (P < 0.01) or 5 μM Hg 
(P < 0.01). Cu-induced electrotaxis speed defects do not appear with plates containing 5 μM (P > 
0.05), 50 μM (P > 0.05) or 150 μM (P > 0.05) but do appear at 500 μM (P < 0.01). B) Defects 
manifesting as slower swimming speeds appear in animals grown on plates containing 2 μM MeHg 
(P < 0.01). C) Metal content in C. elegans following 69 h metal salt exposure. Elemental content 
was measured as a function of total sample volume. Metal content in worms is significantly higher 
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than in control following treatment with Ag 50 μM ~5.4 μg/mL, Hg 50 μM ~10.0 μg/mL, or MeHg 
2 μM ~0.4 μg Hg/mL. Data is pooled from independent replicates (n > 30 animals). Statistical 
analysis for panel A and C was done using a one-way ANOVA with Dunnett’s post hoc test. 
Student’s unpaired t-test was used for panel B. Significant data points are marked by the following: 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

Having demonstrated the effect of three metals (Ag, Hg, and Cu) on electrotaxis, we tested an 
additional set of five metals, Cd-50μM, Fe-150μM, Ni-150μM, Mn-150μM and Pb-150μM. The 
concentrations of all of these used in our experiments were well below published LC50(Du & 
Wang, 2009; Ruszkiewicz et al., 2018; Shen et al., 2009). Plate-level observations showed that 
animals were healthy and exhibited responses similar to wild-type animals (see Methods and 
Supplementary table 1). Analysis of the electrotaxis responses showed that Mn and Pb were the 
only two metals that caused defects (Figure 2A). Interestingly, while Mn reduced the speed, Pb 
exposure resulted in a hyperactive response (Figure 2A). The remaining metals (Ni, Fe and Cd) 
did not cause any change in electrotaxis response of exposed animals.  

We also analyzed body oscillations, which is another parameter of movement (Hart, 2006; D. 
Wang & Xing, 2008), to see if these correlated with speed defects. The data showed that except 
for 500 μM Cu, which resulted in slower oscillations, the responses of all metals are comparable 
to wild type controls (Figure 2A and Supplementary Figure 2). A lack of correlation with 
electrotaxis speed leads us to conclude that changes in the electrotaxis speed are likely not affected 
by the movement pattern of animals, although minor effects cannot be ruled out. Overall, our 
findings show that the electrotaxis response of animals is sensitive to chronic exposures of Ag, Cu, 
Hg, MeHg, Mn and Pb. 
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Figure 2. Analysis of movement defects in animals exposed to a set of heavy metals. Refer to 
Figure 1 for a description of the box plot. (A) Electrotaxis of animals chronically exposed to Pb, 
Mn, Cd, Ni, Fe and Cd. Both Cu and Mn caused a slower speed (p <0.001), Pb results in an 
increased speed (p<0.001). The other metals Ni, Fe, and Cd did not alter the speed of the animals. 
(B) The body oscillations of chronically exposed animals in the microfluidic channel calculated 
using the MATLab software. Cu had significantly more body oscillations within the channel 
compared to control. The other metals did affect the body oscillations. Data is pooled from 
independent replicates of 3 (n=15 to 45 animals). Statistical analysis for panel A and B was done 
using a one-way ANOVA with Dunnett’s post hoc test. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001.  

 

Prolonged exposure to metals can cause electrotaxis defect 

We reasoned that a lack of phenotype for some metals may be due to insufficient exposure. To 
investigate this further, we exposed C. elegans to Ni (150μM), Fe (150μM) and Cd (50μM) for a 
longer duration. In addition, a low dosage of Cu (150μM) was also tested that had no effect on 
electrotaxis. Animals were exposed till day-3 adulthood (day-1 adults plus 48 hrs). Results 
revealed that while Cu caused a reduction in speed, other metals had no detrimental effect (Figure 
3). At the plate level, Cd-exposed worms were slightly slow growing, but adults appeared normal. 
The other three metals (Cu, Ni, and Fe) caused no visible abnormality on the plate. We conclude 
that the electrotaxis responses of animals is sensitive to chronic treatments of Cu.  
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Figure 3: Electrotaxis speed of animals exposed to four different metal salts until day 3 of 
adulthood (150 μM Cu, 150 μM Fe, 150 μM Ni, and 50 μM Cd). Only Cu-exposed animals 
exhibited a significantly reduced speed (p= 0.0275). The other heavy metals Fe, Ni and Cd did not 
alter the electrotaxis speed of the animals (p= 0.9902,0.9999,0.6746 respectively). Data is pooled 
from independent replicates (n > 30 animals). Statistical analysis for panel A and B was done using 
a one-way ANOVA with Dunnett’s post hoc test. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001.  

 

Effects of metal exposures on cytosolic stress response and DAergic neurons 

Since dopamine signaling is in part involved in mediating electrotaxis behavior (Salam et al., 
2013), we reasoned that metals in our assay may affect neuronal phenotypes. This reasoning is 
consistent with other studies showing that heavy metals have an impact on the health of 
dopaminergic neurons and affect the dopamine signaling pathway (Benedetto et al., 2010; 
Jaishankar et al., 2014).  

DAergic neurons were examined using a dat-1p::YFP marker. In wild-type animals, the DA 
transporter dat-1 is expressed in four pairs of CEP and one pair of ADE neurons, which allows 
easy identification of cell bodies and their projections (Figure 4A). Upon quantification, we found 
that Ag and Hg caused damage in more than half of the worms examined, Cu affected roughly 
40% of the population (Figure 4A & B). The phenotypes included loss of cell bodies, and faint 
and punctate projections. Of the remaining metals, Mn, Pb, and Cd affected roughly one-third of 
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animals, with phenotypes mainly confined to neuronal projections. Ni and Fe did not exhibit any 
significant neuronal defects (affecting roughly one-fifth of the population tested).  

Since three of the metals, Fe, Ni and Cd, did not affect electrotaxis but Cd has a mild effect on 
dopamine neurons, we chose these metal exposures to perform a basal slowing response (BSR) 
assay. Animals having defects in DAergic neurons, such as bas-1 mutant (DOPA decarboxylase), 
have an abnormal BSR (Sawin et al., 2000) (Figure 4C). We found that none of the three metals 
affected the responses of animals (Figure 4C), a finding that is consistent with their electrotaxis 
phenotypes. It was interesting to note that while Cd did have a low penetrant effect on DAergic 
neurons, the changes were inconsistent with behavioral responses of exposed worms. We conclude 
that metals cause variable damage to DAergic neurons. More work is needed to determine the 
precise relationship between neuronal phenotype, electrotaxis, and BSR in metal-exposed C. 
elegans.  
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Figure 4. Neurodegenerative phenotypes of young adult dat-1p::YFP transgenic animals resulting 
from chronic exposure to metal salts. A) Representative images of neuronal defects observed in 
animals. Dopaminergic neurons and processes are healthy in untreated dat-1p::YFP control 
animals. Sub-panels show the defects that arise in metal-exposed dat-1p::YFP animals including 
1. abnormal CEP dendrite morphology, 2. punctate patterns in CEP dendrites and ectopic neurite 
growth, and 3. loss of CEP neurons and dendrite segments. B) The percentage distribution of dat-
1p::YFP animals with normal fluorescent neurons following metal exposure. C) The Basal slowing 
response of Day 3 adults following metal Exposure. Well-fed animals exposed to metals were 
transferred to plates (+) with and (-) without bacteria. As a control both wildtype N2 and bas-1 
animals were used. N2 had a normal BSR and as expected bas-1 animals had a defective BSR, 
demonstrating the effectiveness of this assay in our hands. Data is expressed as +/- SEM and 
pooled from individual replicates (n=16 animals) per group. Statistical analysis for panel B and C 
was done using a one-way ANOVA with Dunnett’s post hoc test. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001.  
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Previous work from our lab has shown that chemicals which alter the electrotaxis behavior can 
affect the stress responses of animals. Additionally, toxic metals are known to compromise 
unfolded protein response (UPR) pathways such as the cytosolic heat shock response (HSR) which 
is known to work with metallothionein in clearing metals leading to reduced cellular stress and 
proteotoxicity (Liu & Thiele, 1996; Martinez-Finley & Aschner, 2011; Uenishi et al., 2006). To 
investigate the role of HSR in metal-induced response, we first examined the effect of three metals, 
namely Mn and Pb, both of which affect electrotaxis but in an opposite way, and Cd that causes 
no electrotaxis phenotype but is reported to activate the HSR marker hsp-16.2(S. Wang et al., 
2020). Our qPCR analysis showed that while Mn and Cd increased hsp-16.2 transcript levels, Pb 
had no significant effect (Figure 5A).  Interestingly, there was no increase in hsf-1 levels, a 
transcription factor that plays a major role in regulating expression of heat shock chaperons 
including hsp-16.2. It is conceivable that hsf-1 affects hsp-16.2 levels by acting post-
transcriptionally or additional heat shock proteins may be involved. Moreover, electrotaxis defects 
in hsf-1 mutants (Taylor et al., 2021), were not further enhanced by Mn, Pb and Cd (Figure 5B). 
Overall, these data show that changes in the cytosolic stress response do not correlate with metal 
induced electrotaxis defects, suggesting that other factors are likely to play a role in mediating 
metal toxicity. 

Figure 5: Effect of selected heavy metals of the cytosolic stress response. A) RT-qPCR analysis 
of Mn and Cd exposed worms showing increased expression of hsf-1 (p=0.03 and 0.006) and hsp-
16.2 (p<0.001). However, Pb exposure did not significantly alter the hsf-1 (p=0.13494) or hsp-
16.2 (p=0.578049) expression. Statistical analysis for panel A was done using a one-way ANOVA 
with Tukey’s post hoc test. B) hsf-1(sy441) animals were exposed to Pb, Mn, and Cd. No 
significant difference between any conditions.  *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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Post-exposure recovery does not revert electrotaxis defect 

Studies have shown that acute exposure to toxic chemicals can have a lasting effect on animals 
(Benedetto et al., 2010). We therefore wondered if our exposure paradigm would elicit a similar 
persisting detrimental effect on the electrotaxis behaviour of animals. To this end, two metal salts 
were tested, namely Pb and Mn. Both cause electrotaxis defects. However, responses were 
opposite, i.e., Pb induced a hyperactive response characterized by faster speed whereas Mn caused 
animals to move slowly.  Animals were exposed to metals until day 1 adulthood followed by 
recovery for four days. They were then tested on day 5. Surprisingly, both Pb and Mn led to a 
slower electrotaxis speed (Figure 6). We conclude that exposure to these two metals causes 
irreversible damage to C. elegans.  

 

Figure 6. Electrotaxis speed of metal-treated animals following post exposure recovery. Animals 
were treated with Pb and Mn salts throughout development till day 1 adulthood and allowed to 
grow on normal, metal-free plates for an additional four days. Following recovery both Mn and 
Pb significantly reduced the speed of animals. Data pooled from individual replicates (n=20 to 34 
animals) per group. Statistical analysis was done using a one-way ANOVA with Dunnett’s post 
hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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DISCUSSION 

We have characterized the electrotactic movement of C. elegans following exposures to commonly 
found heavy metals and demonstrate their toxic effects on C. elegans’ electrotactic response. Many 
of the chemicals used in our study such as Hg, MeHg, Fe, Cd, and Ni were reported previously to 
cause defects in standard plate and liquid assays(Bovio et al., 2021; Colonnello et al., 2020; De 
Almeida Fagundez et al., 2015; Ijomone et al., 2020; Klang et al., 2014; R. Kumar et al., 2015; 
Morton & Lamitina, 2013; Moyson et al., 2019; Tang et al., 2019; D. Wang & Xing, 2008). 
However, the absence of a constant stimulus in these assays meant that quantifying behavioral 
responses of animals presented difficulties. This is because C. elegans arbitrarily exhibit pauses, 
reorientations, omega turns, and backward locomotion, creating complex patterns abundant in 
background noise (Vidal-Gadea et al., 2012). To overcome these challenges, we used a 
microfluidic channel device that incorporates mild electric fields and linear path into the assay, 
resulting in a tightly controlled stimulation which produces directional locomotion, thereby 
providing a sensitive way to quantify movement of animals (Rezai et al., 2010; Tong et al., 2013).  

The electrotaxis data reported here shows that depending on the concentration and exposure 
duration, metal salts can be toxic to animals. The defects caused by metals can be attributed to 
their capacity to bioaccumulate. In support of this, we found that metals bioaccumulate to varying 
levels in exposed animals that correlated with the severity of their electrotaxis phenotypes. Cu is 
a physiological mineral, there are endogenous mechanisms in place to regulate its homeostasis, 
including metallochaperones like CUTC-1(Calafato et al., 2008). The relatively lower potency of 
Cu as a toxicant in electrotaxis assay may be due to its role in normal biological function as an 
essential component of cytochrome c oxidase, superoxide dismutase, and other conserved enzymes 
(Halfdanarson et al., 2008). However, high concentrations of Cu (150 μM and higher) are toxic to 
C. elegans as demonstrated in our study and previous findings (Vidal-Gadea et al., 2012). 
Consistent with this, chronic excesses of Cu in humans due to regular ingestion or by Cu retention 
(i.e. Wilson’s disease) are linked to brain and liver damage (Ala et al., 2007).  

Unlike Cu, Ag and Hg exposures caused electrotaxis defects at much lower concentrations 
suggesting higher sensitivity of biological processes to these two chemicals. As mentioned in the 
introduction Ag and Hg are toxic to organisms, causing a variety of defects in development, 
behavior, and organ function (Chen et al., 2013; Hunt, 2017). MeHg is known to molecularly 
mimic methionine and enter cells via the large amino acid transporter, LAT1(Helmcke & Aschner, 
2010), which promotes its accrual. This might explain in part why we observed over 10-fold higher 
accumulation of metal in case of MeHgCl exposure compared to other metal salt treatments. 
Consistent with previous findings all three metal salts are harmful to C. elegans as they cause 
defects in development, behavior, reproduction, and lifespan (Hunt et al., 2014; D. Y. Wang & 
Yang, 2007). Behavioral defects included head thrashing, body bending and the number of forward 
turns following Ag, Cu, Hg exposure (D. Wang & Xing, 2008). Our electrotaxis results show 
reduced speed following exposure to Ag, Cu, Hg. The data are not only consistent with movement 
phenotypes observed in previous studies but further demonstrate that worms are sensitive to Ag 
and Hg at much lower dose.  

Among other metals, we observed defects following exposures to Mn and Pb. These metals have 
many harmful effects in mammalian systems that are described in the introduction. Studies in C. 
elegans have also reported a range of toxic effects. For example, exposures to L1 worms cause 
defects in survival, body length, brood size, movement and dopaminergic neurons (Akinyemi et 



Ph.D. Thesis. S.K.B. Taylor; McMaster University - Biology 

236 
 

al., 2019; Benedetto et al., 2010; Tang et al., 2019). While the electrotaxis speed was lower in Mn-
exposed worms, Pb caused a faster speed. One potential mechanism by which these metals affect 
electrotaxis is due to altered stress response signaling since chronic stress affects electrotaxis 
(Taylor et al., 2021). Both Mn and Pb affect ROS and chaperon expression in different exposure 
conditions (Ali et al., 1995; Avila et al., 2016; Flora et al., 2012; Kitada et al., 2020; Martinez-
Finley et al., 2013; Shao et al., 2019; Shinkai et al., 2010). The precise reason for Pb-induced 
response is unclear however it is worth mentioning that Pb is known to cause hyperactivity in 
animals (Ramírez Ortega et al., 2021; Silbergeld & Goldberg, 1974). Whether the faster 
electrotaxis speed represents a hyperactive response in worms remains to be investigated. The 
remaining three metal salts (Ni, Fe and Cd) did not cause a statistically significant difference in 
the electrotaxis speed. Additionally, the animals appeared to develop normally and exhibited 
typical behavior on culture plates. It remains to be seen if other aspects of electrotaxis, such as 
amplitude of body bends and turning are affected. In this regard, it is worth mentioning that the 
frequency of body oscillations of exposed animals showed a lack of correlation with electrotaxis 
speed.  

Unlike C. elegans, these metals are known to have toxic effects in other systems as described 
above. It is conceivable that subjecting worms to more severe toxic conditions may lead to 
electrotaxis defects. However, we found that animals subjected to an additional 48 hrs of exposure 
to Fe, Ni, and Cd showed a normal response. By contrast, a lower dose of Cu, i.e., 150 uM, did 
cause electrotaxis defects upon prolonged exposure. These results suggest different sensitivities to 
different metals. While we did not examine electrotaxis phenotypes at doses higher than 150 uM, 
published studies have reported a variety of defects when animals were acutely exposed to high 
doses that involved viability, neuronal function and other processes (Colonnello et al., 2020; Hu 
et al., 2008; Tang et al., 2019; D. Wang & Xing, 2008). It is worth emphasizing that these studies 
had no fixed animal stages and uniform exposure paradigm, making direct comparisons difficult 
(Anderson et al., 2004; Benedetto et al., 2010; Ruszkiewicz et al., 2018). Clearly, additional 
experiments are needed to consolidate results of a variety of metal exposure paradigms in C. 
elegans(Bovio et al., 2021; Chen et al., 2013; Colonnello et al., 2020; De Almeida Fagundez et al., 
2015; Ijomone et al., 2020; Klang et al., 2014; R. Kumar et al., 2015; Morton & Lamitina, 2013; 
Moyson et al., 2019; Tang et al., 2019; D. Wang & Xing, 2008).Studies have also reported gene 
expression changes following exposures of worms to metals. For example, Hg and MeHg altered 
stress response genes expression (McElwee & Freedman, 2011). Genes involved in the resistance 
to Cd toxicity were shown to be associated with metabolic enzymes and proteolysis categories 
(Cui et al., 2007). In another study, a cocktail of Zn, Cu and Cd metals caused increased expression 
of an array of genes mediating heat shock response, oxidative stress, metal stress, development, 
and innate immunity and apoptosis (R. Kumar et al., 2015).  

While our experiments did not reveal a common trend in hsp-16.2 and hsf-1 expression, 
one possibility may be that these metals affect stress response signaling by acting post-
transcriptionally. In agreement with this, Mn and Pb exposures to hsf-1 mutants caused no change 
in their electrotaxis speed. More experiments are needed to investigate the role of chaperons and 
stress response signaling following heavy metal exposures.  
 

We showed earlier that animals exhibiting electrotaxis defects also exhibit degeneration of 
DAergic neurons (Salam et al., 2013; Taylor et al., 2021). Furthermore, both these phenotypes are 
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impacted by stress-inducing conditions (Taylor et al., 2021). This led us to examine DAergic 
neurons in metal-exposed animals. Based on their toxic effects metals can be placed into three 
groups. Ag and Hg caused neuronal damage in more than 50% of animals, followed by Cu, Pb, 
Mn, and Cd affecting roughly 30-40%. Less than a quarter of animals showed defects when 
exposed to Ni and Fe. Further experiments showed that Cd, Ni, and Fe had no effect on dopamine-
induced movement (Sawin et al., 2000).  

Previous studies provide support to our data showing neurotoxic effects of these metals in 
C. elegans (Du & Wang, 2009; Gonzalez-Carter et al., 2017; Hunt, 2017; Ke et al., 2021; 
Ruszkiewicz et al., 2018).  More work is needed to understand the mechanism by which these 
metals affect neurons. One possibility may be enhanced aggregation of misfolded proteins since 
Cu was found to cause an increase in the paralysis of muscle-expressing amyloid beta transgenic 
worms (Chen et al., 2013). In some cases, metals may directly affect DA signaling, e.g., Pb 
exposure was found to interfere with dat-1 (dopamine transporter) expression resulting in DAergic 
neuronal dysfunction (Akinyemi et al., 2019). Overall, these data show that while metals cause 
harm to both neurons and electrotaxis responses of worms, the phenotypes do not always coexist. 
More experiments are needed to determine whether a lack of correlation is due to differing 
sensitivities of DAergic neurons to metals and the extent to which neuronal changes contribute to 
electrotaxis defects. Additionally, since amphid neurons have been shown to be necessary for 
sensing the electric field (Gabel et al., 2007) it will be necessary to examine their sensitivities to 
metal salts.  

As we continued to analyze the toxic effects of metals, we investigated if the effects can 
be mitigated after animals were removed from the toxic environment. This is because of the 
mechanisms to clear the metal from the system (Martinez-Finley & Aschner, 2011). To this end, 
we allowed exposed worms to recover for four days, which is roughly one-fifth of their lifespan. 
This was done in the case of Mn and Pb, two metals that cause electrotaxis defects. We found that 
not only did the animals continue to show abnormal movements, but the Pb-exposed population 
unexpectedly showed a reduced speed. More work is needed to determine the precise reason for 
such a phenotype and whether there was irreversible damage to certain tissues and processes.  

In summary, this work reports the various levels of toxicity exhibited by metals using a 
novel microfluidic-based assay. Our data show that some but not all metals have detrimental 
effects on worms, highlighting the complexity of the response. Furthermore, locomotory behavior, 
which requires the integration of processes at multiple levels, is highly susceptible to chemical 
insults such as toxic metal exposure. Finally, the data demonstrate that electrotaxis is a sensitive 
and quantitative method to investigate mechanisms by which metals induce damage in 
multicellular eukaryotes.  
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MATERIALS AND METHODS 

Strains and culturing 

Worms were grown and maintained at 20°C on LB-agar and Modified Youngren’s Only 
Bactopeptone (MYOB)-agar plates containing Escherichia coli OP50 culture using previously 
described methods (Brenner, 1974). All experiments used age-synchronous populations obtained 
by bleach treatment. Strains used are N2, hsf-1(sy441), DY353: bhEx138[pGLC72(Cel-dat-
1p::YFP)], MT7988 bas-1(ad446) 

Chemicals and treatments 

We used the plate-based exposure paradigm which provides efficient bioavailability of chemicals 
(Vidal-Gadea et al., 2012). All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). All toxicants were first prepared as 200x solutions in 100% DMSO, then diluted 10x with 
water. 500 μL of the resultant 20x LB agar finally resulting in 1x concentrations of toxicant and 
0.5% DMSO. 

We chose appropriate concentrations as the highest concentrations of each compound at which 
chronic exposure would have low to no plate-level phenotypes such as lethality, larval arrest or 
significant developmental delay. A complete listing of all concentrations tested in this way is 
shown in the Supplementary Table 1.  

Two of the metal salts, AgNO3 and HgCl2 were tested at three different concentrations (5 μM, 50 
μM, and 150 μM)). MeHgCl, an organometallic form of Hg, is highly toxic and was used at 2 μM. 
Cu was tested at a wider range of concentrations (5 μM, 50 μM, 150 μM, and 500 μM), none of 
which caused an obvious defect at the plate level.  

In subsequent electrotaxis assays involving five other metals (Cd, Fe, Ni, Pb, and Mn), we started 
out with 150um concentration of each metal. In our plate level analysis, the animals had a similar 
growth rate, brood size and movement to control with a few exceptions (Supplementary Table x). 
Cadmium and Iron cause some delayed growth including arrested L1 larvae. Higher concentrations 
of both of these chemicals and Nickel were detrimental as animals showed L1 stage arrest. The 
movement tracks and brood size of the worms on day 1 adulthood were also very similar to 
untreated controls.  

Two of the metals, Fe and Cd, were also tested at other concentrations. Animals exposed to 300 
uM of FeSO4 showed obvious defects on plates (i.e., growth arrest), which precluded any further 
analysis. Cd was less toxic at 100 uM but still caused severe growth arrest. However, animals 
exposed to 50 uM Cd showed a mild growth defect at the plate level but otherwise appeared normal 
during adulthood, thereby allowing us to test their electrotaxis responses.  

We first observed hsf-1 animals at a plate level and found that those exposed to Cd had animals 
arrested at L1 but some were still able to reach adulthood. In the case of Pb exposure, animals 
were developmentally delayed by a few hours and Mn did not have an effect on the animals overall. 
All together the animals looked visually healthy and had normal movement tracks on the plate. 
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Electrotaxis assay 

Microfluidic channels were fabricated as previously described (Rezai et al., 2010). Nematodes 
were grown under exposure conditions starting from the L1 larval or egg stage. Upon becoming 
young adults, nematodes were washed off their culture plates, cleaned, and suspended in M9 
buffer. Animals were then aspirated into the channel using the syringe pump. Individual animals 
were isolated by adjusting the tubes’ relative height to hydrostatically manipulate the flow of M9 
through the channel. Both tubes were then laid flat at the same elevation to eliminate pressure-
induced flow. Next, a 3 V/cm DC electric field was applied, and the animal’s resultant behavior 
recorded by camera. Locomotory data was later extracted from recorded videos either manually 
using NIH ImageJ (http://rsbweb.nih.gov/ij/) or automatically with custom MATLAB-based 
tracking software. Toxicant-exposed animals were grown for 69 h at 20°C before scoring. At least 
three batches of 10 animals each were scored for each condition. Speed data was normalized to the 
median of the control. 

Brood size, growth and lifespan assays 

Reproductive capacity of toxicant-exposed animals was determined by counting the hatched 
progeny of isolated hermaphrodites.  

Five L4-stage larvae were picked onto fresh spiked MYOB plates and incubated for an additional 
96 h at 20°C for maturation and egg-laying; afterwards, the number of offspring was estimated by 
suspending the population in M9 and counting the animals in aliquots of the suspension.  

In the cases of 50 and 150 μM Ag and Hg, nematodes were grown for 2 weeks instead of 6 days 
to account for these animals’ slower growth, and progeny were counted and removed from plates 
daily. The resultant progeny on two batches of four plates per test condition were quantified in this 
way. 

Body length of metal-exposed nematodes was determined after 69 h of growth at 20°C on toxicant-
spiked MYOB plates containing food. Measurements were made from photographs of animals 
anesthetized through placement in a 15-μL drop of 30 mM NaN3 in M9, which lay on a solidified 
pad of 4% agar on a glass slide. Photographs were taken and analyzed with a Hamamatsu ORCA-
AG camera on a Nikon Eclipse 80i Nomarski microscope, using NIS-Elements BR software 
version 3.0 (www.nis-elements.com). At least two batches of 10 animals each were measured for 
each test condition. 

For lifespan assays two batches of 20 age synchronous L1 larvae per condition were transferred 
into four fresh spiked MYOB plates (five animals per plate) and grown at 20°C. Viability of 
animals was checked each day under a stereomicroscope. If immobile, animals were checked for 
viability by tapping the plate and gently touching their bodies with a platinum pick. Nematodes 
were transferred to fresh spiked MYOB plates after 120 h, 168 h, and 216 h to prevent 
contamination of parent animals by offspring.  
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Determination of metal content 

Approximately 10,000 age-synchronous L1 larvae per condition were transferred into fresh spiked 
MYOB plates and grown at 20°C for 69 h, at the conclusion of which both live and dead animals 
were collected and washed twice with deionized water. Two biological replicates were prepared 
for each exposure. Untreated worms were used as controls. The pelleted pool of worms was frozen 
at -80°C for further processing at Actlabs (Ancaster, ON, Canada). Each sample was weighed into 
a 50-mL centrifuge tube followed by the addition of 2 mL of concentrated HNO3. Centrifuge tubes 
were placed in a boiling water bath for 1 h to digest samples. The fully digested content in each 
tube was then diluted to 50 mL with water and analyzed by inductively coupled plasma-mass 
spectrometry (ICP-MS) using QOP Hydrogeo Rev. 6.6. In addition to testing worms, we also 
measured metal concentrations in the exposure media.  

The elemental contents of Ag, Hg, and MeHg were measured as a test case to determine the 
effectiveness of our agar plate-based exposure paradigm. The results revealed that while Hg was 
recovered with somewhat lower efficiency (71% for HgCl2, and 37% for MeHgCl), possibly due 
to speciation and precipitation, Ag was fully recoverable. 

Neuronal phenotype analyses 

Fluorescence microscopy and quantification. Animals were mounted on 2% agar pad containing 
glass slides. Before placing the cover slip, they were anesthetized using 30 mM NaN3. GFP 
fluorescence was visualized using a Zeiss Observer Z1 microscope equipped with an Apotome 2 
and X-Cite R 120LED fluorescence illuminator. The dat-1p::YFP strain was used to visualize CEP 
and ADE dopaminergic neurons. Protocol was adapted from (Taylor et al., 2021). The percentage 
of animals with defects was plotted. 

Basal Slowing Response Assay 

The protocol was adapted from (Sawin et al., 2000). Body Bend was measured for 20 secs 3 times 
per worm. 200uL of bacteria was plated to seed half of the plate. Worms were transferred to the 
area without food and then allowed to crawl to the side of the plate with food. Day 3 adult animals 
were used. Experiment was repeated in two independent trials(replicates) using 8 animals per trial 
for each metal.  

Post - exposure recovery 

Test two chemicals (Pb and Mn) – Animals were grown in the presence of metal salts from egg 
stage till day-1 adulthood. On day 1 animals were washed thoroughly and move to normal OP50 
culture plates. They were transferred every other day until day 5 adulthood.  

Data analysis 

Graphpad Prism 9 was used to perform statistical analysis. Electrotaxis speed data was plotted in 
box plots and compared with the non-parametric Mann-Whitney test. Lifespan data was assessed 
with the Kaplan-Meier method and compared with the log-rank test. All other data was analyzed 
with Student’s t-test. For all assays, data from all repeats were pooled and analyzed together.  
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SUPPLMENTARY MATERIALS 

 

 

Supplementary Figure 1. Influence of chronic Ag, Hg, and Cu exposures on reproduction, body 
length and lifespan. A) reproductive capacity of C. elegans. At 5 μM Ag caused 36% reduction 
in brood size, however 5 μM Hg had no effect. Increasing the concentration by 10 fold, i.e. 50 
μM, both Ag and Hg caused 99% and 87% reduced brood size, respectively. B) Body length was 
also reduced following exposure to Ag and Hg. Ag 50 μM: 39% length reduction, Ag 150 μM: 
56% reduction, Hg 50 μM: 62% reduction, Hg 150 μM: 77% reduction. C) Influence of chronic 
metal exposure on lifespan. 5 μM Ag and Hg had no obvious effect on the lifespan. Cu 500 μM 
significantly reduced the lifespan of animals. Data is pooled from independent replicates (n > 30 
animals). Statistical analysis for panel A and B was done using a one-way ANOVA with 
Dunnett’s post hoc test. The lifespan data for C were plotted as survival curves which were 
estimated using the Kaplan- Meier test followed by the log-rank test for group differences. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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Supplementary Figure 2. Metal content in C. elegans following 69h Cu exposure. Elemental 
content was measured as a function of total sample volume. Metal content in worms is significantly 
higher than in control following treatment with Cu 150 μM. Student’s unpaired t-test was used. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

  

Supplementary Figure 2. Influence of chronic Cu exposures on body oscillation calculated 
using the MATLab software. Cu at 150µM had no significant changes in body oscillations. 
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Supplementary Table 1. Plate level responses of animals exposed to different concentrations of 
metal salts. The phenotypes included slower growth rate, arrest during L1 larval stage (including 
lethality), and visual morphological observations i.e. if they looked healthy and were moving 
normally on the plate. Animals were scored as normal (no difference from untreated controls), 
intermediate (mild phenotype, affecting few animals), and defective (abnormal response that is 
clearly visible, affecting most or all animals).  The dash in the table means that animals couldn’t 
be analyze as they arrested. 

  

L1 Arrest Developmental Growth Rate Visual Observations 

Ni 150 uM Intermediate Normal Normal 

Pb - 150uM Normal Normal Normal 

Mn 150uM Normal Normal Normal 

Fe 150uM Intermediate Normal Normal 

Fe 300 uM Defective 
-  

Intermediate 

Cd 50uM Intermediate Intermediate Normal 

Cd 100 uM defective defective intermediate 

Cd 150uM Defective -  
-  

Cu 150uM Normal Normal Normal 

Cu 500uM Normal Normal Normal 
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6.5 Appendix E. Review Article: Axin Family of Scaffolding Proteins in 
Development: Lessons from C. elegans 

6.5.1 Preface 
This appendix includes the following unpublished article in its original format:  

Axin family of scaffolding protein in development: Lesson from C. elegans”, by Avijit Mallick, 
Shane Taylor, Ayush Ranawade, and Bhagwati P. Gupta. Journal of Developmental Biology (2019). 
DOI: 10.3390/jdb7040020).  

In this appendix, we discussed the major role of AXIN/PRY-1 in various processes and other 

animal models with a specific focus on C. elegans. We presented a possible interaction with 

MANF-1 and PRY-1 in this published paper. This review provided an up to date understanding of 

Axin in various systems. 

Contributions 

I provided preliminary data for Figures 5C-D and edited the initial manuscript draft for submission. 

Avijit, Ayush and Dr. Gupta, wrote and revised the manuscript for submission.  

6.5.2 Mallick et al. (2019). Journal of Developmental Biology 

 

Figure E1. PRY-1 regulates neuronal development in C. elegans. (C) pry-1 mutants exhibit 
defects in dopaminergic neurons (marked with dat-1p::GFP). The cell bodies are frequently 
missing or appear abnormal and dendrites show punctate-like patterns (arrows) (scale bar= 
50µm). (D) qPCR experiment shows that manf-1 is significantly downregulated in pry-1 mutant 
adults (* p < 0.05, two batches). Figure Adapted from Mallick et al. (2019). 


