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Abstract 

Communication between tissues is essential for coordinating adaptive changes in 

response to environmental fluctuations. Cells share information using mechanisms that 

depend both on proximity and tissue/cell type. In Caenorhabditis elegans, the germ cells 

enter a state of quiescence in response to reduced nutrient availability, which is 

dependent on signals of neuronal origin. This signal is propagated by AMPK signalling at 

the onset of the dauer stage. While AMPK mutants are superficial wild type in replete 

conditions, they suffer from severe germline and somatic defects when they enter the 

dauer stage. These mutants exhibit germline hyperplasia, misregulated epigenetic marks, 

and premature death as dauer larvae. Should they recover from this stage, they will 

exhibit a highly penetrant sterility as post-dauer adults.  

Through a genetic screen, we identified a subset of genes, when disabled, 

suppress the AMPK germline defects. One of these genes is a RabGAP protein TBC-7. 

AMPK directly phosphorylates TBC-7 in the neurons, allowing for the production of 

exosomes through the activity of a Rab GTPase RAB-7. This communication is 

independent of classical neurotransmission and synaptic vesicles, but instead relies on 

neuronal exosomes derived from the endosomal trafficking network. Although vesicle-

mediated signalling has been previously proposed to mediate tissue/tissue signalling, no 

such role for exosomes in a regulated physiological context has so far been 

demonstrated. I show here that environmental change associated with energy stress 

results in AMPK-regulated miRNA loading and subsequent release of neuronal 

exosomes. These exosomes carry a pro-quiescent miRNA cargo to the germ line to 

modify germline gene expression. The exosomes contain the C. elegans miRNA 
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Argonautes, which also accumulate in the germ cells. Using a germline miRNA sensor, 

we show that neuronally-expressed miRNAs can extinguish the expression of germline-

mRNA targets. Our findings demonstrate how a neuronal response can change gene 

expression in distant tissues, akin to a classical neuroendocrine mechanism, but instead 

by re-directing RNA trafficking to load neuronal exosomes with specific miRNA cargo. 
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Résumé 

 La communication entre différents tissus est essentielle afin de coordonner 

l’exécution de changements adaptatifs en réponse aux fluctuations environnementales. 

Les cellules partagent les informations dont elles disposent en utilisant des mécanismes 

dépendant à la fois du type de tissu ou de cellule les recevant et de leur proximité. Chez 

les Caenorhabditis elegans, les cellules germinales entrent dans un état de quiescence 

en réponse à une faible disponibilité de nutriments, et cet acte dépend de signaux 

provenant des neurones. Ce signal est propagé à travers la voie de signalisation par 

l’AMPK lors de l’entrée dans l’état dauer. Bien que la mutation d’AMPK ne soit pas visible 

superficiellement, les animaux la portant souffrent de sévères défauts somatiques et 

germinaux lorsqu’ils entrent dans l’état dauer. Ces mutants présentent une hyperplasie 

de la lignée germinale, des marques épigénétiques déréglées et une mort prématurée en 

tant que larves dauer. Si les larves survivent au passage à travers cet état, elles seront 

stériles en tant qu’adultes post-dauer. 

 Un dépistage génétique nous a permis d’identifier un groupe de gènes qui, 

lorsqu’ils sont désactivés, suppriment les défaut germinaux des mutants AMPK. Un de 

ces gènes code pour la protéine RabGAP TBC-7. L’AMPK phosphoryle directement TBC-

7 dans les neurones, permettant la production d’exosomes à travers l’activité d’une Rab 

GTPase, RAB-7. Cette communication est indépendante d’un type de neurotransmission 

classique et de vésicules synaptiques, se reposant au contraire sur des exosomes 

d’origine neuronale dérivant du réseau de transport endosomal.  Bien que d’autres aient 

déjà proposé que la signalisation par vésicules puisse établir un système de signalisation 

entre différents tissus, il reste encore à établir un rôle pour les exosomes en tant 
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qu’éléments de communication majeurs au sein d’un contexte physiologique réglementé. 

Je démontre que des changements environnementaux associés à une forme de stress 

énergétique entraînent le chargement de miARN dans des exosomes neuronaux et leur 

relâchement ultérieur, et que ce mécanisme est règlementé par l’AMPK. Ces exosomes 

transportent des miARN encodant un signal de quiescence jusqu’à la lignée germinale, 

afin de modifier l’expression de gènes germinaux. Ces exosomes contiennent également 

les Argonautes spécifiques aux miARN chez C. elegans, et ces protéines sont elles-

mêmes transportées jusqu’à la lignée germinale. Nous démontrons, en utilisant un 

détecteur de miARN germinal, que des miARN exprimés dans les neurones peuvent 

supprimer l’expression d’ARNm germinaux. Nos conclusions démontrent qu’une réponse 

neuronale peut altérer l’expression de gènes dans différents tissus, de façon analogue à 

un mécanisme neuroendocrinien classique, en redirigeant le trafic ARN afin d’associer 

des exosomes neuronaux avec une charge de miARN spécifique au contexte 

physiologique de l’organisme.  
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Preface 

The thesis is organized in accordance with the manuscript-based thesis guidelines. 

It consists of 5 chapters:  

− Chapter 1 is a literature review and introduction that is divided in to 4 sub-chapters. 

It will provide a comprehensive review of the relevant literature, as well as provide 

a rationale and the key objectives of the study undertaken. 

− Chapter 2 is a research manuscript that has been published in PLOS Genetics.  

− Chapter 3 is a research manuscript that is currently in review. 

− Chapter 4 is a research manuscript with unpublished results.  

− Chapter 5 is a general discussion and a final statement.  

This thesis has been entirely written by the candidate in collaboration with the 

supervisor of the candidate. This thesis has been written according to the “Guidelines for 

thesis preparation” from the Graduate and Postdoctoral Studies.  

 

Contribution to original knowledge 

Chapter 2 is an original research article published in PLOS Genetics. The article 

characterizes the role of a RabGAP protein TBC-7 in suppressing the AMPK germline 

defects that occur during the dauer stage and the post-dauer sterility associated with a 

loss of AMPK signalling.  

Chapter 3 is a manuscript that is in review. The article describes a novel pathway 

where AMPK stimulates the production of miRISC-containing exosomes in the neurons 

that are taken up at the germ line. These exosomes release the miRISC to regulate 

chromatin marks and germline gene expression during the dauer stage. The delivery of 
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this miRNA cargo is essential for essential for maintaining germline stem cell quiescence 

during the dauer stage and protecting post-dauer reproductive capacity. 

Chapter 4 is a manuscript that is currently in preparation. The study describes the 

regulation of the expression of histone writers by exosomal miRNAs. Suppressing the 

expression of these writers corrects the aberrant gene expression typical of AMPK 

mutants to maintain germ cell integrity throughout the dauer stage.  

 

Contribution of authors 

Chapter 2 has been published in PLOS Genetics as follows, 

Wong C, Kadekar P, Jurczak E, Roy R (2023) Germline stem cell integrity and 

quiescence are controlled by an AMPK-dependent neuronal trafficking pathway. 

PLOS Genetics 19(4): e1010716. https://doi.org/10.1371/journal.pgen.1010716 

Experiments were designed by C.W. and R.R. tbc-7 was identified by P.K. tbc-7 was 

characterized by C.W. and E.J. The analysis, validation, and revision experiments were 

done by C.W. The manuscript was written by C.W. and edited by R.R. 

 

Chapter 3 is currently in review.  

Wong, C., Jurczak, E., Roy, R. (In review) Neuronal exosomes transport 

miRNA/RISC cargo to preserve germ cell integrity. 

Experiments were designed by C.W. and R.R. E.J. performed some RNAi experiments, 

suggested experiments, and identified miRNAs containing EXOmotifs. All other 

experiments were performed by C.W. The manuscript was written by C.W. and edited by 

R.R. 
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Chapter 4 is an unpublished manuscript.  

Wong C, Verreault M, Jurczak EM, Rashid S, Roy, R (2024) Neuronal miRNAs 

regulate the expression of histone writers to maintain quiescence and germ cell 

integrity. 

Experiments were designed by C.W., M.V., E.J., and R.R. M.V. and C.W. performed the 

experiments and the bioinformatic analyses. S.R. performed the mRNA sequencing and 

analysis. The manuscript was written by C.W. and edited by C.W., M.V., E.J., and R.R. 
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Chapter 1: Introduction & literature review 

 

Chapter 1.1 General introduction 

The development of an organism is determined by its genetic material and how 

this material is expressed in response to a defined developmental program in addition to 

cues obtained from its environment (Cardoso-Moreira et al., 2019). In a closed system, 

such as during embryonic development, the organism will develop with little regard to the 

environmental circumstances, as they are using maternal resources. However, this 

situation dramatically shifts when the animals emerge from the embryo and are exposed 

to the external environment (Chason et al., 2011). In the juvenile stages, these 

environmental fluxes can be detrimental to development, therefore the animal must adapt 

their developmental course in order to survive.  

Animals have adapted various strategies to survive harsh environments. For 

example, animals can choose to enter a dormant state, such as hibernation or 

sporulation, until growth conditions improve (Geiser, 2013; Rittershaus et al., 2013). To 

accomplish this, the animal must alter their physiology and behaviour to decrease energy 

expenditure and to ensure that their energy reserves last for the duration of the dormancy 

(Ahmadi and Roy, 2016; Duwat et al., 2001). 

Stem cells are regulated largely by external influence (Morrison et al., 1997). Stem 

cells are undifferentiated or partially differentiated cells that are totipotent or pluripotent, 

meaning that they can differentiate into any cell type or proliferate to give rise to more 

stem cells (Mahla, 2016). Stem cells can undergo at least two different types of division; 

they can undergo symmetric division, where a stem cell grows and divides into two 
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daughter stem cells (Knoblich, 2008). Alternatively, they can undergo asymmetric cell 

division where a stem cell divides to produce one stem cell and another daughter cell, 

which is differentiated.  

In response to unfavorable environments, stem cells can enter a quiescence stage, 

where all cell divisions are paused (Cheung and Rando, 2013; Urbán and Cheung, 2021). 

It is theorized that the stem cells become dormant to conserve energy as cell divisions 

are energy intensive and to maintain the integrity of the stem cells for when growth 

conditions improve. When stem cells lose the ability to maintain this quiescence, they can 

undergo unscheduled divisions and negatively affect the wellbeing or the fitness of the 

organism (Chen et al., 2016). In addition, the stem cells can lose their integrity and some 

functionality after the process of differentiation. Using this quiescent property of stem 

cells, we can decipher what pathways may be involved in regulating the cell cycle of a 

stem cell population and how individual stem cells maintain their integrity during periods 

of stress. 

 

Caenorhabditis elegans as a model organism 

Caenorhabditis elegans (C. elegans) is a free-living nematode that is about one 

millimeter in length as a full-grown adult (Kenyon, 1988). This multicellular eukaryotic 

organism has been used as a model organism in a laboratory setting since 1963. C. 

elegans are hermaphrodites that are capable of self-fertilization or sexual reproduction. 

They have a short generation time of about three days for wild-type animals. Wild-type 

animals have large brood sizes, making it an ideal model organism for large-scale genetic 

analysis and experiments that require an abundance of starting material. In addition, C. 
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elegans in a laboratory setting are grown on agar plates and are fed a mutant strain of E. 

coli “OP50”, which do not require any major laboratory safety measures. C. elegans can 

be frozen and stored long-term in liquid nitrogen, and when thawed, wild-type animals, 

most genetic mutants, and even mutants carrying extrachromosomal transgenes can 

recover to propagate a new isogenic population. Lastly, C. elegans possesses a 

transparent cuticle, which facilitates in vivo imaging of structures and artificially introduced 

fluorescent proteins through light or electron microscopy. 

The entire connectome, the interactions between the 302 neurons in the 

hermaphrodite animal, and the lineages of every somatic cell of C. elegans have been 

determined, providing an advantage for studying development, neural circuitry, and/or 

how the neurons contribute to the regulation of germ line decisions (Cook et al., 2019). 

Furthermore, the RNA interference pathway has been well characterized in this organism 

and can be robustly used in the laboratory setting to knockdown the expression of genes 

complementary to the dsRNA in select tissues (Grishok, 2005; Kamath et al., 2000; Lee 

et al., 1993). The ease of use and affordability of RNAi experiments allows for an efficient 

means of conducting genome-wide surveys of gene functions (Kamath and Ahringer, 

2003). In the past decade, the CRISPR/Cas9 genome-editing system has been 

developed in C. elegans, allowing for experiments that involve tagging endogenous 

protein with fluorescent molecules, making precise changes in the DNA sequence that 

introduce single amino acid mutations in polypeptides, or adding functional tags like 

degron used in the auxin-inducible degradation (AID) system onto endogenous proteins 

(Friedland et al., 2013; Zhang et al., 2015). Thus, C. elegans have been used efficiently 

as a model to study the RNAi/miRNA pathways, behaviour, neurobiology, metabolism, 
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cell biology/trafficking, cell cycle, cell polarity, apoptosis, ageing, spaceflight research, 

and much more (Arena et al., 1995; Grishok, 2005; Sato et al., 2014; Scott et al., 2023; 

Sengupta and Samuel, 2009; Soni et al., 2022; van den Heuvel and Kipreos, 2012; Watts 

and Ristow, 2017; Yuan and Horvitz, 1992; Zhang et al., 2020a; Zonies et al., 2010). 

Lastly, C. elegans is advantageous for this study because mutants that carry deletions of 

both catalytic subunits of AMPK develop like wild-type animals in replete conditions and 

only exhibit somatic and germline defects when allowed to enter the dauer stage, thus 

providing us with a model to study the regulators of germ cell quiescence (Kadekar and 

Roy, 2019). Most other commonly used model organisms are nonviable when one or both 

catalytic subunits of AMPK are deleted (Hardie, 2011).  

 

The C. elegans dauer larvae 

During the embryonic stage, C. elegans rely on maternal resources until they hatch 

and enter the first of the four larval stages. In replete conditions, C. elegans will develop 

through the four larval stages and molt into a reproductive adult (Figure 1.1). However, if 

the animal encounters an environment wherein growth conditions are unfavorable during 

the larval stages or as an adult animal, it can choose to execute alternative developmental 

pathways to preserve its internal energy stores and increase the chances of survival for 

itself or for its progeny (Rashid et al., 2021). At the end of the L1 stage, the early larvae 

are competent to make a developmental decision to enter an alternative pathway called 

the “dauer” state that is characterized by physiological and behaviour changes to the 

animal and is programmed for long term survival (Dalley and Golomb, 1992; Fielenbach 

and Antebi, 2008; Riddle et al., 1981).  
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In order to the enter the dauer stage, the animal undergoes an extended second 

larval stage to feed and store fat and carbohydrates. Then, it will undergo a pre-dauer 

L2D stage and finally enter the dauer stage. Several molecular pathways govern entry 

into the dauer stage (Gerisch et al., 2001; Gottlieb and Ruvkun, 1994; Jia et al., 2002; 

Riddle et al., 1981; Thomas et al., 1993; Vowels and Thomas, 1992). While in the dauer 

stage, these animals are stress-resistant. They are thin due to a radial constriction, and 

their mouths and buccal cavities are sealed off from the external environment, preventing 

feeding activity and desiccation. During this stage, they also convert their fat into glucose 

through the glyoxylate cycle, a variant of the tricarboxylic acid cycle, while suppressing 

aerobic respiration in favour of glycolysis and fermentative metabolism (Wadsworth and 

Riddle, 1989). They often remain immobile, but can disperse quickly when touched. They 

will also nictate, where they rear their bodies to increase their chances of dispersal. During 

this period of energy conservation, the global levels of transcription are reduced, however 

thousands of genes associated with stress-resistance and molecular chaperones are 

transcribed to ensure long-term survival (Dalley and Golomb, 1992; Klass and Hirsh, 

1976). Upon entering this stage, the germline stem cells arrest at the G2 cell cycle stage 

(Fukuyama et al., 2006; Narbonne and Roy, 2006; Wong et al., 2023).  

Wild-type animals can survive in the dauer stage for months with no consequences 

on their reproductive capacity. When conditions improve, the animal can exit the dauer 

stage and recover to post-dauer L3/4 animals and eventually into reproductive adults. 

They exhibit a normal brood size and life span. Mechanism(s) governing dauer exit are 

not well characterized yet, however recent research has shown that the depletion of 

sterol-binding proteins SCL-12 and SCL-13 and the production of dafachronic acid is 
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required to switch the animal from a quiescent state to a reproductive program 

(Schmeisser et al., 2024).  

 

Chapter 1.2: C. elegans germ line 

 

The C. elegans germ line is a great model for studying stem cell biology and 

cellular quiescence. Similar to other stem cell systems, the C. elegans germ line 

continuously generates new stem cells in the niche throughout the life span of the 

organism (Joshi et al., 2010). These stem cells continuously undergo spermatogenesis 

and oogenesis to ensure the continuity of the species. They are maintained by external 

signals secreted by neighbouring somatic cells, called the distal tip cells, as well as by 

other cell-cell communications (Kimble and Crittenden, 2007). The development of the 

germ line is highly plastic and is responsive to the physiological conditions of the animal.  

 

Germline specification 

In the C. elegans hermaphrodite, the larval gonadal primordium consists of four 

cells (Figure 1.2) (Kimble and Hirsh, 1979). The Z1 and Z4 progenitor cells will undergo 

several rounds of mitotic division to give rise to the somatic gonad. The Z2 and Z3 

progenitor cells are referred to as the primordial germ cells and will generate the germline 

stem cells. In replete conditions, the germ line will develop uninterrupted from the first 

larval stage (L1) until the animal becomes a reproductive adult. As an adult, the stem 

cells in proximity to the niche will continually undergo cell division to maintain a steady 

population of stem cells that will differentiate into sperm and oocytes as they move away 
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from the signalling centre for the entire duration of the animal’s lifespan. Wild-type animals 

in replete conditions usually give rise to about 200-300 progeny.  

During early embryogenesis, maternally contributed germ granules in the 1-cell 

zygote (P0) are progressively segregated to the germ line blastomeres or the P cells (P1, 

P2, P3, and P4) through 4 asymmetric cell divisions (Hird et al., 1996; Kawasaki et al., 

1998; Updike and Strome, 2010). The P4 cell then undergoes one more cell division to 

generate the progenitor germ cell (PGC) daughter cells Z2 and Z3. These two cells adopt 

the germline fate and will produce all of the germ cells in the animal. The Z2 and Z3 will 

not contribute to the development of the soma. Because these germ granules are only 

segregated to the P cell lineage through asymmetric divisions, they are termed P granules 

(Kawasaki et al., 2004). Interestingly, these P granules are not essential for specifying 

the germ cell fate of the P cells, although mutants that lack P granules have impaired 

germline development (Cassani and Seydoux, 2022).  

P granules are RNA-rich, non-membrane-bound ribonucleoprotein organelles 

specific to the germ line (Updike and Strome, 2010; Wang and Seydoux, 2014). Some 

notable gene families and proteins that are essential for the development of the germ line 

include the PGL/RGG motif family, VASA-related GLH/DEAD box helicase motif family, 

RNA helicase CGH-1, cap-binding translation initiation factor IFE-1, PIE-1, and other 

CCCH finger proteins (Gruidl et al., 1996; Kawasaki et al., 2004; Kawasaki et al., 1998; 

Kuznicki et al., 2000).  

The PIE-1 protein is required to specify germ cell fate (Mello et al., 1992; Mello et 

al., 1996). This protein was first discovered when screening for maternal-effect mutant 

embryos that produce too many pharyngeal and intestinal cells at the expense of 
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specifying the germline blastomere P4. This phenotype arises when germline-destined 

cells mistakenly acquire a somatic cell fate; for example, the transformation of the P2 

germline blastomere into a somatic blastomere like its neighbouring cell EMS (Mello et 

al., 1992). Thus, PIE-1 is maternally provided and required for the P2 cell to follow a germ 

cell fate rather than a somatic fate.  

PIE-1 accumulates in the nucleus and functions as a transcriptional repressor 

(Seydoux et al., 1996). This conclusion is supported by three observations (Seydoux et 

al., 1996). First, in early embryos, newly transcribed RNA is detected in somatic 

blastomeres but not in the germline blastomeres. Second, in pie-1 mutants, RNA is 

detected in somatic and germline blastomeres. Lastly, driving the ectopic expression of 

PIE-1 in somatic cells represses embryonic transcription. Further examination of the PIE-

1 primary sequence supports the role of PIE-1 as a transcriptional inhibitor at the step of 

elongation. In wild-type scenario, TFIIH phosphorylates Ser5 of the heptapeptide repeats 

of the CTD of RNA polymerase II to initiate transcription (Chapman et al., 2005; Corden 

et al., 1985; Rimel and Taatjes, 2018). To transition from initiation to elongation, CDK9 

must phosphorylate Ser2 of the CTD of RNA polymerase II (Kim et al., 2002; Zhou et al., 

2000). PIE-1 also contains heptapeptide sequence repeats that are very similar to the 

repeats of the RNA polymerase II CTD, therefore PIE-1 competes for CDK9 binding and 

prevents CDK9 from phosphorylating RNA polymerase II to stimulate elongation 

(Batchelder et al., 1999; Seydoux and Dunn, 1997; Zhang et al., 2003). Thus, PIE-1 

maintains a germ cell fate by blocking transcriptional elongation of genes that would 

specify for a somatic fate.  
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The mes (maternal effect sterile) family genes are also required for the 

specification of the germ cell fate (Capowski et al., 1991). In C. elegans, there are four 

mes genes that form two distinct complexes (Xu et al., 2001). MES-2, MES-3, and MES-

6 form one complex (Bender et al., 2004). MES-2 has a SET domain, which functions in 

depositing methylation marks on lysine residues of histone tails (Holdeman et al., 1998). 

Specifically, MES-2 methylates lys27 of histone H3, which is associated with 

heterochromatin and transcriptional repression (Cao and Zhang, 2004; Holdeman et al., 

1998). MES-4 is part of its own complex and also possesses a SET domain (Bender et 

al., 2004; Fong et al., 2002). MES-4 associates with chromatin, while the MES-2/3/6 

complex is concentrated mainly in the nucleoplasm rather than at the chromatin 

(Holdeman et al., 1998; Korf et al., 1998; Xu et al., 2001). Once the transcriptional 

repression by PIE-1 is lifted, the MES complex functions to mark certain segments of 

chromatin or individual genes to regulate the gene expression of Z2 and Z3 to specify 

germ cell fate.  

While the P cells are protected from a somatic fate through the activity of PIE-1 

and the MES-2/3/6 complex, recent studies suggest that there are mechanisms in place 

that protect somatic cells from acquiring a germline fate. In mog interacting, ectopic p 

granules (mep-1) mutants, somatic cells have germline characteristics, like the 

expression of PGL-1 and other P-granule genes that should only be active in germ cells 

(Barstead et al., 2002; Unhavaithaya et al., 2002). Consequently, these mutants arrest as 

young larvae (Unhavaithaya et al., 2002). MEP-1 interacts with two components of the 

nucleosome remodeling and deacetylase (NuRD) complex LET-418 and HDA-1. 

Intriguingly, the ectopic expression of PIE-1 phenocopies the mep-1 mutant phenotype, 
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suggesting that PIE-1 directly interacts with MEP-1 to inhibit the activity of the MEP-

1/LET-418/HDA-1 complex (Shin and Mello, 2003; Unhavaithaya et al., 2002). The MEP-

1/LET-418/HDA-1 complex in turn inhibits the activity of the MES-domain and SET-

domain containing proteins, which silences genes to ensure a germline gene expression 

pattern in the early embryo. Thus, the P granules and PIE-1 are not partitioned in the 

somatic cells and therefore, the MEP-1/LET-418/HDA-1 complex is active to promote a 

somatic cell fate. Meanwhile, in germline cells, PIE-1 inhibits the MEP-1/LET-418/HDA-1 

complex to promote a germ cell fate.  

 

Development of the somatic gonad 

The somatic gonad consists of five structures that develop alongside the primordial 

germ cells (Hall et al., 1999; Kimble and White, 1981; McCarter et al., 1997). These 

structures are distal tip cells, gonadal sheath, spermatheca, spermatheca-uterine valve, 

and uterus. Unlike the nonreproducible divisions of the Z2 and Z3 cells, the Z1 and Z4 

somatic precursor cells follow an invariant pattern of cell divisions, migrations, and 

differentiations (Kimble and Hirsh, 1979). There are two major mitotic events that occur 

in the first and third larval stages. 

The Z1 and Z4 cells start dividing in the mid L1 larval stage to give rise to 12 cells 

by the L1-L2 molt (Kimble and Hirsh, 1979). These cells do not divide again until the late 

L2 or early L3 stage. The somatic cells are increasingly separated from each other by the 

expanding pool of germline stem cells with Z1.aa at the anterior tip and Z4.pp at the 

posterior tip. These two cells will become the distal tip cells, which serve a critical role in 

the development of the germ line. They serve as leader functions, preceding the 
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extension of the two gonadal arms. The other 10 cells will give rise to nine blast cells and 

one anchor cell. The nine blast cells serve as the somatic gonad primordium, eventually 

becoming the somatic gonadal sheath cells, the spermatheca, and the uterus, while the 

anchor cell is a transient cell that functions to pattern the cells of the vulva (Kimble and 

Hirsh, 1979; McCarter et al., 1997).  

The hermaphrodite DTC has a major function as a migratory/morphogenetic leader 

(Kimble and Hirsh, 1979). One DTC lies at the distal end of each gonad primordium and 

migration commences at the L2 larval stage. First, the DTCs migrate away from the 

midbody on the ventral basement membrane. During the L3 stage, the DTC make two 

turns; they first turn away from the basement membrane, then again to migrate back 

towards the midbody. Finally, at the L4 larval stage, the DTCs migrate on the basement 

membrane that overlies the dorsal muscles. The migration process stops at the onset of 

the adult stage. This process creates the two U-shaped gonadal arms in the 

hermaphrodite animal.  

The gonadal sheath cells are formed from the SS blast cells after the first mitotic 

event of the Z1 and Z4 progenitor cells (Hubbard and Greenstein, 2000; Killian and 

Hubbard, 2004; McCarter et al., 1997). To form the gonadal sheath, five pairs of cells 

form a single layer covering the germline component of each gonadal arm (Killian and 

Hubbard, 2004). These cells have a stereotyped position along the gonad proximal-distal 

axis. The first pair overlies the distal germ line, covering the germ cells in the transition 

zone and the pachytene region. The second pair overlies the loop of each U-shaped 

gonad, covering the germ cells in diplotene. Sheath cell pairs 3-5 cover the proximal germ 

line and the developing oocytes. The borders of each sheath cell partially overlap, 
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creating occasional gap junctions and adherens junctions between cells (Hall et al., 

1999). In addition to its structural function, the sheath cells and its precursors promote 

germline proliferation and gametogenesis during the process of germline sex specification 

(McCarter et al., 1997; Miller et al., 2001a; Miller et al., 2003). They are also necessary 

for oocyte maturation and ovulation and allow for the passive uptake of yolk protein by 

oocytes (Grant and Hirsh, 1999; Hall et al., 1999).  

The entire gonad, including the DTCs and germ cells are surrounded by the 

germline basement membrane (Blelloch et al., 1999; Broday  et al., 2004). Basement 

membranes are thin, specialized extracellular matrices that surround most tissues (Huang 

et al., 2003; Hutter et al., 2000). During their migration, the DTCs secrete many basement 

membrane components, including laminin, collagen, nidogen, argin, papilin, and 

hemicentin (Clay and Sherwood, 2015). This newly remodeled basement membrane 

allows for gonadal expansion and acts as a structure for germline components to promote 

or orient migration.  

 

Germline proliferation and differentiation 

Upon hatching, the gonad consists of four cells; the primordial germ cells (PGCs), 

Z2 and Z3, are flanked by the somatic gonad precursor cells, Z1 and Z4, in their 

surrounding basement membrane (Kimble and White, 1981). These primordial germ cells 

will remain mitotically quiescent until the mid-L1 larval stage (Sulston et al., 1983). In 

replete conditions, Z2 and Z3 will begin to divide. These divisions are nonreproducible 

and the placement of the daughter cells are varied. The germ cells will continually divide 

throughout the first two larval stages. At this point, the PGCs at the L1 stage are cellular, 
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but at the second L2 larval stage, the germ line becomes syncytial, meaning each germ 

cell is connected through a common pool of cytoplasm, termed the rachis (Hirsh et al., 

1976). At the L3 larval stage, the most proximal germ cells lose notch signalling and are 

displaced from the stem cell niche, inducing them to begin meiosis (Austin and Kimble, 

1987). This process establishes polarity in the germ line, where the distal germ cells 

remain in the mitotic stage, while the more proximal germ cells are in the various stages 

of meiotic prophase (Crittenden et al., 2002; Crittenden et al., 2003). The germ line will 

continue to develop and form two U-shaped gonads filled with germ cells in the adult 

stage during replete conditions. However, should the animal enter the dauer stage at the 

end of the L2 larval stage, the germ line will again become mitotically quiescent 

(Narbonne and Roy, 2006).  

At the L4 larval stage and young adult stages, there is a four-fold increase in the 

total number of germ cells (Pazdernik and Schedl, 2013). This increase in the number of 

germ cells is governed by the Notch signalling pathway (Kimble and White, 1981). In the 

distal germline region, the germ cells receive delta-like ligand signalling from the DTCs, 

which activates the GLP-1 Notch receptors and therefore these germ cells remain in a 

mitotic state (Crittenden et al., 2003; Henderson et al., 1997; Henderson et al., 1994; 

Kimble and Simpson, 1997; Seydoux and Schedl, 2001). GLP-1 signalling at the distal 

germ line prevents the germ cells from entering meiosis, therefore specifying for the stem 

cell fate. This region is termed the stem cell niche, as the germline stem cells are 

maintained in a proliferative state by external factors. When activated, the GLP-1 receptor 

is cleaved releasing the intracellular domain (ICD) of GLP-1 (Hubbard and Schedl, 2019). 

The GLP-1(ICD) translocates to the nucleus and associates with the DNA binding protein 
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LAG-1 to activate gene transcription. LAG-1 is a DNA binding co-factor for both GLP-

1(ICD) and LIN-12(ICD). The loss of lag-1 results in L1 larval lethality, while a 

hypomorphic lag-1 mutant results in a partial loss of germline stem cells due to premature 

entry into the meiotic prophase (Chen et al., 2020b). The loss of glp-1 in the larval or adult 

stages results in the loss of all germline stem cells, as the relief of Notch signalling allows 

all germ cells to enter the meiotic stage. On the other hand, the gain of function mutation 

of glp-1 results in a tumourous germ line, with an excess of germline stem cells and little 

or no cells found in the meiotic prophase state (Berry et al., 1997).  

The active GLP-1(ICD)/LAG-1 and LIN-12(ICD)/LAG-1 complex activates the 

transcription of various targets, including lst-1 and sygl-1 (Brenner and Schedl, 2016; 

Crittenden et al., 2002; Kershner and Kimble, 2010; Shin et al., 2017). These two genes 

are redundantly required to promote the stem cell fate. The double mutant of these genes 

has the same phenotype as a loss of glp-1, a premature entry of all cells into the meiotic 

prophase (Shin et al., 2017). Conversely, the ubiquitous overexpression of these two 

genes results in the same glp-1 gain-of-function tumourous germline phenotype. LST-1 

and SYGL-1 are mainly expressed in the distal germ line and bind with Pumilio family 

RNA binding proteins FBF-1 and FBF-2. This complex triggers the degradation and the 

translational repression of the gld-1, gld-2, and SCFPROM-1 mRNA transcripts to inhibit the 

expression of meiotic entry pathway genes.  

As the number of germ cells increase, they are further pushed towards the 

proximal end of the germ line, exiting the mitotic zone, and entering the transition zone. 

At the transition zone, the germ cells lose GLP-1 signalling and they enter the meiotic 

pathway (Austin and Kimble, 1987; Chen et al., 2020b; Crittenden et al., 2003; Seydoux 
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and Schedl, 2001). Gametogenesis begins at the late L4 larval stage and occurs 

continuously throughout the adult stages (Seydoux and Schedl, 2001). Spermatogenesis 

begins during the L4 stage, while oogenesis begins during the adult stage (L’Hernault, 

2009). To prepare for fertilization, the cell transitions from diakinesis and metaphase of 

meiosis I to nuclear envelope breakdown, rearrangement of the cortical cytoskeleton, and 

meiotic spindle assembly (Fan and Sun, 2019; He et al., 2021). As with most animal 

species, the oocytes arrest during meiotic prophase I and complete meiosis in response 

to fertilization, in which major sperm protein acts as a hormone to trigger meiotic 

maturation (Mehlmann, 2005; Miller et al., 2001b). In C. elegans, the process of meiotic 

maturation and fertilization happen concurrently. The contraction of the oviduct forces the 

oocyte into the spermatheca, exposing the oocyte to sperm (Hubbard and Greenstein, 

2000). (Chase et al., 2000; McNally and McNally, 2005). Simultaneously, an impermeable 

eggshell forms around the embryo.  

 

The dauer stage and the dauer germ line 

Most organisms delay their germline development when they encounter energetic 

stress. In C. elegans, there are four larval stages followed by a transition into a 

reproductive adult stage. Upon hatching, if nutrients are absent, the primordial germ cells 

will remain mitotically quiescent at the L1 stage (Baugh and Sternberg, 2006; Hong et al., 

1998). In the adult stage, upon encountering starvation, the animal can enter the adult 

reproductive diapause (ARD), where the germ line, except for a small population of 

germline stem cells, undergoes apoptosis (Angelo and Van Gilst, 2009). In both 
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scenarios, when nutritional conditions improve, the primordial germ cells or germline stem 

cells will proliferate to populate the germ line. 

At the end of the L2 larval stage, if the animal encounters unfavourable growth 

conditions, such as crowding/presence of dauer-inducing pheromone, high temperatures, 

or lack of nutrients, it can enter the dauer stage (Fielenbach and Antebi, 2008; Riddle et 

al., 1981). The dauer stage is an alternative developmental stage where the animal shifts 

away from reproductive development and instead enters a stress-resistant stage. This 

stage is preceded by a pre-dauer/L2d stage and is characterized by delayed development 

and darker intestines from increased fat storages. Animals in the dauer stage can survive 

for up to four months. Importantly, this stage is not permanent; it is a transient stage that 

animals can exit from when they encounter more favourable growth environments. 

Animals that exit the dauer stage enter the L4 larval stage and resume reproductive 

development.  

There are several signalling pathways that act downstream of environmental cues 

to induce dauer entry. Genetic screens for animals displaying abnormal dauer formation 

classified these genes into two categories: genes that when mutated result in the 

formation of the dauer stage, termed Daf-c (abnormal dauer formation-constitutive) and 

genes that when mutated prevent entry into the dauer stage despite poor growth 

conditions, termed Daf-d (abnormal dauer formation-defective) (Gottlieb and Ruvkun, 

1994). Further analysis of these genes revealed three independent parallel pathways that 

regulate dauer entry: insulin-like signalling IGF-1/daf-2/daf-23, TGF-/daf-7, and 

cGMP/daf-11 (Kimura et al., 1997; Ren et al., 1996; Schackwitz et al., 1996; Vowels and 

Thomas, 1994). All three pathways converge on a steroid hormone, dafachronic acid, and 
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its cognate nuclear receptor (Antebi et al., 2000; Motola et al., 2006). In favourable 

environments, cytochrome p450/DAF-9 produces a steroid hormone, dafachronic acid to 

activate DAF-12. Active DAF-12 will initiate downstream gene expression. In 

unfavourable growth environments, like starvation or reduced insulin-like signalling, DAF-

12 will form a complex with co-repressor DIN-1 to allow for the initiation of the dauer 

program, enabling the animal to survive during poor growth conditions (Ludewig et al., 

2004).  

Cell division is an energy intensive process. Thus, as C. elegans larvae enter the 

dauer stage, they exhibit global cell cycle quiescence (Narbonne and Roy, 2006). 

Germline stem cells and somatic tissue cells steadily decrease the number of mitotic 

divisions until they completely arrest. Germ cells arrest at the G2 cell cycle stage. 

Therefore, the dauer germ line is completely quiescent. In mammalian systems, insulin 

signalling regulates Akt/PKB (AKT-1 and AKT-2 in C. elegans) activity to progress through 

the G1/S and G2/M checkpoints (Paradis and Ruvkun, 1998). Progression through the 

G1/S checkpoint relies on the activity of two CDK inhibitors p21 and p27 (Sherr and 

Roberts, 1999). p21 and p27 are kinase inhibitors and block the kinase activities of the 

cyclin-E-CDK and cyclin-A-CDK complexes (Abukhdeir and Park, 2008). Overexpression 

of p27, and presumably p21, prevents CDK activation and therefore entry into the S phase 

of the cell cycle. Similarly in C. elegans, RNAi mediated knockdown of cki-1, the C. 

elegans homolog of p21 and p27, results in abnormal divisions in the germ line  (Hong et 

al., 1998; Kostić et al., 2003; Kostić and Roy, 2002). Thus, this data suggests that the 

germline stem cell quiescence during the C. elegans dauer stage uses similar cellular 

machinery to regulate the germ cell cycle. Interestingly, the germline stem cells do not 



 37 

arrest at the G1 cell cycle stage and instead exhibit G2/M phase arrest in dauer larvae. 

These germ cells also contain twice the amount of DNA compared to somatic cells in G1 

cell cycle arrest (Fukuyama et al., 2006). Altogether, these data suggest that the germ 

cells arrest in the G2/M cell cycle stage by using some components of the G1/S 

checkpoint inhibitors to maintain germline quiescence during the dauer stage.  

Since there are no divisions in the germ lines of wild-type dauer larvae, we would 

also expect no Notch signalling. However, the germ cells do not execute meiosis, which 

would normally occur when GLP-1 is no longer activated. Interestingly, the LAG-2 Notch 

ligand in the DTCs and the GLP-1 Notch receptor in the germ line is still expressed, 

suggesting that Notch signalling could be active, although the germ cells are arrested in 

G2/M cell cycle stage (Kadekar, unpublished). This finding calls into question the 

possibility that there are other mechanisms are in place downstream of Notch signalling 

to ensure that the germ line remains quiescent during the dauer stage. However, further 

studies that examine the localization of the GLP-1(ICD) are needed to examine if LAG-2 

is complexing with GLP-1 and is activating Notch signalling in the germ cells (Shaffer and 

Greenwald, 2022).  

 

LKB1/AMPK signalling in maintaining germline quiescence 

Genetic analysis implicated the LKB1-AMPK signalling axis in the regulation of 

germline stem cell quiescence during the dauer stage in C. elegans (Kadekar et al., 2018; 

Narbonne et al., 2010; Narbonne and Roy, 2006, 2009). Further tests showed that the 

upstream kinase of AMPK, LKB1/PAR-4, and PTEN/DAF-18 are all required to maintain 

quiescence during the dauer stage (Narbonne and Roy, 2006). LKB1 or serine/threonine 
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kinase 11 (STK11) is a protein kinase that regulates cell polarity and functions as a tumour 

suppressor (Shackelford and Shaw, 2009). It acts as an upstream inhibitor of AMPK, 

which acts as a master metabolic regulator to maintain energy homeostasis (Woods et 

al., 2003). LKB1 is allosterically activated by the binding of the Ste20-like adaptor protein 

STRAD/strd-1 and the adaptor protein MO25/mop-25.2 (Chien et al., 2013; Hawley et al., 

2003; Narbonne et al., 2010). This heterotrimeric complex is capable of phosphorylating 

and activating AMPK, 12 other AMPK-related kinases, and a class of microtubule affinity 

related kinases (MARK) (Hawley et al., 2005; Hurley et al., 2005; Lizcano et al., 2004; 

Manning et al., 2002; Woods et al., 2003). Activation of AMPK and AMPK-related kinases 

by LKB1 suppresses growth and proliferation when energy levels are low (Figure 1.3) 

(Nakano and Takashima, 2012). By maintaining cell polarity, LKB1 also inhibits the 

expansion of tumour cells (Baas et al., 2004). Consequently, the loss of LKB1 in C. 

elegans during the dauer stage leads to disrupted cell polarity and germline hyperplasia 

(Narbonne and Roy, 2006).  

In C. elegans, LKB1/PAR-4 was first identified as a mutation that was defective in 

the partitioning of cellular components during the first zygotic division (Kemphues et al., 

1988; Mehenni et al., 1998). In the first cell cycle of development, the Par genes are 

responsible for establishing cellular asymmetries. The par-2 gene is responsible for the 

unequal first cleavage and asymmetries in cell cycle length and spindle orientation in the 

first two daughter cells (Boyd et al., 1996). In the germline P lineage, PAR-2 and PAR-1, 

a MARK kinase, exhibit similar asymmetric cortical localization (Wu and Griffin, 2017). In 

LKB1/par-4 mutants, the posterior localization of PAR-1 and PAR-2, and the anterior 

localization of PAR-6 is lost, resulting in a symmetrical division (Morton et al., 2002; Watts 
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et al., 2000). The loss of one of the downstream targets of LKB1/PAR-4, AMPK, results 

in germline hyperplasia, suggesting that LKB1 impinges on AMPK signalling to maintain 

quiescence during the dauer stage (Kadekar and Roy, 2019; Narbonne and Roy, 2006). 

Interestingly, in par-4; aak(0) triple mutants, there is an increased severity of germline 

hyperplasia, suggesting that AMPK is not the only downstream target of LKB1/PAR-4 and 

that LKB1/PAR-4 phosphorylates additional targets to maintain germline stem cell 

quiescence (Kadekar et al., 2018). These findings are consistent with reports of LKB1 

regulating cell cycle dynamics in hematopoietic stem cells in both AMPK-dependent and 

AMPK-independent manners (Nakano and Takashima, 2012).  

PTEN/DAF-18 (Phosphatase and Tensin homolog deleted from chromosome ten) 

is a tumour suppressor that is one of the most commonly mutated tumour suppressors in 

human disease (Abdulkareem and Blair, 2013). PTEN acts as a protein and lipid 

phosphatase. Its primary target is the lipid messenger phosphatidylinositol-3,4,5-

triphosphate (PIP3) and removes the phosphate from the D3 position producing 

phosphatidylinositol-4,5-bisphosphate (PIP2) (Ogg and Ruvkun, 1998). PI3K/AGE-1 

counteracts PTEN activity by phosphorylated PIP2 into PIP3. Resting cells have low 

levels of PIP3, but in response to growth signals, the levels of PIP3 increase, thus acting 

as a secondary messenger for cell cycle progression and mimics growth factor stimulation 

(Chen et al., 2018; Keniry and Parsons, 2008). Thus, PTEN activity works to halt the cell 

cycle, while PI3K activity works to activate cell proliferation. Consequently, in C. elegans, 

the loss of PTEN/DAF-18 results in a loss of germline quiescence during the dauer stage, 

while AGE-1 works redundantly with DAF-2 to extend lifespan (Narbonne and Roy, 2006) 

(Ogg and Ruvkun, 1998).  
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The structure of AMPK 

A forward genetic screen identified a dominant negative allele of the C. elegans 

orthologue of the catalytic subunit of AMP-activated protein kinase (AMPK) in the 

regulation of germline quiescence during the dauer stage (Narbonne and Roy, 2006). It 

was first identified as an AMP-dependent regulator of 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase and acetyl coenzyme A (Acetyl Co-A) carboxylase, 

hence this enzyme was termed AMP-dependent protein kinase (Smythe et al., 1998). 

AMPK is a heterotrimeric  complex that functions as a regulator of energy homeostasis 

(Ross et al., 2016; Yan et al., 2018). In mammals, each subunit has alternative isoforms: 

two  subunits (1 and 2), two  subunits (1 and 2), and three  subunits (1, 2, and 

3). Together, they can form up to 12 different  isoform complexes. The  subunits 

contain a canonical Ser/Thr kinase domain, an autoinhibitory domain (AID), an adenine 

nucleotide sensor segment called an -linker, and a  subunit-interacting C-terminal 

domain (termed the -CTD). The  subunit-interacting domain contains the ST loop, 

which contains the phosphorylation sites for AKT, PKA, and GSK (Hawley et al., 2014; 

Hurley et al., 2006; Suzuki et al., 2013).  

The  subunits contain a myristoylated, unstructured N-terminus, a glycogen-

binding carbohydrate-binding module (CBM), a scaffolding C-terminal domain (-CTD) 

that interactions with both  subunit and the -CTD of the  subunit, and an extended -

linker loop motif that connects the CBM with the -CTD (Chen et al., 2018; Xiao et al., 

2011; Yan et al., 2021; Yan et al., 2018). The three  subunits have N-termini of different 

lengths and unknown functions. It also contains a conserved adenine nucleotide-binding 

domain that contains four cystathione -synthetase (CBS) AMP/ADP/ATP binding sites 
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(Day et al., 2007; Scott et al., 2004). The four CBS domains are in two tandem repeats 

known as a Bateman domain with CBS1 and CBS2 in the first Bateman domain and CBS3 

and CBS4 in the second Bateman domain. CBS1 binds ATP and CBS4 binds AMP, while 

CBS3 can bind to all AMP/ADP/ATP. The ribose binding Asp residue of CBS2 is replaced 

by an Arg and has never been observed to bind any nucleotide in the heterotrimeric 

structure.  

The catalytic core of AMPK is formed from one  subunit with the -CTD and -

CTD (Xiao et al., 2011; Yan et al., 2021). The -CTD is sandwiched between the  subunit 

and the -CTD. While the catalytic core of AMPK is stable, the remaining domains are 

highly dynamic, and their positions are determined by the binding of ligands and post-

translational modifications. For this reason, AMPK was initially crystalized in isolated 

domains and the holo-enzyme can only be crystallized in the presence of multiple 

stabilizing ligands or through protein engineering (Chen et al., 2009; Handa et al., 2011; 

Yan et al., 2018).  

As the levels of AMP/ADP increase relative to the abundance of ATP, AMPK is 

activated and will phosphorylate ATP-generating catabolic pathways and downregulate 

anabolic pathways to preserve precious nutrients (Yan et al., 2018). Thus, AMPK is 

activated by AMP and ADP and the addition of AMP to recombinant AMPK in vitro 

increases its phosphorylation activity by ten-fold (Davies et al., 1995; Gowans et al., 2013; 

Xiao et al., 2011). AMP and ADP act as allosteric regulators of AMPK at the Bateman 

domains, causing a conformation change in the  subunit to expose the activation loop 

(Xiao et al., 2011). In its inactive state, the -linker that connects AID and -CTD is 

directly bound by the  subunit. A segment of the linker, termed the regulatory subunit-
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interacting motif 2 (RIM2) interacts with AMP at CBS3, suggesting that RIM2 functions 

as an adenine nucleotide sensor and that it mediates the transduction of the adenine-

binding signal to the kinase domain. As the levels of AMP increases and ATP decreases, 

the interaction between the isolated -linker and core AMPK decreases.  

Kinase domains have a highly conserved structure (Taylor and Kornev, 2011). It is 

made of a smaller N-terminal lobe that consists of a -sheet, two -helices, and a large 

-helical C-terminal lobe. The cleft between the N-terminal and C-terminal lobe is the 

binding site for substrates and Mg2+-ATP (Yan et al., 2018). The two lobes are separated 

by a flexible hinge that can open or close to cycle through the substrate-accessible open 

and the catalytically-competent closed conformations. The kinase domain is composed 

of three important elements: 1. The activation loop at the entrance of the catalytic cleft; 2. 

The -helix in the N-lobe which positions the ATP-binding lysine (K47 in human 1) and 

the Mg2+-binding Asp-Phe-Gly loop; 3. The substrate-binding catalytic loop in the C-

terminal lobe (Kornev et al., 2006; Kornev and Taylor, 2015; Meharena et al., 2013). 

AMPK is a type of Arg-Asp kinase, where the phosphorylation of this kinase stabilizes the 

interaction between the negatively charged phosphate on the activation loop and the 

positively charged residue with the C helix (K62 in 1), the activation loop (N164), and 

the catalytic loop (R140) (Yan et al., 2018). This conformation stabilizes the C helix and 

positions the Arg and Asp of the catalytic loop for substrate binding.  

 

The regulation of AMPK activity  

AMPK activity is regulated by three major events that affect the phosphorylation 

state of Thr172 on the 1-subunit of AMPK (Yan et al., 2018): 1. The level of 
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phosphorylation at the activation loop by upstream kinases, including the 

LKB1/STRAD/MO25 complex, calcium/calmodulin-dependent protein kinase kinase II 

(CAMKK2), and TGF--activated kinase 1 (TAK1); 2. The activity of upstream 

phosphatases, including protein phosphatase 2A (PP2A), protein phosphatase 2C 

(PP2C), and Mg2+-/Mn2+-dependent protein phosphatase 1E (PPM1E); 3. 

Phosphorylation-independent regulation by allosteric regulators AMP/ADP/ATP. 

Increased levels of phosphorylation on Thr172 of AMPK 1-subunit (or Thr174 of the 2-

subunit) by upstream kinases increases the activity of AMPK by 100-fold. Increased levels 

of AMP binding to AMPK increases phosphorylation activity by up to 10-fold, while binding 

of ATP inhibits AMPK activity (Gowans et al., 2013; Sanders et al., 2007; Xiao et al., 2011; 

Yan et al., 2021). Binding of ADP weakly protects the activation loop of AMPK from being 

dephosphorylated, but does not allosterically activate AMPK kinase activity (Gowans et 

al., 2013; Oakhill et al., 2011; Xiao et al., 2011). Binding of AMP to AMPK blocks 

phosphatases from the Thr172 residue on the AMPK 1-subunit, preventing the 

dephosphorylation and inactivation of AMPK. Binding of ATP causes a large conformation 

shift in AMPK. The kinase domain of the  subunit dissociates from its active-state 

conformation and instead associates with the  subunit, then rotates approximately 180 

in the conformational change (Li et al., 2015; Xiao et al., 2011). Upon dissociation of the 

kinase domain, Thr174 is now exposed to upstream phosphatases, which will 

dephosphorylate Thr174, rendering AMPK inactive. Thus, the structural conformation and 

activity of AMPK are highly dependent on the abundance of adenine nucleotides in the 

cell. 
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Additionally, AMPK is also regulated by CAMKK2 (Hawley et al., 2003; Hawley et 

al., 2005; Woods et al., 2005). CAMKK2 part of the serine/threonine-specific protein 

kinase family, specifically the Ca++/calmodulin-dependent protein kinase subfamily. 

CAMKK2 has several phosphorylation targets, one of which is AMPK. In the presence of 

increased levels of intracellular Ca2+, CAMKK2 is activated. It has been shown that 

CAMKK2 then phosphorylates and activates AMPK at Thr174 in the hypothalamus 

(Anderson et al., 2008). This mechanism of AMPK activation is only dependent on the 

levels of intracellular Ca2+ and independent of the abundance of adenine nucleotides.  

In addition to binding adenine nucleotides, other important energy metabolites, 

such as glucose, glycogen, and nicotinamide adenine dinucleotides, also regulate AMPK 

allosterically. (Gu et al., 2017; Polekhina et al., 2005; Zhang et al., 2017; Zhang et al., 

2014). Glucose does not directly bind to AMPK, but glycogen, NADPH, and NADH can 

directly bind to AMPK. (Polekhina et al., 2005; Zhang et al., 2017; Zhang et al., 2014). 

The physiological relevance of glycogen, NADPH, and NADH binding to AMPK is 

unknown (Gu et al., 2017). Lastly, AMPK is also subjected to regulation by ubiquitination 

and proteasomal degradation in various tissues in response to high levels of glucose (Lee 

et al., 2013b).  
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The function of AMPK 

When AMPK is activated, it increases the ATP-generating catabolic processes 

while decreasing energy-consuming anabolic processes (Zhang et al., 2014). AMPK 

phosphorylates CoA carboxylase 1 and sterol regulatory element-binding protein 1c 

(SREBP1c) to modify lipid metabolism to increase the supply of energy (Smythe et al., 

1998). AMPK also stimulates glucose uptake in skeletal muscles by phosphorylating a 

RabGAP protein TBC1D1 (Kjøbsted et al., 2019). TBC-containing proteins function by 

enhancing the inherent GTP hydrolysis ability of Rab proteins, converting it from its active 

GTP-bound form into its inactive GDP-bound form. The inactivation of TBC1D1 by AMPK 

phosphorylation allows RAB2A, RAB8A, RAB10, and RAB14 to remain in its active GTP-

bound form, allowing for the translocation of the GLUT4 glucose transporter to the plasma 

membrane (Mafakheri et al., 2018). Additionally, AMPK phosphorylates 6-phosphofructo-

2-kinase (PFK2), fructose-2,6-bisphosphatase 2/3 (FBPase-2), glycogen phosphorylase, 

and glycogen synthesis to indirectly regulate the rates of glycolysis and gluconeogenesis 

(Marsin et al., 2000). Lastly, AMPK inhibits gluconeogenesis by inhibiting transcription 

factors hepatocyte nuclear factor 4 (HNF4) and CREB regulated transcription coactivator 

2 (CRTC2) (Lee et al., 2010a).  

AMPK also directly phosphorylates a catabolic enzyme adipose triglyceride lipase 

in C. elegans.  In C. elegans, AMPK mutants die prematurely during the dauer stage due 

to the depletion of their energy stores (Narbonne and Roy, 2009). Upon encountering 

energy stress, AMPK directly phosphorylates and inhibits adipose triglyceride lipase 

ATGL (ATGL-1 in C. elegans), an enzyme responsible for the initial step in triglyceride 

hydrolysis, therefore, preventing the premature depletion of the triglyceride stores. 
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Further experiments showed that AMPK phosphorylates ATGL-1 at Ser303 to block 

lipolysis. The phosphorylation at Ser303 generates a 14-3-3 binding site for PAR-5, which 

sequester ATGL-1 away from lipid droplets and instead targets it for proteasome-

mediated degradation. These data suggest that AMPK regulates the levels of triglycerides 

by modulating the activity of ATGL-1 in order to preserve lipid reserves during the dauer 

stage.  

In times of energy stress, the LKB1/AMPK signalling pathway conserves energy 

resources by impinging on the mammalian target of rapamycin complex 1 (mTORC1) and 

shutting down its activity (González et al., 2020). AMPK switches off the mTORC1 

complex through two parallel mechanisms. 1. AMPK phosphorylates a negative regulator 

of mTOR signalling, tuberous sclerosis complex protein 2 (TSC2) at Thr1271 and 

Ser1387 (Corradetti et al., 2004). These phosphorylation events are assumed to promote 

the GTPase-activating protein (GAP) activity of TSC2 which in turn hydrolyzes GTP-

bound Rheb GTPase into inactive GDP-bound Rheb GTPase. Active Rheb GTPase is an 

activator of the mTOR pathway, thus contributing to the protein synthesis and cellular 

growth. 2. AMPK directly phosphorylates and inhibits the activity of the RAPTOR/DAF-15 

component of mTORC1 at two sites: Ser722 and Ser792 (Gwinn et al., 2008). RAPTOR 

is a scaffold protein that is required to assemble the mTOR complex. In C. elegans, no 

TSC1 or TSC2 homologues have been identified yet, thus is it unclear if AMPK maintains 

germline quiescence by inactivating the activity of the TOR/LET-363 complex or if there 

are alternative pathways in which AMPK maintains germline quiescence independent of 

TOR activity.  
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AMPK also regulates autophagy in C. elegans (Alers et al., 2012; Lee et al., 

2010b). Autophagy is a conserved degradation system that removes unnecessary or 

dysfunctional components through a lysosome-dependent engulfment to degrade or 

recycle proteins. Initiation of autophagy is dependent on the activity of a serine/threonine 

kinase ULK1 and its regulatory proteins Atg13 and Atg17 (Alers et al., 2012). AMPK 

activates autophagy using two methods simultaneously. It can directly phosphorylate and 

activate ULK1 and also inactivate mTORC1, where the activity of mTORC1 will inactivate 

autophagy. Therefore, AMPK activity promotes autophagy to increase the supply of 

energy.    

 

Regulation of the germ line by AMPK signalling 

LKB1 is required for the establishment of polarity in the early C. elegans embryo, 

Drosophila melanogaster oocytes, and cultured cells to create asymmetric cell divisions 

(Baas et al., 2004; Nakano and Takashima, 2012; Shackelford and Shaw, 2009). This 

polarity is established with the activity of the MARK kinases. AMPK is also implicated in 

the establishment of cell polarization. In mammalian systems, AMPK activity is required 

for the polarization of proteins involved in the formation of tight and adherens junctions 

(Zhang et al., 2006). Further evidence also shows that AMPK phosphorylates CLIP-170 

to control the speed of microtubule polymerization and directional cell migration (Nakano 

et al., 2010). Loss of either AMPK or non-phosphorylated CLIP-170 results in disrupted 

microtubule organization or perturbed directional cell migration. All these defects can be 

rescued through an introduction of a phosphomimetic CLIP-170 mutant, suggesting that 

AMPK directly phosphorylates CLIP-170 to regulate microtubule dynamics.  
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Three genome-wide RNAi screens in C. elegans identified downstream targets of 

the protein kinases LKB1/PAR-4 and AMPK (Kadekar et al., 2018). In C. elegans, the 

loss of either PAR-4 or AMPK signalling results in germline hyperplasia in the dauer 

larvae, where the number of germ cells increase four- to six-fold (Kadekar et al., 2018; 

Kadekar and Roy, 2019; Narbonne and Roy, 2006). Through these RNAi screens, a 

subset of genes were identified to either phenocopy the par-4-dependent germline 

hyperplasia or suppress the germline hyperplasia in par-4 or aak(0) mutants (Kadekar et 

al., 2018). A subset of gene candidates that suppressed the defects are also involved in 

the regulation of cell polarity and cytoskeletal function downstream of par-4 and in an 

AMPK-independent manner. These data suggest that PAR-4 must interact with these 

AMPK-independent targets to regulate cell polarity and cytoskeletal dynamics during the 

dauer stage to ensure germline quiescence. Consistent with these findings, the loss of 

par-4 during the dauer stage results in disorganized actin structure. In wild-type dauer 

larvae, the actin filaments are localized at the rachis membrane, however, in par-4 

mutants, the filaments are not localized to the rachis and are completely disorganized. 

However, these defects are later resolved, suggesting an additional regulator of 

cytoskeletal dynamics can compensate for the loss of par-4.  

AMPK has also been shown to indirectly regulate gene expression through the 

phosphorylation of key epigenetic regulators in mammalian systems (Marin et al., 2017). 

To increase the expression of nuclear genes involved in mitochondrial biogenesis, AMPK 

phosphorylates DNA methyltransferase I (DNMT1) and histone acetyltransferase 1 

(HAT1). DNMT1 is responsible for the deposition of methylation marks that condense the 

chromatin, limiting the access of general transcription factors to promoters. On the 
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contrary, HAT1 acetylates the CTD of histones to promote the formation of euchromatin 

to promote transcription. Both histone writers can be bound by another AMPK target, 

retinoblastoma binding protein 7 (RBBP7). The phosphorylation of RBBP7 enhances the 

interaction between DNMT1 and RBBP7 and between HAT1 and RBBP7, overall 

enhancing the transcription of genes related to mitochondrial biogenesis.  

Additionally, AMPK has been shown to directly regulate gene expression. In 

mammals, AMPK can directly phosphorylate histone H2B to active stress-related gene 

transcription (Bungard et al., 2010). In C. elegans, animals must arrest their primordial 

germ cells in the L1 stage in response to starvation to ensure proper developmental timing 

(Demoinet et al., 2017). AMPK plays a role in blocking the deposition of chromatin marks 

during L1 starvation to ensure that the gene expression is in accordance with the levels 

of energy supplies. In AMPK mutants, these chromatin marks are inappropriately 

established in starved L1 larvae, which is correlated with a premature division of the 

primordial germ cells, overall leading to a loss of germline integrity due to misregulated 

gene expression. These inappropriate histone marks accumulate throughout several 

generations despite these latter generations never encountering any starvation events, 

eventually resulting in a mortal germline phenotype. The mortal germline phenotype is 

characterized by progressive sterility over the course of a few to several dozen 

generations. To prevent these marks, AMPK directly inhibits the COMPASS (complex 

proteins associated with Set1) histone modifying complex to ensure that no epigenetic 

marks are deposited until nutrient contingencies are met during the L1 stage. Altogether, 

AMPK relays the metabolic status of the organism to the cell cycle through chromatin 
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modifications to ensure that the correct gene expression program is expressed during 

periods of energetic stress.  

Recently, AMPK has been shown to directly regulate the biogenesis and transport 

of small RNAs to affect changes in the germ lines of C. elegans during the dauer stage 

(Kadekar and Roy, 2019). AMPK cell non-autonomously establishes germline quiescence 

to preserve the reproductive capacity of the germline stem cells until growth conditions 

improve. In the absence of AMPK signalling, the germline stem cells undergo hyperplasia 

and lose their integrity, rendering the post-dauer animal sterile. These defects are 

accompanied with an increased abundance and altered distribution of histone marks in 

the germ line, which leads to abnormal germline gene expression. Interestingly, when the 

components of small RNA biogenesis, dcr-1 and rde-1, and siRNA Argonautes, ergo-1, 

csr-1, and hrde-1, are compromised using RNAi, the AMPK germline defects are 

suppressed, suggesting that the production and activity of siRNAs is somehow 

maladaptive for the reproductive capacity of the animals. To further support this finding, 

compromising the expression of one of the dsRNA-gated channels, sid-1, can also 

partially restore the post-dauer fertility. Together, these data suggest that blocking 

siRNAs produced in the soma from entering the germ line during the dauer stage is 

somehow critical for the proper regulation of germ cell integrity and for maintaining 

quiescence during the dauer stage.  

A recent study has further shown that the production and the activity of siRNAs 

may not be maladaptive for the animals, but rather the harmful effects of siRNA production 

come from the sequestration of the resources necessary for miRNA biogenesis (Jurczak 

et al., 2023). This discovery stemmed from a study to uncover the mechanism of the 
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insensitivity towards exogenous RNAi in AMPK mutants. Compared to wild-type animals, 

AMPK mutants do not display robust RNAi phenotypes, regardless of the method of 

introducing dsRNA. AMPK mutants expressing extra copies of dcr-1 in the somatic cells 

display robust RNAi phenotypes, suggesting that a lack of resources necessary for the 

processing of dsRNAs could be the culprit. Surprisingly, the introduction of extra copies 

of dcr-1 also suppresses the AMPK germline defects, suggesting that the production of 

small RNAs must be critical during the dauer stage. Analysis of the amino acid sequence 

of DCR-1 and its binding partner, RBPL-1, revealed strong AMPK phosphorylation motifs. 

Dicer has been shown to associate with two RNA-binding proteins – PACT/rbpl-1 and 

TRBP/rde-4. PACT, or RBBP6 (retinoblastoma binding protein 6 or P2-R) is a 

multidomain protein that regulates cell proliferation, differentiation, and apoptosis (Lee et 

al., 2013a; Wilson et al., 2015). It is also an activator of protein kinase R, a protein 

involved in innate immune response and response to stress. TRBP (TAR RNA binding 

protein) also regulates many cellular processes. It performs the opposing function as 

PACT and inhibits the activity of PKR. Interestingly, TRBP can also bind to PACT to 

regulate its function. While both contribute to RNA interference, how these two proteins 

contribute to small RNA production with Dicer/dcr-1 was poorly understood. In an in vitro 

reconstituted system, PACT and TRBP binding changes the conformation of Dicer to 

produce different small RNA substrates (Lee et al., 2013a). TRBP-Dicer complex favours 

the processing of pre-siRNA substrates, while PACT-Dicer complex inhibits the 

processing of pre-siRNA substrates and instead favours pre-miRNAs as its substrate. 

These results indicate that the activity of Dicer is modified according to its binding partner 

and in turn can alter the target-binding specificities of its substrates.  
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In C. elegans, the introduction of extra copies of either DCR-1 or RBPL-1 in the 

somatic cells can suppress the AMPK germline defects during the dauer stage (Jurczak 

et al., 2023). Coimmunoprecipitation experiments in daf-2 animals show that DCR-1 

preferentially binds to RBPL-1, while in AMPK mutants, DCR-1 is bound to RDE-4, 

suggesting that there must be an AMPK-dependent switch from siRNA to miRNA 

production at the onset of the dauer stage. Phosphomimetic mutations on either one of 

these two proteins suppresses the AMPK germline defects, suggesting that AMPK 

directly phosphorylates components of the miRNA biosynthesis complex to ensure 

miRNA production at the onset of the dauer stage.  

Curiously, adding extra copies of a single miRNA through a transgene is sufficient 

to suppress the AMPK germline defects. Altogether, these data suggest that locking DCR-

1 and RBPL-1 in a complex, whether through phosphomimetic mutations or introducing 

exogenous miRNAs, ensure miRNA production. These miRNAs can then be transported 

from the somatic cells into the germ line to halt the germline cell cycle, preserving the 

reproductive capacity of the stem cells throughout the dauer stage.  

 

Chapter 1.3: Exosomal miRNA in C. elegans 

 

miRNA biogenesis and miRISC 

Noncoding RNAs are approximately 22 nucleotides in length and play an important 

role in the post-transcriptional regulation of gene expression in all organisms. The first 

noncoding RNA identified was the lin-4 RNA in 1993 when studying the developmental 

timing of C. elegans (Lee et al., 1993). The loss of function mutation of lin-4 resembled a 
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gain-of-function mutation of lin-14, both resulting in developmental delays and 

heterochronic developmental patterns such as a loss of vulval and cuticle structures. 

Upon closer examination, the sequence of the lin-4 RNA contained complementary 

sequences to the 3’UTR of the lin-14 mRNA with 7 distinct binding sites each with 9 base 

pairing nucleotides. When base-paired, the lin-4:lin-14 complex has a kink structure due 

to base stacking of the mismatched base pairs. It was later revealed that lin-4 acted as a 

negative regulator of lin-14 mRNA expression by preventing the translation of lin-14 and 

the transition to the next developmental larval stage. Another small noncoding RNA, let-

7 also functions in a similar manner (Reinhart et al., 2000). Expressed later in 

development, it acts to repress the expression of heterochronic genes lin-14, lin-28, lin-

41, lin-42, and daf-12 to trigger the transition from the late-larval stage to the adult stage. 

The let-7 and lin-4 RNAs are now recognized as miRNAs, a class of small, single-

stranded noncoding RNA that are 21-23 nucleotides in length and are involved in RNA 

silencing and post-transcriptional regulation of gene expression.  

The understanding of the functions and biogenesis of miRNAs is best explained 

through the lens of another class of small noncoding RNAs known as small interfering 

RNAs (siRNAs) and the role of both in RNA interference. During RNAi, double-stranded 

RNA, either in a bimolecular duplex or in an extended hairpin, is processed into short, 

single-stranded RNA molecules (Figure 1.4) (Okamura et al., 2004). This single-stranded 

RNA serves as a guide RNA to repress the translation of a transcript and target the mRNA 

for degradation, all through complementary base-pairing (Conte et al., 2015). While 

siRNAs perfectly base pair with their target mRNA, miRNAs exhibit imperfect binding and 

therefore form a loop where there are mismatched base pairs. After binding, siRNAs 
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induce the destruction of the mRNA through mRNA cleavage and degradation. On the 

other hand, the binding of the miRNA does not lead to the direct degradation of the mRNA 

but instead results in the translational suppression of the target.  

miRNA biogenesis starts with the processing of a primary transcript transcribed by 

RNA polymerase II or III (Ha and Kim, 2014). In humans and mice, about half of all 

identified miRNAs are intragenic and found within introns, with a small number found 

within exons (De Rie et al., 2017; Kim and Kim, 2007). Others are intergenic and are 

transcribed independently from the promoter of the host gene. Instead, they are 

transcribed from their own promoter. Sometimes, miRNA families that have similar or 

identical seed sequences are transcribed as one long transcript known as a cluster 

(Tanzer and Stadler, 2004). miRNA biogenesis is classified into one canonical and two 

non-canonical pathways.  

In the canonical pathway, pri-miRNAs are transcribed and processed into pre-

miRNAs in the nucleus by RNA binding protein DiGeorge syndrome critical region 8 

(DGCR8/pash-1) and a ribonuclease III enzyme Drosha/drsh-1, which form the 

microprocessor complex (Denli et al., 2004). This event requires the recognition of the 

junction between the stem loop and the flanking single-stranded RNA of the pri-miRNA 

hairpin by DGCR8/pash-1. In vitro cleavage reactions show that the pri-miRNA must have 

N(6)-methyladenosine (m(6)A) marks deposited on the GGAC and other motifs by 

methyltransferase-like 3 (METTL3) to facilitate proper processing (Alarcón et al., 2015). 

Although the C. elegans genome does not contain an ortholog of the METTL3 methylase 

or its binding partner METTL14, RNAi screens of RNA methyltransferases suggest that 

F33A8.5, an ortholog of the human ZCCHC4 gene, and C38D4.9, an ortholog of the 
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human METTL5 gene are generally responsible for the methylation of ribosomal RNAs, 

while METTL4/C18A3.1 and METTL16/mett-10 are responsible for the methylation of U2 

and U6 snRNA (Ju et al., 2023; Sendinc et al., 2020). After binding of the miRNA by 

DGCR8/pash-1, Drosha/drsh-1 cleaves the pri-miRNA duplex at the base of the hairpin 

structure of the pri-miRNA (Han et al., 2004). This cleavage forms 2 nucleotide 3’ 

overhangs on the newly synthesized pre-miRNA. The pre-miRNA is then exported to the 

cytoplasm by an exportin 5 (XPO5)/RanGTPase complex for further processing (Okada 

et al., 2009). C. elegans do not have an ortholog of XPO5, but instead uses the transporter 

XPO-1 to transport pre-miRNAs in a cap-binding complex (CBP20/cbp-20 or ncbp-2 and 

CBP80/cbp-80 or ncbp-1)-dependent manner (Büssing et al., 2010). The loss of xpo-1 

phenocopies the loss of core components of the C. elegans miRNA pathway, such as 

alg-1, one of the two miRNA Argonautes, resulting in vulval bursting and “alae gap” 

phenotypes.  

In the cytoplasm, the RNase III endoribonuclease Dicer/dcr-1 removes the terminal 

loop, resulting in an approximately 22 nucleotide long, mature miRNA duplex (Denli et al., 

2004; Zhang et al., 2004). The mature miRNA is named after the directionality of the 

miRNA strand; the 5p strand arises from the 5’ end of the pre-miRNA hairpin, while the 

3p strand arises from the 3’ end of the hairpin (Khvorova et al., 2003; Yoda et al., 2010). 

One of the two strands can be then loaded into the Argonaute protein (AGO1-4 in humans 

and ALG-1/2 in C. elegans), however, both strands can form the active miRNA-induced 

silencing complex (miRISC). The selection of the strand for loading is largely dependent 

on the cell type or cellular environment and can result in equal-loading proportions or one 

strand being predominant over the other. The selection for the strand is dependent on the 
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thermodynamics of the stability of the 5’ end of the miRNA duplex and on the presence 

of a 5’ uracil on position 1. The strand with lower 5’ stability or 5’ uracil is preferentially 

loaded into the Argonaute and is termed the guide strand. The unloaded strand is termed 

the passenger strand and will be either cleaved by AGO2/alg-2 if it contains no 

mismatches with the guide strand or passively unwound and degraded if it contains 

mismatches (Ha and Kim, 2014).  

There are multiple non-canonical miRNA biogenesis pathways. Mainly, they can 

be grouped into either DGCR8/drsh-1-independent or Dicer/dcr-1-independent pathways 

(O'Brien et al., 2018). Pre-miRNAs produced in the DGCR8/drsh-1-independent closely 

resemble Dicer/dcr-1 substrates in terms of structure. For example, mirtrons are produced 

from the introns of mRNAs during splicing and 5-methylguanosine (m7G)-capped pre-

miRNAs that are exported to the cytoplasm by exportin 1/xpo-1 fall into the DGCR8/drsh-

1-independent pathway (Xie et al., 2013). In the Dicer/dcr-1-independent pathway, 

miRNAs are processed by Drosha from an endogenous short hairpin RNA transcript and 

require further processing and trimming by AGO2/alg-2 to fully mature (Yang et al., 2010).  

The miRISC consists of the guide strand and an Argonaute protein (Kawamata 

and Tomari, 2010). After formation of the miRISC, the Argonaute with the guide strand 

binds to specific sequences at the 3’UTR of their mRNA targets to induce translational 

repression, mRNA deadenylation, and decapping. There are reports of miRNAs binding 

to 5’UTR and coding regions of mRNAs, and also to promoter regions. However, the 

effects of miRNA binding are variable, and more studies are required to understand their 

functional significance. The specificity of the miRISC comes from the interaction between 

the miRNA guide strand and the complementary sequences on the target mRNA, also 
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known as the miRNA response elements (MREs) (Jo et al., 2015). The degree of 

complementarity in the MRE determines whether there is an AGO2-dependent slicing of 

target mRNA or miRISC-mediated translation inhibition and target mRNA decay.  

In most animal cells, the miRNA and MRE interaction is not fully complementary 

(Jonas and Izaurralde, 2015). There are mismatches between the miRNA and the target 

mRNA that prevent AGO2 endonuclease activity (Ellwanger et al., 2011). The 5’ seed 

region of the miRNA (nucleotides 2-8) mediates most of the interaction. Additional binding 

between the 3’ end of miRNA and the mRNA aids in the stability and specificity of the 

miRNA:mRNA interaction. In C. elegans, the base pairing of the seed region (nucleotides 

2-8) is essential for miRNA target, while the functions of these 3’ non-seed regions are 

less understood (Duan et al., 2022). Using the miRNA let-7a, where the nucleotides 9-22 

are conserved across all bilaterians, a study showed that 3’ non-seed sequence 

functionally distinguishes let-7a from its family paralogs. The perfect pairing between 

nucleotides 11-16 are essential for the targeting of key targets, such as lin-41, daf-12, 

and hbl-1. The nucleotides 17-22 are less critical but can compensate for mismatches in 

the nucleotides 11-16. These data show that the 3’ non-seed regions, in addition to the 5’ 

seed sequences, of miRNAs are essential for their function.  

Once the miRNA has based paired with its mRNA target, the formation of the 

miRISC begins. The GW182/ain-1/2 protein family is first required (Behm-Ansmant et al., 

2006). These proteins provide the scaffolding necessary for the recruitment for other 

effector proteins. The target mRNA is then poly(A)-deadenylated partially redundantly by 

the activity of the catalytic subunit PAN2 and the adaptor protein PAN3 and CCR4-NOT 

deadenlyase complex (Behm-Ansmant et al., 2006; Christie et al., 2013). The 
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deadenylated mRNAs are then decapped by the decapping protein 2 (DCP2/dcap-2) 

(Braun et al., 2012). DCP2 require the binding of cofactors for proper function, such as 

DCP1/dcap-1, enhancer of decapping 3 (EDC3/edc-3), EDC4/edc-4, PATL1/patr-1, and 

DEAD box protein 6 (DDX6/cgh-1). Afterwards, the decapped and deadenylated mRNA 

is degraded by major cytoplasmic nuclease 5’-to-3’ exoribonuclease 1 (XRN1), preventing 

the mRNA from being expressed and translated.  

 

Overview of the endosomal network 

The endosomal network plays a critical role in the organization and trafficking of 

cellular components in eukaryotic cells. It is involved in many essential processes, such 

as nutrient uptake, receptor-mediated signalling, membrane turnover, and development 

(Platta and Stenmark, 2011; Samaj et al., 2004). Generally, endocytosed 

macromolecules from several trafficking pathways at the plasma membrane are funneled 

towards the common early endosome, which acts as the sorting hub of the cell (Scott et 

al., 2014). Housekeeping receptors and other proteins are recycled back to the plasma 

membrane at the stage of the early endosome or later in the network at the recycling 

endosomes. Cellular components that are not recycled and remain at the early endosome 

are either destined towards the trans-Golgi network, secreted in exosomes, or degraded 

in the lysosomes. The maturation from early to late endosome is marked by changes in 

protein and lipid composition, as well as the acidification of the endosomal lumen (Scott 

and Gruenberg, 2011). The vacuolar-type ATPase (V-ATPase) is a multi-subunit proton 

pump that acidifies the lumens of early endosomes and late endosomes/lysosomes to a 

pH value of approximately 6.2 and 5.5/5.0, respectively (Lafourcade et al., 2008). This 
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acidification of the late endosome/lysosome is critical for its proper functioning in receptor-

ligand uncoupling, lysosome enzyme activity, and transport. 

Prior to fusion with the lysosome, proteins can be sorted into the late endosome 

or into intralumenal vesicles, which are formed through the invagination and pinching off 

of the late endosomal membrane (Scott et al., 2014). These intralumenal vesicles are 

cargo-containing vesicles within the late endosome. This entire entity is now known as a 

multivesicular body (MVB) or endosomal carrier vesicle (ECV). These MVBs can fuse 

with lysosomes to degrade their cargo or with the plasma membrane to release the 

intralumenal vesicles as exosomes. The late endosome can also fuse with the 

autophagosome to degrade its contents. The autophagosome is a double membrane 

structure that engulfs materials destined for degradation.  

 

The structure and function of Rab GTPases 

To understand how the endosome system functions, we must discuss the role of 

various Rab proteins and their regulators. Rab proteins are part of the Ras superfamily 

(Wandinger-Ness and Zerial, 2014). Rab GTPases are monomeric proteins that regulate 

multiple aspects of vesicle transport at specific sites within the cell. In humans, there are 

approximately 70 Rab GTPases, while there are 31 in the C. elegans genome (Gallegos 

et al., 2012; Wandinger-Ness and Zerial, 2014). Common to all members of the Ras 

superfamily, Rab GTPases have a GTPase domain, which is composed of six-stranded 

-sheet flanked by five -helices (Pereira-Leal and Seabra, 2001; Pfeffer, 2005). The C-

terminus of the GTPase fold is the hypervariable region where two cysteine residues are 

prenylated (Andres et al., 1993; Desnoyers et al., 1996). As with all members of the RAS 
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superfamily, Rab proteins alternate between the GTP-bound active and the GDP-bound 

inactive forms (Hutagalung and Novick, 2011; Lee et al., 2009). In its active form, the Rab 

protein can bind to its effectors until the GTP is hydrolyzed. The regulation of Rab proteins 

is highly dependent on their binding partners. In isolation, Rab GTPases remain in their 

GTP-bound conformation for relatively long, as they exhibit poor GTP hydrolysis activity. 

Once hydrolyzed, GDP remains tightly bound, thus remaining in its inactive form (Nielsen 

et al., 2008). Thus, two major groups of regulatory proteins are required to change the 

conformation of Rab GTPases. GTPase-activating proteins (GAPs) act as a Rab 

inactivator by enhancing the inherent hydrolysis ability of Rab GTPases. In its inactive 

form, guanine nucleotide dissociation inhibitor (GDI) removes the Rab protein from the 

membrane (Collins, 2003; Pfeffer, 2001). Guanine exchange factors (GEFs) perform the 

contrary function by promoting the release of the bound GDP, which is then quickly 

replaced by GTP from the cytoplasm. This exchange activates the Rab protein allowing 

it to interact with effector proteins to help facilitate trafficking in its respective pathway. In 

its active form, the Rab protein is inserted into the appropriate membrane with the help of 

GDP dissociation inhibitor (GDI) dissociation factor (GDF). This alternation between 

active and inactive states is known as the Rab cycle.  

Ras, Rho, and Rab family members are prenylated at the C-terminal cysteines 

(Andres et al., 1993; Desnoyers et al., 1996). The addition of this prenyl group allows for 

membrane targeting and the proper functioning of Rab proteins. Ras and Rho family 

proteins are prenylated by farnesyl transferase (FTase) or geranyl geranyl transfer I 

(GGTase I). Rab proteins are targeted by Rab geranyl geranyl transferase II (Rab 

GGTase II), which prenylates a five amino acid motif that consists of two adjacent 
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cysteines in any orientation, for example XXXCC, XXCCX, CCXXX, XCCXX, and in rare 

occasions CXXX, where X is any amino acid (Casey and Seabra, 1996; Gallegos et al., 

2012). These motifs are not directly recognized by GGTase II, but instead by Rab escort 

proteins (REP) (Rak et al., 2004). REPs form a complex with Rab proteins through their 

Rab-binding platform and C-terminal binding region, which allows the binding of Rab 

GGTase II to become prenylated on one or both C-terminal cysteines present on the Rab 

protein. All Rab proteins rely on Rab-REP interactions to undergo prenylation.  

 

Role of Rab7/RAB-7 in regulating endosomal trafficking 

One member of the Rab GTPase family is Rab7 (RAB-7 in C. elegans). Rab7 is 

primarily found on the late endosomal member and on MVBs (Hyttinen et al., 2013). It is 

involved in the maturation of the endosomes from early to late endocytic compartments 

of the cell. Early endosomes are generally marked by the presence of Rab5, another 

member of the Rab family (Wilson et al., 2000). As the endosome matures, Rab5 is 

replaced by Rab7 (Kinchen and Ravichandran, 2010). Removal of Rab7 through RNAi 

affects the trafficking between the early and late endosomal stages (Vanlandingham and 

Ceresa, 2009). Interestingly, the loss of Rab7 also blocks the fusion of the late endosome 

and MVBs from fusing with other membranes, resulting in the accumulation of enlarged, 

densely packed late endosomes and MVBs. The removal of Rab7 also decreases the 

size and number of lysosomes. In addition, Rab7 has also been implicated in other roles. 

For example, Rab7 has been shown to function in the maturation of autophagosomes, as 

well as biogenesis and maintenance of lysosomes.  
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Rab7 is regulated by the general upstream effectors typical of Rab GTPases. The 

homotypic fusion and vacuole protein sorting complex (HOPS), consisting of vacuolar 

protein sorting 11 (Vps11), Vps16, Vps18, Vps33, Vps39, and Vps41 were initially 

considered to be GEFs for Rab7 (Pawelec et al., 2010; Wurmser et al., 2000a). However, 

recent studies suggest that Mon1/Ccz1 are the GEFs of Rab7, while HOPS is just an 

effector (Borchers et al, 2023). TBC1D15 is one of the known GAPs for Rab7 (Zhang et 

al., 2005). Rab7 interacts with REP-1 to assist in prenylation (Rak et al., 2004). There are 

multiple downstream effectors for Rab7. RILP (Rab7-interacting lysosomal protein) and 

FYCO1 (FYVE (Fab1-YotB-Vac1p-EEA1) and coiled-coil domain containing 1) proteins 

act in trafficking (Cantalupo et al., 2001). The Mon1/Ccz1 complex functions in the 

conversion of Rab5 to Rab7 (Kucharczyk et al., 2009; Wang et al., 2002). The 

heterohexameric HOPS-tethering complex acts as a Rab7 effector and functions in the 

fusion of the late endosome, autophagosomes, and AP-3 vesicles with lysosomes 

(Pawelec et al., 2010; Rink et al., 2005). The retromer trafficking complex, composed of 

sorting nexin subunits and the VPS26/29/35 trimer, regulates retrograde transport from 

the endosomal system to the trans-Golgi network, while also playing a role in the late 

stages of endosomal maturation (Liu et al., 2012; McGough and Cullen, 2011). The Rab7-

interacting ring-finger protein (Rabring 7) and Rubicon protein control trafficking and 

fusion with other membranes by interacting with and affecting Rab7 function (Mizuno et 

al., 2003). In addition to these examples, there are many more interacting protein 

complexes and effectors of Rab7, highlighting the important role that Rab7 has in the 

regulation of endo-lysosomal and autophagosomal membrane trafficking in the cell 

(Hyttinen et al., 2013).  
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The regulation of RAB-7 GTPase by RabGAP proteins 

All the characterized RabGAP proteins to date contain a conserved TBC 

(Tre2/Bub2/Cdc16) domain (Richardson and Zon, 1995). There are 44 and 17 predicted 

RabGAP proteins in the TBC domain-containing RAB-specific GAPs families in humans 

and C. elegans, respectively (Hutagalung and Novick, 2011). The TBC domain is the 

catalytic domain of RabGAP proteins that confer GAP activity. Analysis of the crystal 

structure of RabGAP proteins revealed that the GAP activity relies on a conserved 

arginine finger that interfaces with the Rab nucleotide binding pocket to stimulate GTP 

hydrolysis (Du and Novick, 2001; Rak et al., 2000). Other studies on RabGAP proteins 

with different Rab substrates also indicate that a glutamine residue can also stimulate 

GTP hydrolysis (Pan et al., 2006). The Arg- and Glu-finger containing proteins are known 

as classical RabGAPs. However, in the human genome, 15 unconventional RabGAPs 

that lack Arg- or Glu-fingers have been identified. These unconventional RabGAPs are 

further categorized into 5 subcategories, but no substrate has yet been identified for these 

proteins, suggesting that they use a different mode of action.  

There are several identified GAP proteins for Rab7/RAB-7 that use the conserved 

TBC domain to activate GTP hydrolysis. The GAP Armus/TBC1D2A was the first GAP 

that was identified to regulate Rab7 (Frasa et al., 2010). Homology models of 

Armus/TBC1D2A and Rab7 showed that the conserved glutamine from the GAP activates 

a water molecule that will be used for the hydrolysis of GTP (Pan et al., 2006; Waterhouse 

et al., 2018). Simultaneously, a conserved arginine from the GAP stabilizes the newly 

formed GDP leaving group. The positive side chain from the arginine helps stabilize the 

planar transition-state form of the  phosphate. Because RabGAPs use this “dual finger” 
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mechanism as compared to GAPs for Ras GTPases, which rely on a single arginine 

finger, RabGAPs can still stimulate GTP hydrolysis in catalytically-dead mutant Rab 

GTPases (De Antoni et al., 2002; Gu et al., 2017).  

RabGAP proteins can contain various other domains in addition to the TBC 

domain. It can contain lipid-binding domains, coiled-coil motifs, LC3-interacting regions, 

domains that can interact with other small GTPases, and other domains with GAP and 

GEF activity (Fukuda, 2011). The combination of these domains will determine where the 

RabGAP will localize to in the cell. Thus, the cellular localization in addition to 

complementary protein interaction surfaces dictate which RabGAP proteins act on which 

Rab proteins (Li and Marlin, 2015).  

To date, there are four known RabGAPs for Rab7. The first described Rab7-

specific GAP was Armus/TBC1D2A (Frasa et al., 2010). It was first identified in a yeast 

two-hybrid screen for effectors of the Rac1 GTPase. TBC1D2A was found to regulate 

cell-cell adhesion and E-cadherin degradation. It contains two LC3-interacting domains 

and one PH domain in addition to its TBC domain. Thus, it has been shown to bind with 

LC3A and GABARAP-L1, two of the six LC3 proteins that positively regulate autophagy. 

Overexpression of TBC1D2A blocks endocytosis and degradation of E-cadherin, 

presumably due to the reduction in the levels of active Rab7 and therefore impaired 

endosomal maturation and lysosome fusion. Interestingly, RNAi of TBC1D2A stabilizes 

cell-cell adhesion. This effect is likely due to increased levels of active Rab7 and 

increased levels of endosomal maturation.  

The C. elegans ortholog of Armus/TBC1D2A is TBC-2 (Chotard et al., 2010). In 

vitro, TBC-2 has been shown to have GAP activity towards RAB-5 and RAB-7. While it 
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might be tempting to conclude that TBC-2 in C. elegans regulates both RABs, this study 

only expressed the TBC domain of TBC-2, thus this recombinant protein may not contain 

all the necessary components for Rab target specificity. Regardless, even if TBC-2 has 

GAP activity towards RAB-5 and RAB-7, it could be an evolutionarily conserved method 

to inactive both early and late endosomal markers to allow for the endosome to fuse with 

other vesicles. Essentially, TBC-2 would be a safety net that inactivates RAB-5 if RAB-5-

specific GAPs are absent. There is another protein, TBC1D2B, that has 63% protein 

sequence similarity and identical domain structures as Armus/TBC1D2A (Letunic et al., 

2015; Sievers and Higgins, 2018). It can also bind with various LC3 proteins, similar to 

TBC1D2A (Behrends et al., 2010). However, no Rab specificity has been shown for 

TBC1D2B (Stroupe, 2018).  

The second Rab7-specific GAP is TBC1D5 (Seaman et al., 2009). It was first 

identified as a retromer-binding protein. Retromer proteins are involved in protein sorting 

in the endocytic pathway, recycling to the plasma membrane, and trafficking between the 

endosome and trans Golgi network (Arighi et al., 2004; Yin et al., 2013). The retromer is 

an effector of Rab7/Ypt7p. It consists of a five-subunit complex that is made of two 

subcomplexes: a cargo-binding trimer of Vps26, Vps29, and Vps35, and a membrane-

binding dimer of sorting nexins (Liu, 2016). TBC1D5 interacts with the retromer via Vps29 

and this interaction could promote retromer function (Jia et al., 2016). When TBC1D5 

function is compromised either through RNAi or CRISPR-mediated deletion, retromer 

function is decreased, suggesting that the function of the retromer may be negatively 

regulated by GTP-bound Rab7 activity (Jimenez-Orgaz et al., 2018; Popovic et al., 2012). 

However, it is important to note that the exact function of TBC1D15 on retromer activity 
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is hotly debated and is an active field of research. Lastly, similar to Armus/TBC1D2A and 

TBC1D2A, TBC1D5 co-localizes with LC3 machinery and plays a role in autophagy by 

interacting with an integral membrane protein Atg9 and a kinase Ulk1 that initiate 

autophagosome biogenesis (Popovic et al., 2012; Young et al., 2006; Zavodszky et al., 

2013). Thus, the knockdown of TBC1D5 expression prevents the formation of LC3-

positive structures such as autophagosomes, presumably because of overactive Rab7 

activity (Popovic et al., 2012).  

TBC1D15 is another Rab7 GAP that localizes to the mitochondria to regulate 

mitochondrial physiology (Yamano et al., 2014). TBC1D15 binds to the mitochondrial 

fission regulator Fis1/fis-1 and is dependent on Fis1/fis-1 for localization to the 

mitochondria (Onoue et al., 2013; Yamano et al., 2014). As such, a loss of either 

TBC1D15 or Fis1/fis-1 results in the accumulation of autophagosomes and reduced 

mitophagy (Yamano et al., 2014). TBC1D15 also interacts with LC3 complex components 

through its LC3-interacting domain. When TBC1D15 is absent, the autophagosomes 

grow unusually large, presumably due to an excess of active Rab7. RNAi of Rab7 in 

TBC1D15-/- cells suppresses this defect, suggesting that the cause of the large 

autophagosomes is indeed due to Rab7 activity.  

TBC1D15 also regulates mitochondrion-lysosome contacts (Wong et al., 2018). 

These contact sites are mediated through active Rab7 activity and are critical for 

mitochondrial fission. Expression of a GTPase-deficient Rab7 mutant or a GAP-deficient 

TBC1D15 mutant reduces the number of mitochondrion-lysosome contacts and therefore 

causes elongated mitochondrion. Consistent with the role of Fis1 in proper TBC1D15 

localization, a Fis1 mutant that cannot bind to TBC1D15 also results in the loss of 
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mitochondrion-lysosome contacts. On another note, TBC1D15 has been shown to 

interact with Vac14, a scaffolding protein that stimulates PIKfyve, a kinase that 

phosphorylates PI(3)P to generate PI(3,5)P2, however the significance of this interaction 

is unknown (Schulze et al., 2014). TBC1D15 also interacts with Rab5 GTPase and is 

speculated to prevent premature Rab7 activation at the early endosomes, thereby 

allowing more cargo to accumulate (Itoh et al., 2006). TBC1D15 also interacts with 

TBC1D17, but neither the Rab target of TBC1D17 nor the significance of the 

TBC1D15:TBC1D17 interaction have been described (Yamano et al., 2014).  

The last identified GAP protein of Rab7 is Gyp7p. Gyp7p is a GAP for Ypt7p, the 

yeast ortholog of the Rab7-like protein (Brett et al., 2008; Vollmer et al., 1999). There are 

no other known domains of Gyp7p, asides from the presence of a TBC domain (Yamano 

et al., 2014). The deletion of Gyp7p has almost no phenotype, except for a small increase 

in vacuole size, probably due to increase homotypic vacuole-vacuole fusion mediated by 

Ypt7p/Rab7 (Brett et al., 2008). Conversely, Gyp7p overexpression causes vacuole 

fragmentation and blocks vacuole fusion. Interestingly, Gyp7p deletion does not affect 

autophagy, despite its target Rab Ypt7p being essential for autophagy (Wurmser et al., 

2000b).  

 

Biogenesis of multivesicular bodies 

In this study, we will focus on the role of Rab7 in the formation of late endosomes 

and eventually exosomes through the fusion of MVBs with the plasma membrane. The 

early endosome is marked by the presence of Rab5/rab-5 (Kinchen and Ravichandran, 

2010). Rabex5 is the GEF of Rab5 and activates Rab5 activity (Zhu et al., 2007). 
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Rab5/rab-5 promotes the maturation of endosomes by recruiting effectors such as 

VPS34/vps-34, which increases the abundance of phosphatidylinositol 3-phosphate 

(PI(3)P) on the endosomal structures. The PI(3)P further recruits more Rab5, therefore 

creating a strong positive feedback loop in endosomal maturation (Shin et al., 2005). 

The critical step in endosomal maturation is the transition from Rab5 to Rab7. The 

Mon1-Ccz1 protein complex displaces Rabex5 and activates a VPS39 from the HOPS 

complex (Wang et al., 2002). This action simultaneously decreases Rab5 function and 

activates Rab7 activity. Mon1/sand-1 inhibits the activation of Rab5 to prepare for the 

exchange of Rab5 for Rab7 on the endosomes. Studies show that Mon1-Ccz1 must bind 

cooperatively to sequester Rab5 from the endosomal membrane and precedes the 

localization of Rab7 to the endosome (Kinchen and Ravichandran, 2010; Poteryaev et 

al., 2010). Once sufficient levels of Rab7 have been embedded in the membrane, it is 

ready for fusion with lysosome.  

Other studies have shown that VPS39 from the HOPS complex is not the GEF for 

Rab7, rather it is Mon1-Ccz1 itself, as shown in yeast (Poteryaev et al., 2010; Vieira et 

al., 2003). This finding was further supported by a study of the C. elegans orthologue of 

Mon1, sand-1, where the loss of either sand-1 or rab-7 results in a similar phenotype, the 

accumulation of giant early and late endosomes due to blocked early endosomal 

maturation (Poteryaev et al., 2007). A knockdown of rab-5 did not show the same 

phenotype, suggesting that SAND-1 is acting as a GEF for RAB-7 in C. elegans. 

Interestingly, the knockdown of sand-1 does not affect Rab7 function at the lysosomes.  

The association of Mon1-Ccz1 to the early endosome must be carefully timed, as 

the endosome must accumulate enough cargo for degradation before maturation and 
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eventual fusion with the lysosome. There are two hypotheses for the regulation of the 

timing of Mon1-Ccz1 recruitment. Mon1/sand-1 has been suggested to be able to detect 

levels of PI(3)P (Vieira et al., 2003). The accumulation of PI(3)P is critical for the 

recruitment of Mon1-Ccz1 complex, as this complex binds to endosomes enriched with 

PI(3)P. Another hypothesis is that change of pH and the acidification of the endosomal 

lumen could be a critical factor in the inactivation of Rab5 and recruitment of Rab7 (Binder 

and Holzhütter, 2012).  

At this stage, the late endosome can undergo further maturation to become a 

multivesicular body. The endosomal membrane undergoes membrane invaginations to 

form intraluminal vesicles to eventually form a multivesicular body (Hurley et al., 2010). 

In the process of undergoing invaginations, cargoes, such as proteins, lipids, or nucleic 

acids, are specifically sorted into these intralumenal vesicles. There are many 

mechanisms governing the formation of the multivesicular body. Generally, these 

mechanisms are sorted into either endosomal sorting complex required for transport 

(ESCRT)-dependent and ESCRT-independent pathways (Han et al., 2022). 

The ESCRT complex consists of a series of subcomplexes, ESCRT-0, ESCRT-I, 

ESCRT-II, and ESCRT-III, and the ATPase VPS4, that act in a stepwise manner (Vietri 

et al., 2020). The ESCRT-0 subcomplex is composed of Hrs and STM proteins. Using 

their ubiquitin binding domains, they recognize mono- or poly-ubiquitinated cargo proteins 

and tether this cargo to clathrin-coated microdomains on the limiting membrane of the 

endosome using their FYVE zinc finger domain that binds to PI(3)P. Then ESCRT-I  and 

ESCRT-II are recruited to form a saddle-shaped protein complex, creating an ESCRT-III 

binding site (Schöneberg et al., 2017). Using the energy generated from ATP hydrolysis 
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events by VPS4, ESCRT-III subcomplexes undergo sequential polymerization and drive 

membrane deformation and fission to produce an intralumenal vesicle (Pfitzner et al., 

2020). The formation of the ESCRT complex leads to the recruitment of deubiquitination 

enzymes to remove ubiquitin from cargo proteins before incorporation into the vesicles, 

however, this step is not mandatory for all cargoes. Two other auxiliary pathways, the 

Alix- and HD-PTP-dependent pathways, use different mechanisms to capture its cargo, 

however they both eventually impinge on the activity of ESCRT-III and VPS4 to complete 

membrane invagination (Baietti et al., 2012). The ALG-2 interacting protein X (Alix)-

dependent pathway relies on the activity of the Syndecan-Syntenin-Alix pathway, where 

both Syndecan and Syntenin recognize cargo in a ubiquitin-independent manner (Baietti 

et al., 2012; Dores et al., 2016). In the HD-PTP-dependent pathway, HD-PTP binds to 

ESCRT-0 or ESCRT-I and recruit ESCRT-III and VPS4 to complete the formation of the 

intralumenal vesicle (Kazan et al., 2021).  

Multivesicular bodies are also formed through ESCRT-independent pathways. 

Exosomes are rich in cholesterol, sphingolipids, phosphatidylserine, and ceramide, a 

composition that resembles membrane lipid rafts (Dawson, 2021; Skotland et al., 2019). 

Thus, it has been proposed that components of lipid rafts have key functions in ESCRT-

independent intralumenal vesicle formation. The nSMase2-ceramide-dependent pathway 

is the most characterized ESCRT-independent mechanism (Trajkovic et al., 2008). 

nSMase2 is an enzyme that converts sphingomyelin into ceramide. Blocking the activity 

of nSMase2 prevents the sorting of specific cargo, such as proteolipid protein, prions, and 

several RNAs, into intralumenal vesicles, suggesting that the production of ceramide is 

critical to the invagination of the endosomal membrane (Guo et al., 2015; Trajkovic et al., 
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2008). The exact mechanism in which ceramide promotes endosomal membrane 

invaginations is unknown. However, studies speculate that because ceramide can self-

oligomerize through hydrogen bonding, it can form large macrodomains to trap other 

molecules such as CD95 and CD40 to traffic specific cargo into vesicles (Gulbins and 

Kolesnick, 2003; Savio et al., 2020). The cone-shaped structure of ceramide induces 

spontaneous negative curvature of the membrane, promoting the invagination of the 

membrane. More research is needed to identify whether ceramide requires the activity of 

other proteins to promote the deformation and fission of the endosomal membrane. In 

addition, other components of lipid rafts, such cholesterol, cholesterol-binding protein 

caveolin-1 and flotillins, are implicated in the capturing of cargo and the formation of 

intralumenal vesicles (Albacete-Albacete et al., 2020; Eden et al., 2016; Phuyal et al., 

2014). Tetraspanins, which are a family of membrane scaffold proteins that incorporate 

proteins into tetraspanin-rich microdomains and coupled with apolipoproteins (eg. CD63 

with Apo-E), promote intralumenal vesicle formation (Kummer et al., 2020; van Niel et al., 

2011).  

 

Function of multivesicular bodies 

The mature MVBs can fuse with other mature MVBs or with other vesicles within 

the cell. Under certain conditions, autophagosomes can fuse with MVBs to form 

amphisomes, which are categorized as a special type of mature MVB (Zhao et al., 2021). 

These amphisomes can then fuse with the lysosome to degrade the contents of the MVB 

or fuse with the plasma membrane to secrete the exosomes. There is another special 

type of MVB known as the recycling endosomal MVB found in some cancer cell lines and 
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is marked by Rab11/rab-11 and is distinct from CD63+ MVBs/late endosomes (Savina et 

al., 2005). Glutamine depletion or mTORC1 inhibition promotes the generation of these 

recycling endosomal MVBs and the secretion of Rab11+ exosomes that are supposed to 

be recycled instead (Fan et al., 2020). In neutrophils, MVBs can be derived from the 

nuclear envelope (Arya et al., 2022). Similar to the recycling endosomal MVBs, these 

nuclear envelope-derived MVBs are distinct from CD63+ MVBs in size and composition, 

and instead are rich in 5-lipoxygenase (5-LO)/5-LO activating protein (FLAP). These 

examples show that MVBs are highly heterogeneous, and their composition and size are 

dependent on their origin and maturation route. Given the heterogeneity of MVBs, the 

exosomes are also categorized according to their composition, size, and their origin.  

The multivesicular body now has two fates (Han et al., 2022). It can undergo fusion 

with lysosomes to degrade their content. These MVBs are known as degradative MVBs 

(dMVBs). Alternatively, it can be transported to the plasma membrane by intracellular 

molecular motors where the MVB fuses with the plasma membrane to secrete the 

intralumenal vesicles into the extracellular space as exosomes. These MVBs are known 

as secretory MVBs (sMVBs). This decision between degradation and secretion is 

controlled by the activity of Rab7. However, depending on the context and the organism, 

the activation of Rab7 can lead to different MVB fates.  

There are examples where the inactivation of Rab7 promotes the secretion of 

exosomes. In HEK293T and HeLa cells, the Arl8b/SKIP/HOPS cascade recruits a Rab7 

RabGAP TBC1D15 to trigger Rab7 GTP hydrolysis to remove Rab7 from the late 

endosome/MVB membrane (Jongsma et al., 2020). After the removal of Rab7, the kinesin 

motors move the MVBs/late endosomes towards the plus-end, poising the entity for fusion 
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with the plasma membrane. Alternatively, RILP, a Rab7 effector, initiates dynein-

dependent retrograde transport of the MVBs/late endosomes towards the minus-end. 

Another group also showed that Rab31 recruits the Rab7 RabGAP TBC1D2B to 

inactivate Rab7, thereby blocking the fusion of the MVB with the lysosome and instead 

promoting the fusion of the MVB with the plasma membrane for exosome secretion in 

HeLa and HEK293T cells (Wei et al., 2021). Supporting these findings, the activation of 

the Rab7 GEFs, Mon1a/b and neddylated Coro1a, activate Rab7 and inhibit exosome 

biogenesis (Fei et al., 2021).  

Alternatively, there are some examples in which the activation of Rab7 is required 

for the formation and secretion of these exosomes. The knockdown of Rab7 in MDA-MB-

231 breast cancer cells reduces the biogenesis, and subsequent secretion, of MVBs from 

the Syntenin-Syndecan-Alix-dependent and ESCRT-dependent pathways (Baietti et al., 

2012). Additionally, removal of Rab7 function in HCT116 colorectal cancer cells inhibits 

exosome release and instead promotes the release of Rab11+ recycling MVB-derived 

exosomes (Fan et al., 2020). Compromise of Rab7 or the RAB7-binding kinesin-1 adaptor 

FYCO1 also inhibits the secretion of exosomes containing the matrix metalloproteinase 

MT1-MMP from small actin-rich membrane protrusions called invadopodia (Beghein et 

al., 2018; Pedersen et al., 2020). In summary, these examples show that Rab7 plays 

different yet critical roles in the regulation of MVB/exosome biogenesis and exosome 

secretion in different models.  

The transport, tethering/docking, and fusion with the plasma membrane of the 

secretory MVBs are highly dependent on the activity of Rab GTPases. Through RNAi 

analyses in HeLa cells, many Rab proteins have been identified to be involved in the 
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regulation of exosome function, including Rab2b, Rab9a, Rab5a, Rab27a and Rab27b 

(Ostrowski et al., 2010). Rab27a and its effectors, Slp4 and Munc13-4, play critical roles 

in the docking of MVBs to the plasma membrane, while Rab27b and its effector Slac2b 

regulates the transport of the MVBs from the minus to the plus end of the cell. Focusing 

on Slp4, it interacts with Rab27a through its N-terminal Slp homology domain and binds 

to SNARE complex via a central linker region, and the disruption of this interaction 

reduces exosome secretion in breast cancer cell lines (Alnaas et al., 2021). Munc13-4 

interacts with several Syntaxins, including Syntaxin-1/2/4/7/11, which are components of 

SNARE complexes, to regulate membrane fusion and exocytosis (Boswell et al., 2012; 

He et al., 2016; Woo et al., 2017). The DENN domain-containing protein 

Rab3GEP/MADD and FAM45A are GEFs of Rab27a, while TBC1D10A/EPI64 is a GAP 

of Rab27a (Imai et al., 2013; Itoh and Fukuda, 2006). Other proteins are also involved in 

the regulation of Rab27a activity. KIBRA, a scaffolding protein involved in cell polarity, 

cell migration, and membrane trafficking primarily expressed in the kidney and brain, 

stabilizes Rab27a, preventing the proteasomal-mediated degradation of Rab27a and 

increasing the levels of exosome secretion (Song et al., 2019). Additionally, other Rab 

proteins and their effectors, such as Rab35, Rab11a, Rab17, Rab20, Rab37, and Rab39, 

are involved in exosome biogenesis or secretion in different experimental models (Han et 

al., 2022).  

The soluble N-ethylmaleimide-sensitive fusion attachment protein receptor 

(SNARE) complex is involved in the fusion of the MVB with the plasma membrane (Yoon 

and Munson, 2018). Briefly, SNARE proteins constitute a large protein family that is 

primarily involved in the fusion of vesicles with a target membrane. These proteins are 
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usually post-translationally inserted into membranes through their C-terminal 

transmembrane domain or through post-translational lipid modifications such as 

palmitoylation (Han et al., 2017). All SNAREs share a SNARE motif in their cytosolic 

domain, which is composed of 60-70 amino acids and contains heptad repeats that can 

form coiled-coil structures. Vesicle-SNAREs (v-SNAREs) and target-SNAREs (t-

SNAREs) can reversibly assembly into tight, four -helix bundles called “trans”-SNARE 

complexes or a SNAREpin. In synaptic vesicles carrying neurotransmitters, a typical 

trans-SNARE complex is composed of syntaxin and SNAP-25 (t-SNAREs) on the target 

cell membrane, and synaptobrevin and synaptotagmin (v-SNAREs) on the vesicular 

membrane (Zhou et al., 2015). After fusion of the two membranes, the SNARE complex 

is disassembled by the adaptor protein, -SNAP and the hexameric ATPase, NSF to 

unfold the SNARE proteins in an ATP-dependent process (Littleton et al., 2001; Marz et 

al., 2003). The SNARE proteins are then released and recycled to the appropriate 

membranes. Different SNARE complexes are proposed to mediate the fusion of the MVB 

with the plasma membrane in different model systems: SNAP25 and VAMP5 in bone 

marrow mesenchymal stem cells; SNAP23 and VAMP3 in hepatocellular carcinoma; 

VAMP7, Syntaxin-4, and SNAP23 in MDA-MB-231 human breast cancer cells; syntaxin-

6 in prostate cancer; VAMP3 in neurons (Han et al., 2022).  

In C. elegans, a small GTPase RAL-1 is involved in MVB biogenesis and its fusion 

with the plasma membrane (Hyenne et al., 2015). This protein was first identified in an 

RNAi-based screen designed to identify regulators of exosome secretion by epidermal 

Hyp cells and contribution to the formation of the alae. Electron microscopy analysis 

indicates that RAL-1 localizes to the membranes of secretory MVBs. In ral-1 mutants, 
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sMVB were dramatically affected; the number of MVBs at the epidermal cell surface and 

the diameter of the MVBs were increased, while the number of intralumenal vesicles per 

MVB decreased. Overall, these data suggest that RAL-1 could be responsible for MVB 

formation or diverting MVBs destined for degradation towards secretion instead. The 

analyses of two null mutants of two exocyst subunits, an octameric protein complex that 

catches and tethers exocytic vesicles to the plasma membrane during exocytosis, sec-5 

and sec-3, reveals that the regulation of MVB formation and secretion do not require the 

exocyst complex, a common RAL GTPase effector. From the same RNAi screen, syx-5, 

a t-SNARE gene from the syntaxin family involved in anterograde ER-Golgi trafficking, 

was identified to be critical for the formation of alae in the L1 stage. Using classic genetics, 

they found that SYX-5 colocalizes with a constitutively active RAL-1 variant, but not with 

a dominant negative version of RAL-1, suggesting that RAL-1 may recruit SYX-5 to 

mediate the fusion of the MVB with the plasma membrane. When SYX-5 is absent, the 

MVBs cannot fuse with the plasma membrane, resulting in the accumulation of MVBs at 

the cell periphery. From the same study, the authors showed that in mammary tumour 

cells, RalA and RalB are required for the fusion of the MVB with the plasma membrane 

to secret exosomes into the culture media. Therefore, in addition to the activity of Rab 

GTPases, the Ral GTPases serve as another set of regulators of MVB biogenesis and 

fusion.  
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Characterization of exosomes 

When exosomes were first described in 1983 while studying the maturation 

process of reticulocytes into erythrocytes, exosomes were thought to serve as a form of 

garbage disposal, filled with cellular junk to be excreted from cell (Harding and Stahl, 

1983; M et al., 2017; Pan and Johnstone, 1983). These vesicles were shed from the 

cultured monolayer cells, but retained the transferrin receptor and other membrane-

associated proteins. Consistent with the known role of degradative MVBs, the MVBs were 

thought to fuse with lysosomes to degrade the contents of the intralumenal vesicles and 

exosomes were thought to function as another method for the cell to remove unwanted 

material without degradation.  

13 years later in 1996 when studying antigen presentation in B lymphoblastoid 

cells, it was demonstrated through electron microscopy that “characteristic internal 

membrane vesicles” with MHC class II molecules can fuse with the plasma membrane, 

releasing the exosomes into the cell culture media (Raposo et al., 1996). They isolated 

these exosomes from human and murine B lymphocytes using differential centrifugation 

and found that the protein composition of these exosomes was different compared to the 

plasma membranes of the donor cells. Next, they incubated these exosomes with a 

peptide, 418-427, that was known to stimulate an immune response in T cells, 

presumably, to allow it to bind to the MHC class II receptor on the exosome. These 

exosomes were then washed to remove unbound peptide, then incubated with T cell 

clones. Compared to exosomes that were not incubated with peptide, the exosomes 

bound with 418-427 were able to stimulate T cell responses, demonstrating for the first 

time that exosomes were not simply garbage trucks but could convey physiological effects 
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and could perhaps be a novel means of cell-cell communication. Since then, there has 

been a plethora of studies demonstrating the role of exosomes in intercellular 

communication in both normal physiology, such as lactation, inflammation, cell 

proliferation, immune response, and neuronal function, and in disease contexts, such as 

cancer, metabolic diseases, developmental delays, and neurodegenerative diseases 

(Harding et al., 2013; M et al., 2017).  

Exosomes are highly heterogeneous. The characteristics of the exosomes differ in 

size, content, cellular origin, and can even have pleiotropic effects on recipient cells 

(Kalluri and LeBleu, 2020). Depending on the microenvironment and the physiological 

status of the cell, cells may incorporate different cargoes and biological markers into their 

exosomes. This difference in exosomal content may then influence the size of the 

exosome and the resulting pleiotropic effects on the recipient cell. Proteomic analysis and 

exosomal miRNA-sequencing reveal that not all exosomes have the same set of cargo 

nor the same abundance of each cargo type (Chevillet et al., 2014; Kowal et al., 2016). 

The heterogeneity of the exosomes is also determined by the donor tissue or cell type. 

Distinct proteins and nucleic acids are enriched in exosomes depending on their origin, 

suggesting that different cell types use specific protein and nucleic acid sorting machinery 

to load exosomal/intralumenal vesicle (Kalluri and LeBleu, 2020). Interestingly, the same 

batch of isolated exosomes can have varying effects on different receiving cell types. For 

example, the same exosomes can induce opposite cellular effects, such as cell survival 

and apoptosis. These observations could be explained by the difference in expression of 

SNARE proteins expressed on the receipt cells with different cell types taking up a 

different portion of a heterogenous mixture of exosomes, resulting in different phenotypes 
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(Wen et al., 2019). Thus, a combination of all these factors that influence the biogenesis 

and cargo-sorting of exosomes and the difference in machinery involved in the uptake of 

these exosomes lead to a higher order of complexity and heterogeneity in the 

physiological effects of exosomes.  

Many different types of extracellular vesicles (EVs) have been characterized 

(Théry et al., 2018). The classical EVs are exosomes, microvesicles, and apoptotic 

bodies, while recent discoveries have described autophagic EVs, stressed EVs, and 

matrix vesicles (Sheta et al., 2023). While they carry different biomarkers and content to 

influence the fate of their receipt cells, they share common properties as cell-derived, lipid 

bilayer-surrounded vesicles. EVs are classified based on their biogenesis mechanism, 

content, and size. Briefly, exosomes are derived from MVBs that fuse with the plasma 

membrane and belong in the small EV class that range from 40-150 nm in diameter. 

Classical exosomes have CD63, CD9, and CD81 markers, while non-classical exosomes 

do not have any known markers. Microvesicles are derived from shedding of vesicles 

from the plasma membrane and are further categorized into three subcategories of 

classical microvesicles, large oncosomes, and ARMMs, which belong to the large (~150-

1000 nm), large (1-10 m), and small EV (~40-100 nm) classes, respectively. The 

classical microvesicles and large oncosomes are marked with annexin A1 and ARF6, 

while ARMMs are marked with ARRDC1 and TSG101. Apoptotic EVs are generated from 

vesicles that arise during the process of apoptosis and are subcategorized as apoptotic 

bodies and apoptotic vesicles, which belong to the large EV (1-5 m) and small-to-large 

EV (~100-1000 nm) classes, respectively. Both are marked with annexin V and 

phosphatidylserine (PS).  
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Due to the large increase in the recent number of studies on exosomes involving 

different contexts and model systems, the International Society for Extracellular Vesicles 

(ISEV) published a set of standards for the proper characterization of EVs (Lötvall et al., 

2014; Théry et al., 2018). Most eukaryotic cells can secrete EVs, including exosomes, 

microvesicles, microparticles, ectosomes, oncosomes, apoptotic bodies, and many 

others. These guidelines require meticulous information on the preparation methods and 

characterization results before ascribing specific functions to isolated EVs in all studies. 

For example, many bulk preparatory methods such as differential centrifugation followed 

by sucrose density gradient centrifugation can lead to a potentially contaminated and 

heterogeneous mixture of exosomes. Thus, the guidelines, the Minimal Information for 

Studies of Extracellular Vesicles in 2014 (MISEV2014) and MISEV2018, provide 

researchers with suggested protocols to ensure that the isolated EVs are homogeneous 

and properly categorized by their tissue and trafficking pathway of origin.   

 

Sorting of cargo and miRNAs to exosomes 

The primary function of exosomes is to facilitate intercellular communication. Until 

now, many different types of cargo have been observed in purified exosomes, including 

lipids, proteins, and various types of nucleic acids like mRNA, miRNAs, long non-coding 

RNAs (lncRNAs), circular RNAs (circRNAs), PIWI-interacting RNAs (piRNAs), and DNA 

(Kalluri and LeBleu, 2020). The loading of various types of cargo is dependent on the 

physiological status of the cell. Thus, the sorting of cargo into exosomes is a tightly 

controlled process.  
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Proteins can be sorted into exosomes through different pathways, mainly 

categorized into ESCRT-dependent and -independent pathways (Han et al., 2022). In the 

ESCRT-dependent pathways, proteins that are destined for sorting into intralumenal 

vesicles interact with the ESCRT-0 and VPS34. Other proteins can interact with HSP90 

through interactions with a Rab coupling protein.  

In a mouse cancer model, mutant p53 enhances the trafficking of HSP90 to 

exosomes for secretion (Zhang et al., 2020b). Through co-immunoprecipitation assays in 

three p53-null cell lines, they identified Rab11FIP1C, which is also known as Rab 

interacting protein (RCP)) as the upstream regulator of HSP90 sorting into exosomes. 

RCP contains a Rab11-binding motif in its C-terminus, which allows the sorting of cargo 

into Rab11a+ endosomes using RCP as an adaptor protein. Interestingly, the 

osteosarcoma Rab22a-NeoF1 fusion protein and their binding partner PYK2 are sorted 

by HSP90 through interactions with four putative KFERQ-like motif on the fusion protein 

(Zhong et al., 2021). The Rab22a-NeoF1 fusion protein/PYK2/HSP90 complex is then 

incorporated into intralumenal vesicles in an ESCRT-dependent pathway. Additionally, 

many other sorting pathways that impinge on the ESCRT pathway cytosolic have been 

shown, such as the sorting of AGO2 by Alix and cytosolic proteins by Hsc70 (Géminard 

et al., 2004; Iavello et al., 2016). There are also examples of ESCRT-independent sorting 

pathways, such as the sorting of KFERQ motif-containing proteins by LAMP2A and 

Hsc70, which requires Alix, Syntenin-1, Rab31, and ceramides (Ferreira et al., 2022). 

Overall, these examples highlight the selectivity and the complex protein-protein 

interactions necessary for the targeting of particular cargo into intralumenal vesicles that 

are destined for secretion as exosomes. 
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The sorting and secretion of DNA by exosomes is shrouded with contradictions, 

with different groups reporting different conclusions. This problem is compounded by the 

fact that many studies that show the secretion of DNA by exosomes were conducted in 

disease models or models involving cellular stress. One group showed that the secretion 

of DNA and histones were mediated by an exosome-independent process, while others 

showed that genomic DNA and nuclear proteins were selectively sorted into exosomes 

(Jeppesen et al., 2019; Takahashi et al., 2017). In ovarian cancer cells, genomic DNA 

and nuclear proteins interact with tetraspanin proteins, such as CD63 to be sorted into 

exosomes (Yokoi et al., 2019). In the cancer microenvironment, the cystine-glutamate 

antiporter, xCT is upregulated to help the cancer cells produce the antioxidant glutathione 

(Rabas et al., 2021). The upregulation of xCT in turn activates the metabotropic glutamate 

receptor 3 (mGluR3), which stimulates the Rab27-dependent release of exosomes. 

These exosomes are rich in mitochondrial DNA, which is loaded through a PINK1-

dependent manner. The mitochondrial DNA in the exosomes activates Toll-like receptor 

9, further promoting invasive cancer behaviours in the recipient cells. However, how the 

mitochondrial DNA is transferred out of the mitochondrial matrix and into the intralumenal 

vesicles is unknown. Further studies are needed to assess if nuclear DNA and proteins 

are also loaded into intralumenal vesicles using similar mechanisms as the mitochondrial 

DNA.  

The sorting of RNA, particularly miRNAs has been a subject of interest in the recent 

years. Generally, RNA is sorted into exosomes by interacting with sequence-specific 

RNA-binding domains of RNA-binding proteins (RBPs) (Fabbiano et al., 2020; Han et al., 

2022). Theses RBPs are then sorted into exosomes through protein-protein interactions. 
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Many RBPs have been implicated in the sorting of RNA into exosomes, including 

hnRNPA2B1, hnRNPK, YBX1, major vault protein (MVP), MEX3C, synaptotagmin-

binding cytoplasmic RNA-interaction protein (SYNCRIP), Ago2, and FMR1, in different 

cell models and model systems (Han et al., 2022). It has been shown that hnRNPA2B1 

and hnRNPA1 are involved in the loading of lncRNAs into exosomes (Chen et al., 2020a). 

SNF, a subunit of ESCRT-II, and hnRNPA2B1 load circRNAs into exosomes in glioma 

and colorectal cancer models (Chen et al., 2022; Pan et al., 2022). The exact mechanisms 

involved in the sorting of all these various types of RBPs into exosomes have not been 

precisely described, but the use of caveolin-1 and LC3-conjugation machinery have been 

described (Leidal et al., 2020; Robinson et al., 2021). In prostate and colorectal cancer 

cell lines, the heterogeneous nuclear ribonucleoprotein K (hnRNPK) binds miRNAs with 

AsUGnA motifs and interacts with the structural membrane protein caveolin-1 to be sorted 

into intralumenal vesicles (Chen et al., 2022). Components of the autophagy system also 

specify the secretion of cellular material within EVs. Two RBPs, hnRNPK and scaffold-

attachment factor B (SAFB), interact with the MAP1LC3B (LC3)/ATG8 conjugation 

machinery to be secreted in EVs enriched with lipidated LC3 (Leidal et al., 2020). 

However, it is unknown how these RBPs such as hnRNPA2B1 and hnRNPK, which 

normally reside in the nucleus, are translocated into the cytoplasm for loading into the 

intralumenal vesicles.  

Many of the aforementioned proteins are commonly found in liquid-liquid 

condensates (Han et al., 2022). These condensates, such as RNA granules, stress 

granules, and P-bodies, are ubiquitous membraneless compartments that are enriched 

with RBPs and RNAs (Alberti et al., 2019). Many target cargoes like hnRNPK and SABF 
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that are loaded in exosomes by the LC3-conjugated machinery are components of RNA 

granules (Leidal et al., 2020). The cargoes, as well as LC3 itself, colocalize with Rab5, a 

marker of early endosomes. hnRNPA2B1, which is well-studied for its ability to bind to 

the sequence motifs on miRNAs and target miRNAs for exosome-mediated secretion, is 

also found in liquid-liquid condensates and is a component of RNA granules (Ryan et al., 

2018). Put together, these data suggest that condensates may be an important regulatory 

step of the loading of exosomes, where the condensate acts as a “pre-sorting” station 

before the cargo is either funneled towards secretory MVBs or targeted by other pathways 

towards degradative MVBs. There is some evidence that liquid-liquid condensates play a 

direct role in targeting miRNAs into intralumenal vesicles. The Y-box binding protein 1 

(YBX1) has been previously found to be enriched in EVs and is required for the sorting of 

miR-223 into exosomes (Liu et al., 2021). Closer analysis of the YBX1 protein sequence 

reveals that it contains an intrinsically disordered region (IDR) that indicates that this 

protein may undergo phase separation. Introduction of point mutations in this IDR 

prevents YBX1 from undergoing phase separation and impairs miR-223 from being sorted 

into exosomes. These findings provide a possible mechanism in which components of 

liquid-liquid condensates can target specific miRNAs for incorporation into intralumenal 

vesicles. Interestingly, lncRNAs have also been shown to play a key role in the formation 

of liquid-liquid condensates (Roden and Gladfelter, 2021; Wang et al., 2021). Thus, one 

active field of study now is to determine whether lncRNA coordinates with RBPs to form 

condensates to facilitate the targeting of the miRNA-RBP complex for exosome 

incorporation.  
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Proteins are not the only determining factor of whether RNAs are sorted into 

exosomes. When assessing whether certain RNAs were specifically sorted into 

exosomes, the levels of miRNAs were drastically different in exosomes and in whole-

cells, suggesting that there must be some level of regulation that actively sorts RNAs into 

exosomes (Villarroya-Beltri et al., 2013). Multiple alignment analysis of these exosome- 

and cell-enriched miRNAs showed an overrepresentation of two exosome motifs 

(EXOmotifs) and a cellular retention motif (CLmotif or CELLmotif), respectively. These 

motifs are short sequences, four to six nucleotides long, that can be found anywhere on 

the mature miRNA. Mutagenesis of these motifs affects the localization of the 

corresponding miRNAs. For example, converting the CELLmotif of miR-17 into an 

EXOmotif targets miR-17 into exosomes, whereas converting the EXOmotif of miR-601 

into a CELLmotif retains miR-601 from secretion (Garcia-Martin et al., 2022). These data 

suggest that specific short motifs present on miRNAs determine whether the miRNA is 

sorted into exosomes or retained in the donor cell. Through pull-down assays targeting 

the EXOmotif of miR-198 or the CELLmotif of miR-17, hnRNPA2B1 and hnRNPA1 were 

identified to bind to only EXOmotifs and not CELLmotifs. Further experiments show that 

hnRNPA2B1 were found in exosomes and confocal analysis showed that hnRNPA2B1 

colocalizes with MVB markers. Moreover, hnRNPA2B1 requires sumoylation to be 

preferentially sorted into exosomes. Inhibiting the sumoylation of hnRNPA2B1 decreases 

the levels of miR-198 bound to hnRNPA2B1 and in exosomes. Another study 

demonstrated that different tissue types preferentially use different EXOmotifs or 

CELLmotifs to sort miRNAs (Garcia-Martin et al., 2022). Another set of RBPs, Alyref, 

Rbmx, Sdpr, Fus, and Syncrip, was identified to be involved in the binding of the 
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EXOmotifs and sorting of miRNAs into exosomes. Altogether, these studies show that the 

sorting of RNA into exosomes is not only dependent on RBPs but also on the short 

nucleotide motifs on the mature RNA sequences itself, adding another layer of complexity 

in the targeting of cargo into MVBS for secretion in exosomes. 

 

Physiological effects of exosomal miRNAs in cancer and therapeutics 

Once the cargo is sorted into intralumenal vesicles, the MVB can fuse with the 

plasma membrane to secrete the exosomes into the extracellular space (Han et al., 

2022). These exosomes can then be taken up by neighboring or distant recipient cells. 

Upon fusion of the exosome with the plasma membrane of the recipient cell, the contents 

of the exosomes are released into the cytosol, where miRISC assembled in the donor 

cells can now complementary base pair with its target mRNA. This process has been well 

described in the context of disease like cancer. For example, exosomal miR-105 released 

from breast cancer cell lines MCF-10A and MDA-MB-231 reduces the expression of the 

ZO-1 gene in endothelial cells to promote metastasis to the lung and brain tissues (Zhou 

et al., 2014). The human microvascular endothelial cell line, HMEC-1, secretes exosomal 

miR-214 to stimulate migration and angiogenesis in neighbouring HMEC-1 cells (van 

Balkom et al., 2013). Leukemia K562 cell lines secrete exosomal miR-92a to reduce the 

expression of integrin 5 in the human umbilical vein endothelial cells to enhance cell 

migration and tube formation (Umezu et al., 2013). Furthermore, because exosomal 

miRNAs have remarkable stability in blood, urine, and other bodily fluids, the identification 

and quantification of exosomal miRNAs have been used as a noninvasive biomarker to 

diagnose disease progression (Mathivanan et al., 2010). For example, the abundance of 
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let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223, and miR-23a in exosomes have 

been used as a diagnostic biomarker for colorectal cancer (Ogata-Kawata et al., 2014).  

Exosomal miRNAs also have positive roles in the context of disease. Myocardial 

ischemia reperfusion injury (MIRI) is a phenomenon when interrupted myocardial blood 

supply is restored after a certain period of time (Tibaut et al., 2017). The interruption of 

blood flow is usually caused by an ischemic myocardium that damages the myocardial 

tissue. The pathogenesis of MIRI is associated with oxygen free-radical injury, 

intracellular calcium overload, and inflammatory injury. In a MIRI disease model, neonatal 

rat cardiomyocytes show improved cell survival rate and cardiac function when the 

expression of ERRFI was reduced by exosomal miR-126 treatment (Wang et al., 2019). 

Another study also showed that exosomal miR-423-3p secreted by cardiac fibroblasts 

increases cell viability and reduces apoptosis by downregulating the expression of 

RAP2C (Luo et al., 2019). Since the first description of the positive effects of exosomal 

miRNAs in reducing the severity and symptoms of MIRI, many more exosomal miRNAs 

have been identified to improve the prognosis of not only cardiac diseases but also 

multiple sclerosis and other central nervous system diseases (Zheng et al., 2021). 

Intriguingly, exosomal miR-21 and miR-29a, in addition to their canonical role in regulating 

the expression of target mRNAs, have also been shown to act as ligands that bind to toll-

like receptors, TLR7 and TLR8 to activate immune cells (Fabbri et al., 2012). Thus, given 

the expansive role of exosomal miRNAs in disease diagnosis and treatment, exosomal 

miRNAs are a promising new stream of RNA-based therapeutics that can target specific 

genes.  
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The therapeutic potential for exosomal miRNAs is demonstrated in the 

evolutionary arms race between plants and fungi pathogens (Hilbi and Haas, 2012; 

Weiberg et al., 2013). Botrytis cinerea is the causative agent in gray mold disease, an 

aggressive fungal pathogen that infects more than 200 plant species. This fungus causes 

losses of 10 to 100 billion US dollars annually worldwide, thus there is interest in investing 

in methods to extinguish this grey fluffy mycelium. When this fungal pathogen infects plant 

cells, B. cinerea sends small RNAs to hijack the host’s RNAi machinery to interfere with 

the expression of plant immunity genes (Weiberg et al., 2013). Thus, decreasing the 

expression of the host’s RNAi machinery therefore increases the severity of the fungal 

infection. Conversely, the plant host also transfers small RNAs into the pathogen cells to 

inhibit genes involved with virulence (Cai et al., 2018). This trafficking of small RNAs 

between host and pathogen is a naturally occurring example of cross-kingdom RNAi, 

where small RNAs are used as an attack and defense mechanism.  

In response to B. cinerea infection, Arabidopsis cells secrete exosome-like 

extracellular vesicles to deliver small RNAs into the fungal pathogen cell (Cai et al., 2018). 

While animal EVs are well categorized, plant EVs do not have specific guidelines. 

However, analysis of these host EVs shows that they are positive in two tetraspanin 

genes, TET8 and TET9, where both are structurally similar to CD63 and TSP-7 in 

mammals and C. elegans, respectively. Overall, these findings suggest that the plant EVs 

are close derivatives of exosomes or could be the plant version of exosomes. Tagging 

TET8 and TET9 with fluorescent markers showed that the fungal cells absorbed these 

exosomes within 2 hours of exposure and remained throughout the course of the 

infection, suggesting that host exosomes are taken up by the fungal cells. Analysis of the 
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exosomal small RNAs showed that it targets fungal vesicle-trafficking genes to prevent 

the trafficking of pathogen small RNAs into the host cell. Consistently, the levels of the 

pathogen mRNAs are downregulated when infected with wild-type Arabidopsis plants 

compared to mutant plants with impaired siRNA biogenesis. Similarly, B. cinerea with 

deletion mutants of these same vesicle-trafficking genes showed reduced virulence on 

Arabidopsis, showing that the host exosomal small RNAs target pathogen trafficking 

genes to boost host immunity.  

Taking advantage of this cross-kingdom RNAi through exosomes, a spray that 

contains RNA encapsulated by artificial nanovesicles has been developed to combat B. 

cinerea (Qiao et al., 2021). Previous studies have shown that fungal Dicer-like proteins 

are essential for the production of pathogen small RNAs, and could therefore be a good 

mRNA target. Indeed, experiments of this RNA-encapsulated nanovesicle spray targeting 

Dicer-like pathogen genes on commercially-important crops, such as tomatoes, fruits, 

lettuce, roses, and tobacco plants, showed that these nanoparticles decreased fungal 

virulence. This spray can extend the shelf-life of products for a few weeks in a cost-

efficient manner that is safe for human consumption. Overall, the development of this 

spray shows that RNA can be efficiently delivered through exosomes/lipid-based 

nanoparticles, underscoring the importance of exosomes (Qiao et al., 2021).  

 

Exosomes and C. elegans 

There is a growing body of evidence that exosomes/EVs play an important role in 

the metabolism, immunity, and aging/life span in C. elegans and parasitism in nematodes 

in general (Duguet et al., 2020; Ma et al., 2023; Nikonorova et al., 2022; Russell et al., 
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2020). Most studies in C. elegans focus on EVs secreted from the animal, rather than 

between tissues. Russell et al conducted the first large-scale study of EV composition 

and RNA content of EVs in C. elegans (Russell et al., 2020). Analysis of these EVs 

secreted from the animal shows that the protein composition of these EVs is quite similar 

to the proteins found in EVs produced from mammalian models, which is consistent with 

the conserved nature of the endosomal system. RNA sequencing of these EVs showed 

that about two-thirds of the RNA content was rRNAs and about 10% accounted for small 

RNAs. While this study was the first large-scale study of EVs from C. elegans, it lacked 

experiments that confirmed the identity of these particles as true EVs, rather than other 

small particle sources or EV contamination from bacteria. Duguet et al also conducted 

RNA sequencing on the RNA isolated from exosomes to compare the miRNA profiles of 

C. elegans in culture to adult parasitic nematodes (Duguet et al., 2020). Consistent with 

the previous study, mass spectrometry of the isolated EVs revealed that most of the 

proteins secreted by C. elegans were similar to EVs isolated from mammalian systems. 

miRNA sequencing revealed that about 20% of the conserved, mature miRNAs in C. 

elegans were secreted in exosomes. Some of the most enriched miRNAs include mir-

58/Bantam, mir-36, let-7, mir-10, mir-36, mir-96, and the mir-51 family. Compared to the 

study by Russell et al, this study took the appropriate measures to ensure the purity of 

their EVs/exosomes. They conducted transmission electron microscopy to show that their 

EV population was homogeneous and nanoparticle tracking analysis to show that their 

median particle size was 107.3 nm. However, this study still lacks the appropriate 

Western analyses and immunogold labeling experiments to show that their EVs were 

indeed exosomes. As these studies were focused on creating and comparing datasets, 
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the authors did not show any functional relevance to the miRNAs or RNA populations 

identified in these EVs. Regardless, these two studies combined are some of the first 

published RNA datasets of EVs in C. elegans.  

There are a few studies in which the physiological relevance of EVs secreted in 

the culture media or between animals is explored. Recently, Ma et al published a study 

on the effects of EVs on life span of C. elegans (Ma et al., 2023). They found that EVs 

isolated from dauer larvae extend the life span of adult hermaphrodite animals. By 

assessing various parameters such as body bending, body length, reproductive capacity, 

and reactive oxygen species levels of the animals treated with EVs, they concluded that 

these animals benefited from a “healthier” lifespan. While this study presents some 

interesting findings on the potential benefits of EVs derived from dauer larvae, it does not 

identify the components necessary for these effects. The authors did not perform vehicle 

controls to show that the lifespan extension is due to EVs rather than from the media or 

other contaminants introduced in the EV isolation process. In addition, the dauer stage is 

an alternative life stage that is marked for dispersal, sealing of the buccal cavity, and 

conservation of energy. Thus, this study begs the question of why adult animals whose 

primary function is to feed and undergo the energy-intensive process of reproduction 

would benefit from EVs isolated from dauer animals. Further research should be 

conducted before making sweeping claims about the benefits of EVs.  

Another study by Nikonorova et al conducted a large-scale identification of EV 

cargo shed by C. elegans (Nikonorova et al., 2022). Male-specific ciliated sensory 

neurons secrete PKD-2+ EVs that are transferred to the vulvae of their mating partner. In 

addition to these male-specific neurons, males and hermaphrodites also possess a set of 
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six inner labial type 2 ciliated neurons whose cilia are exposed and can release EVs into 

the environment. Isolation and profiling of these EVs showed an enrichment for proteins 

involved in nucleotide binding, vesicular dynamics, trafficking, glycoproteins, glycoprotein 

binding proteins, nucleic acid binding, post-translational modifiers, chaperones, redox 

proteins, proteases, and scaffolding proteins. They also identified the various RNA- and 

nucleotide-binding proteins, such as the dsRNA transporter required for the import of 

environmental RNAi, SID-2, the ortholog of the human ectonucleotide 

pyrophosphatase/phophodiesterases (ENPPs), ENPP-1, and a DNA helicase 

minichromosome maintenance protein complex (MCM) component 3, MCM-3. By tagging 

ENPP-1 in male animals and tracking the movement of this protein in mated 

hermaphrodites, they were able to observe ENPP-1 in the vulvae, suggesting that ENPP-

1 is transferred through EVs during mating. Furthermore, this study highlights the 

possibility that C. elegans also use EVs as a means of RNA-based extracellular 

communication.  

 

Chapter 1.4 Research Statement 

Animals must adapt to their surroundings to ensure survival. This adaptation is 

highly dependent on communication between the tissues that sense the environment and 

tissues that regulate development and reproductive capacity. Using the dauer stage of C. 

elegans as a model, the main objective of this study is to study how tissues communicate 

with each other to ensure that the physiological conditions are aligned with the available 

nutrients, and what occurs in the tissue after receiving such signal.  
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In C. elegans, during unfavourable conditions such as crowding, high temperature, 

or starvation, the animal can choose to halt reproductive development and instead enter 

an alternative life stage termed the “dauer” stage (Fielenbach and Antebi, 2008). Upon 

entering this stage, the germline stem cells arrest at the G2 cell cycle stage and remain 

quiescent throughout the diapause. This establishment of quiescence is dependent on 

LBK1/AMPK signalling (Narbonne and Roy, 2006). The deletion of either LKB1 or AMPK 

signalling results in germline hyperplasia and a loss of germ cell integrity during the dauer 

stage. Many animals will die during this diapause and those that recover exhibit a highly 

penetrant post-dauer sterility (Kadekar and Roy, 2019).  

Previously, it has been shown that neuronal AMPK is sufficient for restoring germ 

cell integrity in AMPK mutants, however, the mechanisms that are engaged downstream 

of AMPK activation remains unclear (Kadekar and Roy, 2019). Thus, in chapter 2, we 

conducted an EMS-based forward genetic screen to identify additional regulators of 

germline stem cell quiescence during the dauer stage (Wong et al., 2023). The results of 

this screen revealed additional components in the AMPK pathway that are required for 

the timely establishment of quiescence. In chapter 3, further characterization of the genes 

from the genetic screen and their interacting proteins will provide an exact mechanism in 

which a pro-quiescent signal is transmitted from the neurons to the germ line. It has been 

previously implied that small RNAs are involved in this process, where blocking the 

biosynthesis of siRNAs or the entry of these siRNAs into the germ line can suppress the 

AMPK-dependent germline defects (Kadekar and Roy, 2019). Thus, in chapter 3, we also 

explore how small RNAs might play a role in the regulation of germ cell integrity and 

germline quiescence in response to environmental stress. Lastly, small RNAs post-
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transcriptionally regulate gene expression. Therefore, in chapter 4, we will identify mRNA 

targets of these small RNAs, so that we can characterize what occurs in the germ line 

downstream of neuronal AMPK signalling.  

The outcome of this research will elucidate some of the mechanisms governing 

the regulation of germline stem cell divisions. Furthermore, it will uncover a novel 

mechanism of how RNAs are transported between distant cells and tissues to facilitate 

intercellular communication. RNA is an inherently unstable molecule that is prone to 

degradation. Thus, it might be bound and protected by RNA-binding proteins until it is 

loaded into an Argonaute. The findings of these studies would provide insight into a 

naturally occurring lipid-based delivery mechanism for RNA, which would allow for the 

further development of RNA-based therapies to treat various diseases.  
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Figures  

 

Figure 1.1. C. elegans can enter an alternative developmental pathway in response 

to unfavorable growth conditions. Under optimal conditions, C. elegans progresses 

through four larval stages and molts into a reproductive adult. However, if the organism 

encounters adverse conditions, such as high temperatures, crowding, or starvation, at the 

end of the L1 larval stage, it can enter the developmentally quiescent dauer stage. In this 

state, it can remain for several months. When conditions improve, the dauer larva can 

exit this stage and resume normal development at the L4 larval stage. Figure used with 

permission from WormAtlas. Altun, Z. F., Herndon, L. A., Wolkow, C. A., Crocker, C., 

Lints, R., and Hall, D. H. 2002-2024.  
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Figure 1.2. The C. elegans germ line will develop uninterrupted in replete 

conditions. The gonad of the L1 larvae consists of two primordial germ cells (Z2 and Z3) 

that are flanked by two somatic precursor cells (Z1 and Z4). Z2 and Z3 will divide 

uninterrupted to populate the gonad during development in replete conditions and will 

give rise to all the germ cells of the animal. Z1 and Z4 will undergo several rounds of cell 

division to give rise to the somatic gonad of the animal, including the distal tip cells 

(DTCs), gonadal sheath, spermatheca, spermatheca-uterine valve, and uterus. Unlike the 

Z2 and Z3 divisions, Z1 and Z4 will follow an invariant pattern of cell divisions, migrations, 

and differentiations. Figure used with permission from Pepper et al, Dev Biology 2003.  
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Figure 1.3. Regulation and activity of AMP-activated protein kinase (AMPK). AMPK 

is a critical energy sensor in cells that is activated in response to low cellular energy levels. 

AMP and ADP bind to the γ-subunit of AMPK, causing a conformational change that 

allows the β- and α-subunits to interact more effectively. This binding activates AMPK 

through phosphorylation by upstream kinases such as LKB1 (liver kinase B1) and 

CaMKKβ (calcium/calmodulin-dependent protein kinase kinase β). The activated AMPK 

then phosphorylates a variety of downstream targets to restore energy balance by 

inducing behavioral changes in C. elegans, cell polarity, and autophagy/catabolism, while 

inhibiting lipolysis, cell growth, and protein synthesis. 
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Figure 1.4. microRNA biogenesis and function in C. elegans. In the nucleus, RNA 

polymerase II (Pol II) transcribes miRNA genes into long primary transcripts known as 

pri-miRNAs. These pri-miRNAs are then processed by Drosha (DRSH-1) in conjunction 

with the RNA-binding protein Pasha (PASH-1), resulting in precursor miRNAs (pre-

miRNAs) that form hairpin structures. The pre-miRNAs are transported to the cytoplasm, 

where Dicer (DCR-1) further processes them into a double-stranded heteroduplex 

containing the mature miRNA and the passenger strand. The mature miRNA is 

incorporated into an Argonaute protein (ALG-1 or ALG-2), creating the core microRNA-

Induced Silencing Complex (miRISC). This complex binds to a target mRNA through 
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partial base-pairing, and the recruitment of AIN-1/2 and other factors leads to the 

repression of the target by deadenylation and/or inhibition of translation. Figure used with 

permission from Elder and Pasquinelli, Frontiers in Aging 2022.  
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Abstract 

During periods of energetic stress, Caenorhabditis elegans can execute a 

developmentally quiescent stage called “dauer”, during which all germline stem cells 

undergo a G2 cell cycle arrest. In animals that lack AMP-activated protein kinase (AMPK) 

signalling, the germ cells fail to arrest, undergo uncontrolled proliferation, and lose their 

reproductive capacity upon recovery from this quiescent stage. These germline defects 

are accompanied by, and likely result from, an altered chromatin landscape and gene 

expression program. Through genetic analysis we identified an allele of tbc-7, a predicted 

RabGAP protein that functions in the neurons, which when compromised, suppresses the 

germline hyperplasia in the dauer larvae, as well as the post-dauer sterility and somatic 

defects characteristic of AMPK mutants. This mutation also corrects the abundance and 

aberrant distribution of transcriptionally activating and repressive chromatin marks in 

animals that otherwise lack all AMPK signalling. We identified RAB-7 as one of the 

potential RAB proteins that is modulated by tbc-7 and show that the activity of RAB-7 is 

critical for the maintenance of germ cell integrity during the dauer stage. We reveal that 

TBC-7 is regulated by AMPK through two mechanisms when the animals enter the dauer 

stage. Acutely, the AMPK-mediated phosphorylation of TBC-7 reduces its activity, 

potentially by autoinhibition, thereby preventing the inactivation of RAB-7. In the more 

long term, AMPK regulates the miRNAs mir-1 and mir-44 to attenuate tbc-7 expression. 

Consistent with this, animals lacking mir-1 and mir-44 are post-dauer sterile, 

phenocopying the germline defects of AMPK mutants. Altogether, we have uncovered an 

AMPK-dependent and microRNA-regulated cellular trafficking pathway that is initiated in 
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the neurons, and is critical to control germline gene expression cell non-autonomously in 

response to adverse environmental conditions.   
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Authors' summary 

During environmental challenges many organisms possess the ability to forego 

reproduction temporarily to enter a diapause stage only to resume reproduction when 

growing conditions improve. In C. elegans, the dauer stage is associated with a general 

developmental quiescence that is essential to preserve the reproductive competence of 

the germ cells following recovery, and this is controlled by AMPK signalling. However, we 

show that AMPK activation need not occur in all cells, but is critical in those cells that are 

likely most sensitive to such changes, namely in the neurons. Using genetic analysis, we 

revealed that the activation of AMPK in the neurons engages changes in RAB-7 

trafficking, which are the result of a two-pronged AMPK-dependent regulation of a 

predicted RabGAP protein called TBC-7. By first modulating the activity of TBC-7, AMPK 

enhances RAB-7 activation, while later in the diapause, AMPK promotes the activity of 

two microRNAs that impinge on the tbc-7 transcript, thereby blocking its expression. This 

results in a cell non-autonomous pro-quiescent signal that instructs the germ cells to 

modify their chromatin landscape and associated gene expression, ensuring that the 

germ cells remain reproductively competent for the duration of the diapause stage.  
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Introduction 

For many organisms, development unravels as a successive series of growth, 

quiescence, and phases of cell differentiation that proceed according to an organism-

specific program. This is particularly true for closed systems, such as during embryonic 

development, where events often unfold independently of external resource availability 

due to maternal provisioning for the developing organism. 

This situation changes dramatically as animals emerge from the embryo, and 

juveniles are subject to dramatic fluctuations in growth conditions. These challenges can 

be detrimental to continuous development and thus have driven the emergence of diverse 

mechanisms of adaptation that have evolved to enhance survival. One common means 

to circumvent these challenges is the programmed ability to undergo a period of 

developmental quiescence, or a diapause. In microbial cells, like bacteria and yeast, rapid 

growth and divisions arrest when resources are exhausted, while cells remain viable and 

poised to resume proliferation when growth conditions improve [1-3]. 

But this kind of quiescence is not unique to microbes. Mammalian cells in culture 

arrest their cell divisions and enter a G0 state if they are deprived of growth factors 

(serum), glucose, or when they become confluent [4]. Moreover, cells that no longer 

appropriately execute quiescence in response to these cues, can often demonstrate other 

rogue behaviours, typical of transformed cells [3]. It is therefore highly advantageous to 

appropriately respond to these adverse environmental signals and execute a quiescent 

state as an adaptive means of protecting the cell and its invaluable genetic material.  

Multicellular organisms also employ various states of quiescence to ensure 

survival during periods of environmental stress [5-7]. However, not all cells in the 
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organism are capable of sensing these cues and therefore depend on specialized cells 

to communicate information to their distant neighbours to protect them against these 

challenges.      

These specialized cells often express molecular sensors that are capable of both 

gauging external fluctuations and initiating the appropriate adaptive cellular/organismal 

changes to enhance survival during difficult environmental circumstances. Among the 

most widely studied of these cellular/molecular sensors is the stress-responsive AMP-

activated protein kinase (AMPK). During periods of stress, it phosphorylates critical 

targets to block energy-consuming anabolic processes and activate pathways that will 

enhance the cellular energy pool. For example, many animals, including humans, forego 

reproduction during periods of excess stress or starvation [5, 8]. Both starved C. elegans 

or mutants that lack insulin signalling when exposed to high temperatures during the L4 

larval or early adult stages are infertile and do not produce oocytes [9]. This is presumably 

because gametogenesis is very energy demanding and the resulting progeny would not 

fare well in a resource-depleted or unfavourable environment [9]. However, this 

oogenesis defect can be bypassed in these mutants by eliminating AMPK activity [8, 10]. 

Activation of AMPK in C. elegans larvae that execute the highly-resistant, 

diapause-like dauer stage results in germline quiescence, while other somatic cell 

divisions are arrested through a parallel pathway [10, 11]. In the absence of AMPK 

signalling, mutant germ cells continue to proliferate despite a lack of resources, resulting 

in sterility following recovery [8, 10]. 

Animals can survive for months in the non-feeding dauer stage, yet when animals 

exit this diapause they are fully fertile with little or no negative reproductive consequence 
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[12, 13]. On the other hand, mutants that lack all AMPK signalling die prematurely during 

the dauer stage, and if they do recover they exhibit highly penetrant sterility [10]. The 

AMPK-mediated quiescence that occurs during the dauer stage is therefore protective 

and is critical to preserve germ cell integrity during this period of prolonged stress. 

Consistent with this, wild-type animals that transit through the dauer stage exhibit 

differences in their gene expression compared to animals that never encountered the 

stresses associated with dauer development [14, 15]. These changes persist in the post-

dauer animals as a molecular memory stored in the form of epigenetic marks, which have 

been shown to influence post-dauer fertility.  

Mutants that lack all AMPK signalling display significant changes in gene 

expression during the dauer stage and as post-dauer adult animals when compared to 

wild-type animals [10]. In addition, the levels of transcriptionally activating and repressive 

chromatin marks within the germ line are abnormally upregulated, while their distribution 

is also abnormal. This suggests that the differences in gene expression in AMPK mutants 

could be attributed to the misregulation of chromatin marks in the affected germ cells.  

Recent studies have indicated that AMPK can act cell non-autonomously to 

regulate life span [16], while the restoration of AMPK in some somatic cells was sufficient 

to correct the germline defects in AMPK mutants [10, 17]. Namely, driving AMPK activity 

in the neurons and the excretory system was shown to suppress the AMPK germline 

defects [10]. Moreover, the post-dauer sterility and the germline hyperplasia typical of 

AMPK mutants are also partially suppressed when components of the endogenous small 

RNA pathway are compromised [10]. These findings suggest that several different 

pathways are likely to be involved in conveying the necessary signals to execute an 
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adaptive gene expression response in the germ line in response to dauer entry. This is 

most likely coordinated through the function of specialized sensing cells; a role very often 

fulfilled by neurons. In the context of dauer development, AMPK would activate these 

various events in response to the metabolic challenges associated with dauer 

development in order to protect the germ line throughout the duration of the diapause.  

Here we describe how AMPK regulates germ cell homeostasis in response to 

energy stress. This role requires its activity not in the germ cells, but in the neurons. By 

performing a genetic screen designed to identify genes involved in the AMPK regulation 

of germ cell integrity and germline quiescence during the dauer stage, we isolated eight 

alleles that partially restore germ cell function in these mutants. One of these genes 

encodes a RabGAP that enhances the intrinsic GTP hydrolysis activity of one or more 

Rab proteins, converting it from its active RAB-GTP form to its inactivated RAB-GDP form 

[18]. This RabGAP functions in the neurons to negatively regulate its RAB target. 

Furthermore, we demonstrate that the RabGAP is subject to regulation both directly by 

AMPK-mediated phosphorylation in the short term, and then in later stages of the 

diapause, by regulating its expression by two microRNAs. Therefore, through the 

successive targeting of a single RabGAP in the neurons, AMPK signals cell non-

autonomously to the germline stem cells to arrest their cell divisions and to maintain germ 

cell integrity at the onset of this period of developmental quiescence.   
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Results 

Mutations that reverse the germline defects of AMPK mutants. 

The C. elegans dauer stage is marked by a pervasive organismal developmental 

quiescence that is initiated as animals transit through the preparatory L2d stage. This is 

accompanied by a complete arrest in germ cell divisions mediated by the activity of the 

C. elegans orthologues of the human tumour suppressor genes PTEN (daf-18), LKB1 

(par-4), and one of its many downstream targets, AMPK [8]. Animals that lack all AMPK 

signalling due to the deletion of both catalytic subunits aak-1 and aak-2 (referred to as 

aak(0)) undergo extensive germline hyperplasia during dauer formation and exhibit post-

dauer sterility, in addition to a number of metabolic/somatic phenotypes [10, 17]. 

Curiously, the compromise of various components involved in the biogenesis and function 

of small RNAs can partially restore germ cell quiescence in AMPK mutant dauer larvae, 

in addition to the corresponding post-dauer fertility in these mutants.  

To identify additional genes that converge either on these small RNA regulators or 

on AMPK targets in the germ line, we performed a forward genetic screen to obtain 

mutants that suppress the germline defects typical of AMPK mutants. Eight alleles were 

isolated that fall into five complementation groups (Table 1), each of which suppressed 

the germ cell hyperplasia and/or the post-dauer sterility in AMPK mutants to varying 

degrees (S1A-C Fig and S1 Table). All isolated alleles were able to lay viable embryos 

that gave rise to a fertile generation.   

The rr166 allele was the most effective in suppressing the AMPK germline and 

somatic defects (Fig 1A-C). When AMPK mutants recover from the dauer stage, many 

animals die prematurely. Those mutants that recover display diverse abnormalities in 
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vulval development, such as protruding vulva, burst vulva, or multivulva [10].  In addition 

to its effects on the germline hyperplasia, rr166 suppressed most of the post-dauer 

somatic defects.  This allele may therefore not be exclusively active in the germ line and 

could have a function in the soma during normal development and/or in the dauer stage. 

Alternatively, it could adjust cell divisions in somatic tissues through its effect on the germ 

line (S1 Table).  

AMPK is also required for the typical long-term survival of the dauer larva by 

regulating triglyceride hydrolysis during the dauer stage [17]. Dauer larvae with intact 

AMPK signalling can survive for several weeks/months, while mutants with disrupted 

AMPK/LKB1 signalling die prematurely due to the inappropriate depletion of stored lipids 

important to sustain animals. Strikingly, neither rr166 nor rr267 improved the dauer 

survival of aak(0) mutants, suggesting that the rr166 and rr267 mutations do not affect 

other AMPK-regulated metabolic pathways and may be more specific to germ 

line/gonadal physiology (Fig 1D). 

 

rr166 corrects the abnormal deposition of the chromatin marks in the germ line of 

AMPK mutant dauer larvae and post-dauer adults. 

daf-2; aak(0) mutants not only have upregulated levels of both transcriptionally 

activating and repressive chromatin marks, but they also have an abnormal distribution 

of these epigenetic modifications across the germ line in both dauer and post-dauer 

animals [10]. This altered chromatin landscape is associated with a dramatic change in 

germline gene expression during the dauer stage, which remains unaltered upon dauer 

exit, persisting into the post-dauer adult. To better understand how rr166 suppresses the 



160 

AMPK germline defects, we examined the levels of chromatin marks that were aberrant 

in the AMPK mutant dauer larvae to assess how these epigenetic modifications are 

affected in the daf-2; aak(0); rr166 mutant. Western analysis revealed that both activating 

(H3K4me3) and repressive (H3K9me3) chromatin modifications were restored to nearly 

normal levels in the germ cell nuclei of daf-2; aak(0); rr166 dauer larvae that lack all AMPK 

signalling (S2A-A’’ Fig). In addition, the distribution of the chromatin marks was also 

corrected (S2B-C’’ Fig). 

Using the same approach, we confirmed that the rr166 mutation was also able to 

suppress the increased abundance of the chromatin marks in the daf-2; aak(0) mutants 

during the post-dauer stage (S3A-A’’ Fig). Immunofluorescence analysis against these 

histone modifications indicated that rr166 could correct the abundance of each mark in 

individual nuclei, while also reestablishing the overall distribution pattern across the germ 

line (S3B-C’’ Fig). Interestingly, while the levels of H3K9me3 in the rr166 mutants were 

similar compared to daf-2 control animals, the levels of H3K4me3 were not completely 

restored to daf-2 control levels, albeit they were reduced compared to those of daf-2; 

aak(0) mutants (S3B-B’’ Fig). Together, these data indicate that rr166 corrects the 

abundance and distribution of chromatin marks in the germ line that presumably prime 

germline gene expression for a period of developmental quiescence, in animals that lack 

all AMPK signalling.  
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Misregulated RabGAP activity in neurons of AMPK mutants results in germline 

abnormalities during the dauer stage.  

To identify relevant polymorphisms that could correspond to the affected gene 

responsible for the suppression of AMPK germline defects, genomic DNA from daf-2; 

aak(0); rr166 mutants was subjected to next generation sequence analysis [19]. rr166 

was revealed to be a typical EMS-generated G->A transition mutation in a gene called 

tbc-7 that encodes a predicted RabGAP protein. 

To confirm that rr166 is indeed an allele of tbc-7, we performed RNAi against tbc-

7 in the daf-2; aak(0) mutants. Fertility was partially restored in daf-2; aak(0); tbc-7 (RNAi) 

animals, and they showed no significant difference in their post-dauer fertility when 

compared to daf-2; aak(0); rr166 animals (Fig 2A). Furthermore, when daf-2; aak(0); rr166 

mutants were injected with a fosmid which contained a wild-type copy of tbc-7, the 

suppression of the AMPK mutant germline defects was reverted, suggesting that rr166 is 

indeed an allele of tbc-7 (Fig 2A).  

The rr166 allele is a missense mutation that results in a change from serine to 

phenylalanine at position 520, which corresponds to the predicted TLDc domain of tbc-7. 

From the same complementation group, the rr267 allele corresponds to a missense 

mutation that alters a phenylalanine to leucine at position 156, which does not correspond 

to any predicted protein domain. The difference in the position of the mutations could 

account for the ability of each allele to suppress the AMPK germline defects; 

compromising the TLDc domain with the S520F mutation could have a greater impact on 

TBC-7 function compared to the F156L mutation.  
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Mutations that eliminate the entire tbc-7 region are presumably non-viable, as no 

mutants that contain a large or complete deletion of tbc-7 can be maintained as a 

homozygous animal, but rr166 is viable. To determine if the tbc-7(rr166) point mutation is 

a hypomorphic allele of an essential gene, we crossed the tbc-7(rr166) mutation into a 

null mutant that contains a deletion of the entire tbc-7 gene (tm10766). Our subsequent 

genetic analyses were consistent with rr166 acting as a recessive, hypomorphic allele of 

tbc-7 (S4A-B Fig and Materials and Methods).  

Recent work demonstrated that AMPK can regulate germ cell integrity cell non-

autonomously during the dauer stage [10]. Restoring AMPK function in the neurons and 

in the excretory system re-established germline quiescence and germ cell integrity in 

AMPK mutants [10]. Furthermore, the somatic expression of aak-2 was able to correct 

both the abundance and distribution of chromatin marks in the dauer germ line, 

suggesting that the somatic function of AMPK controls the execution of germline 

quiescence in response to dauer cues.  

tbc-7 encodes a RabGAP protein that is conserved in Drosophila and in humans, 

where it is critical for appropriate synaptic vesicle dynamics in neurons [20]. Because of 

this neuronal role, we wondered if tbc-7 might regulate the germ line cell non-

autonomously during the dauer stage. To better understand where tbc-7 is expressed we 

generated a transgenic strain using a fosmid containing a TBC-7::GFP translational fusion 

protein. This fosmid contains the entire coding sequence of tbc-7 as well as the 5’UTR, 

3’UTR, and any potential upstream and downstream regulatory sequences (starts X: 

5,120,813 and ends X:5,154,839) (See Materials and Methods). A previous report 

suggested that tbc-7 might act predominantly in muscle to regulate autophagy, but this 
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may not be entirely accurate, since this expression analysis was based on a relatively 

small region of upstream sequence used to drive a transcriptional fusion transgene [21]. 

Fosmid-based reporter systems contain large genomic regions that are more likely to 

capture most, if not all, cis-regulatory information, therefore resulting in a more accurate 

representation of the expression of any given gene [22].  

Imaging revealed that TBC-7 is highly expressed in the neurons of adult animals 

grown in replete conditions as well as in dauer larvae (Fig 2B-C). Moreover, the neuronal 

expression of tbc-7 is critical for its function in this context, since the introduction of a wild-

type copy of tbc-7 cDNA driven by a pan-neuronal promoter in the daf-2; aak(0); tbc-7 

mutants reverted the suppression of AMPK germline defects (Fig 2D). Because of the 

claim that tbc-7 might also function in the body wall muscles [21], a wild-type copy of tbc-

7 cDNA was driven by a muscle-specific promoter (myo-3) in daf-2; aak(0); tbc-7 mutants 

to determine if this tissue contributes to the regulation of dauer germ line integrity. Unlike 

our findings using a neuron-specific tbc-7 transgene, driving the expression of tbc-7 

exclusively in the muscles was unable to revert the suppression of the germline defects, 

suggesting that tbc-7 does not regulate germ cell integrity from the body wall muscle, and 

its role in antagonizing germ cell quiescence during the dauer stage is dependent on its 

neuronal function (S5A Fig).  

Our initial findings indicated that when AMPK function is restored in the excretory 

system, or in the nervous system, the post-dauer sterility and the germline hyperplasia 

are corrected, suggesting that AMPK may also work in the excretory system to regulate 

germ cell integrity during the dauer stage [10]. To determine if tbc-7 expression in the 

excretory system may also contribute to this AMPK effect on the germ line, a wild-type 
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copy of tbc-7 cDNA was driven by an excretory system-specific promoter (sulp-5) in 

aak(0); tbc-7 mutants. Similar to the muscle-specific expression, this excretory-specific 

transgene had no effect on the tbc-7-associated suppression of the AMPK mutant 

phenotypes. Therefore, AMPK must somehow modulate tbc-7 function in the neurons 

during the onset of the dauer stage to instruct the germ line to execute quiescence (S5B 

Fig).  

To further confirm that tbc-7 acts in the neurons, we used a tissue-specific RNAi 

strategy that allowed us to compromise the expression of tbc-7 exclusively in one tissue 

at a time (see Materials and Methods) (S2 Table) [23, 24]. If tbc-7 activity is required in 

the neurons, then daf-2; aak(0) mutants that are subjected to tbc-7 RNAi exclusively in 

the neurons should phenocopy the tbc-7(rr166) mutation and suppress the AMPK 

germline defects. Using the neuronal RNAi strain, we found that tbc-7 RNAi indeed 

suppressed the post-dauer sterility of daf-2; aak(0) mutants, while strains that had tbc-7 

compromised exclusively in the germ line showed no such suppression, although the 

RNAi was indeed effective (Figs 2E and S8). Taken together, these data indicate that 

TBC-7 functions in the neurons to antagonize AMPK-dependent germline quiescence and 

germ cell integrity during the dauer stage.  

 

TBC-7 negatively regulates RAB-7 in the neurons to maintain germ cell integrity. 

TBC-7 is a predicted RabGAP protein that could enhance the intrinsic GTP 

hydrolysis activity of Rab GTPases, presumably converting them from their active GTP-

bound form into their inactive GDP-bound form. In AMPK mutants, the tbc-7-associated 

RAB(s) are most probably in their inactive GDP-bound form due to misregulated TBC-7 
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activity, while in daf-2; aak(0); tbc-7 mutants, the tbc-7-associated RAB(s) may be in their 

active GTP-bound form (Fig 3A). Therefore, compromising the expression of the RAB(s) 

associated with tbc-7 should revert the suppression conferred by the tbc-7 mutation, 

causing a loss of germ cell integrity and post-dauer fertility. To identify which RAB protein 

is regulated by tbc-7, each predicted rab gene in the C. elegans genome was 

compromised using a hypomorphic RNAi strategy [25]. This RNAi survey of RAB proteins 

revealed that TBC-7 may regulate a large number of RAB effectors (Fig 3B and S3 Table). 

However, when rab-7 was compromised in the daf-2; aak(0); tbc-7 mutants, the post-

dauer fertility was reduced to a level similar to that of post-dauer daf-2; aak(0) mutants 

(compare the fourth column in Fig 3B with the first column in Fig 2A). Furthermore, if rab-

7 acts downstream of AMPK signalling and tbc-7 to regulate germline quiescence in the 

dauer stage, then disabling it should result in dauer phenotypes very similar or identical 

to AMPK mutants. Indeed, rab-7 RNAi in the daf-2; aak(0); tbc-7 mutant during the dauer 

stage caused post-dauer sterility (Fig 3B, fourth column). Taken together, these data 

strongly support a role for rab-7 in the correct regulation of germline quiescence during 

the dauer stage.   

The compromise of rab-10 in the daf-2; aak(0); tbc-7 mutants showed a similar 

phenotype to the loss of rab-7 through RNAi. Therefore, to examine if RAB-10 could be 

a direct target of TBC-7, we employed our tissue-specific RNAi system in the daf-2; 

aak(0); tbc-7 mutant to examine in which tissue RAB-10 functions during the dauer stage. 

When rab-10 was compromised exclusively in the germ line, the animals were post-dauer 

sterile, while the compromise in the neurons had no observable effects on the post-dauer 

fertility, suggesting that rab-10 functions in the germ line (S6 Fig). We therefore reasoned 
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that RAB-10 is most likely not a direct Rab target of TBC-7 in this context, since they 

function in different tissues.  

To further confirm that RAB-7 is regulated by TBC-7 in the neurons, we once again 

used our tissue-specific RNAi system [23, 24] to attenuate rab-7 activity exclusively in the 

neurons, which resulted in highly penetrant post-dauer sterility (S4 Table), while its 

compromise in the germ line had no observable effects on the reproductive output of the 

post-dauer animal (Fig 3C).  

Rab proteins bind GTP and then hydrolyse it to GDP through their intrinsic GTPase 

activity, which is greatly enhanced by the activity of its corresponding RabGAP [18]. By 

using a mutated form of a Rab protein in which the GTPase activity has been disabled 

(GTP-locked), a constitutively active form of the Rab can be used to assess the various 

roles of the activated Rab protein [26, 27]. Using this strategy, we introduced a GTP-

locked variant of RAB-7 in the neurons of the daf-2; aak(0) animals by introducing a point 

mutation Q68L in RAB-7 driven by the rgef-1 neuronal promoter [26, 28]. In mammalian 

cells, the GTP-hydrolysis deficient mutants Rab7 Q67L are locked in its GTP-bound form, 

resulting in constitutive activity [28]. The orthologous mutation in C. elegans RAB-7 Q68L 

results in a GTP-locked variant of RAB-7 that when expressed in the intestine, results in 

larger intestinal vesicles [26]. If RAB-7 is involved in establishing or maintaining germline 

quiescence and is misregulated by TBC-7 when AMPK is no longer functional, then the 

presence of a GTP-locked variant in this context should result in the suppression of the 

post-dauer sterility presumably caused by misregulated TBC-7 activity in the absence of 

AMPK signalling. Indeed, the expression of the GTP-locked RAB-7 variant improved post-

dauer fertility (average of 56%) in the AMPK mutant dauer larvae (Fig 3D). Taken 
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altogether, our analyses indicate that misregulated TBC-7 blocks RAB-7 activation in the 

neurons of dauer larvae, thereby allowing germ cell divisions to continue, eventually 

resulting in the germline hyperplasia typical of AMPK mutants.  

 

mir-1 and mir-44 negatively regulate tbc-7 downstream of AMPK activation to 

promote germline quiescence. 

The RabGAP tbc-7 has been previously reported to be regulated by mir-1 [21, 29], 

whereby mir-1 binds directly to the 3’UTR of tbc-7 to silence its expression. The loss of 

the mir-1 binding site or the loss of mir-1 itself results in an overexpression of tbc-7, 

causing impaired autophagy and proteotoxic stress [21]. In a separate study that 

sequenced miRNA-target sites bound by ALG-1, mir-1 was found to bind the 3’UTR of 

tbc-7 directly, further suggesting that mir-1 could be a direct regulator of tbc-7 expression 

[30]. microRNA production is critical for entering the dauer stage and genetic mutants that 

are deficient in producing specific microRNAs, or do not possess the machinery 

necessary for microRNA production, are dauer deficient [31]. However, it is possible that 

in addition to their critical role in dauer formation, microRNAs may also be involved in 

regulating multiple key targets that are necessary for various aspects of the diapause, 

including the maintenance of germ cell integrity.  

To determine if any potential small RNAs could impinge on tbc-7 function, we 

analysed the predicted tbc-7 transcript using TargetScanWorm (version 6.2), a program 

designed to measure the biological relevance between predicted miRNAs and seed 

sequences. We identified two highly conserved seed sequences for mir-1 and one highly 

conserved seed sequence for mir-44 in the 3’ UTR of tbc-7 (S5 Table). mir-1 is one of 32 
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conserved microRNAs throughout the Bilateria and is important for many functions 

including autophagy, muscle development, and sarcomere and mitochondrial integrity 

[32, 33]. The mir-44 family modulates the germline sex determination pathway in C. 

elegans by promoting the production of sperm in the hermaphrodite germ line [34]. 

If mir-1 and mir-44 regulate the expression of tbc-7 directly, then the loss of either 

or both of them during the dauer stage should result in the misregulation of tbc-7. This 

increase in TBC-7 activity would further enhance the hydrolysis of RAB-7 GTP into RAB-

7 GDP, resulting in the same post-dauer phenotypes seen in daf-2; aak(0) mutants. 

Curiously, when mutants that contain deletions of the mir-1 microRNA (mir-1(gk276)) and 

deletions of the entire mir-44 microRNA family (nDf49 allele: mir-44, ZK930.12, mir-42, 

ZK930.15, mir-43) were allowed to spend 24 hours in the dauer stage, there were no 

observable defects in the post-dauer fertility (Fig 4B). However, if the duration of dauer is 

prolonged to 7 days, mir-1; daf-2 and mir-44; daf-2 mutants exhibited varying degrees of 

post-dauer sterility, while daf-2 control animals were unaffected (Fig 4B). After allowing 

mir-1; daf-2 and mir-44; daf-2 mutants to recover after 7 days in the dauer stage, the 

mutants were found to recover at normal rates compared to daf-2 control animals and 

AMPK mutants, but their fertility was greatly decreased, such that they resembled AMPK 

mutants. This finding suggests that the germ cells may lose their integrity after a 

prolonged duration in the dauer stage in the mir-1; daf-2 and mir-44; daf-2 mutants, 

presumably due to the inappropriate regulation of tbc-7. Furthermore, when the activity 

of the TBC-7 target RAB-7 was further reduced by performing rab-7 RNAi, the mir-1; daf-

2 and mir-44; daf-2 mutants exhibited post-dauer sterility after only 24 hours in the dauer 

stage (Fig 4C). Moreover, mir-1; mir-44; daf-2 mutants exhibited similar post-dauer 
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germline defects after spending 7 days in the dauer stage or after 24 hours after being 

subjected to rab-7 RNAi (S7A-B Fig). This enhancement of the mir-1 and mir-44 post-

dauer sterility following rab-7 RNAi is consistent with a role of mir-1 and mir-44 in the 

regulation of tbc-7.  Our findings suggest that as the animal spends an extended period 

of time in the dauer stage, the loss of mir-1 and mir-44 presumably allows for tbc-7 

transcripts to be actively expressed. TBC-7 can then continually enhance the hydrolysis 

of RAB-7 GTP into RAB-7 GDP, decreasing the neuronal pool of available active RAB-7. 

It is this depletion of active RAB-7 in its GTP-bound state that is most likely responsible 

for the observed germ cell hyperplasia and the loss of germ cell integrity, rendering the 

post-dauer animals sterile. 

 If mir-1 and mir-44 do indeed bind to the 3’UTR of tbc-7 to negatively regulate its 

expression during the dauer stage, then the deletion of these sequences should lead to 

increased tbc-7 expression, thereby reducing the levels of GTP-bound RAB-7 and a 

consequent loss of post-dauer fertility. In daf-2 control animals that harbour wild-type 

AMPK function, but possess a deletion of the mir-1 and mir-44 seed sequences in the 

tbc-7 3’UTR, the recovered post-dauer adults exhibited a marked sterility compared to 

identical animals with an unmodified wild-type 3’UTR (Fig 4D). This underscores the 

importance of these miRNA binding sites and the need to block TBC-7 activity during the 

dauer stage to preserve germline integrity (Fig 4D). Furthermore, to complement these 

findings, we reasoned that the enhanced neuronal expression of mir-1 or mir-44 in daf-2; 

aak(0) mutants should suppress the AMPK germline defects by reducing the levels of tbc-

7. Consistent with this, increased mir-1 or mir-44 expression in daf-2; aak(0) mutants 

suppressed the post-dauer sterility of AMPK mutants (Fig 4E). Together these results 
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suggest that mir-1 and mir-44 play an important role in regulating RAB-7 activity by 

directly binding to the tbc-7 3’UTR to control its expression during the dauer stage. 

 

AMPK-mediated phosphorylation of TBC-7 could reduce its RabGAP activity. 

Although we have described how microRNAs contribute to the regulation of tbc-7 

in the neurons in response to AMPK activation, the kinetics of the mir-1 and mir-44 

inhibition are not consistent with the timing of the first changes that occur in the germ line 

following the initiation of dauer formation. mir-1 and mir-44 mutants only exhibit post-

dauer sterility after remaining in dauer for a longer duration, suggesting that these 

microRNAs may not be the sole regulators of TBC-7 activity. We therefore questioned 

whether AMPK might play an additional role in the regulation of TBC-7, perhaps through 

a key post-translational modification that would act more immediately than the activation 

of the miRNA-mediated tbc-7 inhibition. We noticed that TBC-7 possesses a high 

stringency AMPK phosphorylation motif on Ser115 [35], making it a prime target of AMPK 

upon activation of the kinase during dauer formation to negatively affect the function or 

stability of TBC-7.  

Very often, AMPK phosphorylates its targets thereby generating a 14-3-3 

recognition site that eventually leads to target degradation [35]. To confirm if this is how 

AMPK affects TBC-7, we first performed a Western analysis on TBC-7 in daf-2 control 

and daf-2; aak(0) mutant dauer larvae to determine if AMPK could affect the stability of 

TBC-7 by targeting it for subsequent degradation. If this is the case, the abundance of 

TBC-7 should be significantly higher in mutant animals that lack all AMPK signalling. Our 

analysis indicated that this was not the case and the abundance of TBC-7 was not 
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significantly different between the two genotypes (Fig 5A). We then examined if the 

S520F mutation in rr166 affected the stability of TBC-7. If the S520F mutation destabilized 

TBC-7, then we would expect a decrease in the levels of TBC-7 S520F compared to wild-

type TBC-7. Western analysis showed that the S520F mutation did not affect the 

abundance of the TBC-7, suggesting that this mutation does not cause TBC-7 to be 

degraded at the onset of dauer in the absence of AMPK, but could disrupt its catalytic 

activity (Fig 5A’). These data indicate that neither AMPK nor the S520F mutation affects 

TBC-7 activity through targeted protein degradation, but rather that it must engage an 

alternative means of regulating TBC-7 activity prior to the onset of mir-1 and mir-44 

expression/regulation (Fig 5A-A’). However, since the abundance of TBC-7 was 

measured solely in the neurons, we cannot exclude that the levels of TBC-7 may be 

affected in other tissues in animals that lack AMPK signalling.  

AMPK has previously been shown to phosphorylate RabGAPs directly thereby 

inducing an intramolecular autoinhibition [37]. In mammalian cells, the AMPK-mediated 

phosphorylation of Ser168 near the N-terminus of TBC1D17 reduces its GAP activity 

toward its substrate Rab5 [37]. Due to the structural similarities between TBC1D17 and 

TBC-7, and the location of the AMPK phosphoacceptor sites, we questioned if the AMPK-

mediated phosphorylation of TBC-7, like that of TBC1D17, could also reduce its GAP 

activity towards its target RAB-7. To examine the role of the predicted AMPK 

phosphorylation site Ser115 in the potential autoinhibition in TBC-7 (Fig 5B-C), we 

replaced the phosphoacceptor Ser115 with a non-phosphorylable alanine residue. 

Mutants expressing a non-phosphorylable variant of TBC-7 exhibited highly penetrant 

post-dauer sterility, consistent with this site being an important target of AMPK during the 
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onset of the dauer stage (Fig 5D). To complement these findings, we reasoned that 

expressing the reciprocal phosphomimetic mutation of TBC-7 in daf-2; aak(0) mutants 

might compensate for the loss of AMPK in mutant animals, and suppress the mutant 

germline defects typically observed in these animals. Consistent with this possibility, the 

introduction of a variant TBC-7 where Ser115 is replaced with a negatively charged 

phosphomimetic glutamic acid residue was sufficient to suppress the germline defects in 

AMPK mutants (Fig 5E). Together, our data indicate that the AMPK-dependent 

phosphorylation of Ser115 on TBC-7 is important to antagonize its GAP activity, most 

likely toward RAB-7, thereby allowing RAB-7 to instruct the germ cells to execute 

quiescence and to ensure post-dauer reproductive competence. 
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Discussion  

Upon entry into the developmentally arrested dauer stage, AMPK modulates the 

germline cell cycle while also altering the chromatin landscape of these cells to instruct 

the appropriate changes in germline gene expression required to preserve germ cell 

integrity throughout the diapause [10]. In the absence of this master metabolic regulator, 

animals exhibit excessive germ cell hyperplasia during the dauer stage, while animals 

that are allowed to recover display highly penetrant sterility as well as various somatic 

defects [10]. This correlates with an increased abundance and abnormal distribution of 

both activating and repressive chromatin marks in the germ cells of these mutants. The 

modifications observed are likely responsible for the dramatic deviation from the normal 

expression of germline-expressed genes in AMPK mutant dauer larvae and this 

maladaptive expression program persists into the post-dauer animals [10]. 

Using genetic analysis to identify suppressors of this reproductive defect, we 

isolated 8 mutants that corresponded to 5 complementation groups. Two of these groups 

had multiple alleles suggesting that the screen was near saturation, while two of these 

mutations corresponded to a gene encoding a RabGAP protein called TBC-7. tbc-7 null 

mutants are non-viable, underscoring once again the power of unbiased forward genetic 

approaches in the identification of highly specific point mutations. 

The chromatin marks that are abnormally regulated in the germ line of AMPK 

mutant animals are corrected in the rr166 background. Curiously, the rr289 allele that we 

isolated also shows germline hyperplasia in the dauer larva when compared to aak(0) 

mutants, but it still shows 61% fertility. Although we have not yet characterised this gene 

product, this allele is good evidence that the loss of germ cell integrity may not be directly 
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linked to the germline hyperplasia. The germline phenotypes and the reduced dauer 

survival typical of AMPK mutants also appear unlinked. Although it has been 

hypothesized that the germ line hyperplasia may exhaust valuable lipid stores required 

for dauer survival, evidence suggests that this is unlikely.  First, neither of the isolated 

tbc-7 alleles suppress the premature dauer lethality that occurs in AMPK mutants. The 

timing of the two phenotypes is also very different; the hyperplasia happens during dauer 

formation, while the premature lethality occurs over a week later. Moreover, the reduced 

dauer survival of AMPK mutant dauer larvae was unaffected by restoring AMPK in the 

neurons [17]. Our data therefore suggest that the tissue-specific requirements for 

regulating germ cell integrity differ from those necessary for dauer survival, and that the 

neuronal activity of tbc-7/rab-7 probably has no significant role in regulating 

triacylglyceride metabolism during the dauer stage.   

tbc-7 activity must be regulated to ensure the proper maintenance of germ cells 

during this period of quiescence. When tbc-7 activity is compromised in AMPK defective 

animals, the defects in the germline chromatin landscape are corrected to near wild-type 

levels. This pathway may therefore be one of the major effectors of germline quiescence 

and integrity that occurs during the dauer stage. Curiously, the orthologues of this gene 

product are important for vesicle formation in the neurons in Drosophila and in mammals. 

Consistent with this, TBC-7 is expressed almost exclusively in the neurons of C. elegans 

and not in the germ cells. 

The nervous system constitutes the perfect early response system to mediate any 

organismal adaptation to environmental challenges. Since AMPK activity in these cells is 

sufficient to change gene expression in the germ line, this protein kinase likely acts as a 
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direct sensor for cellular ATP levels to transduce a signal from the neurons to vulnerable 

cell types dispersed throughout the organism [10, 38].  

tbc-7 is expressed in many neurons in both dauer larvae and adult animals where 

it localizes to the late endosomal membrane to regulate the activity of RAB-7, a small ras-

like GTPase involved in the positive regulation of the early to late endosome transition 

[26, 39]. Late endosomes are involved in recycling cargo back to the plasma membrane, 

trafficking towards the Golgi body, or fusion with lysosomes to create a lysosome/late 

endosome hybrid to degrade cargo [26, 39, 40]. Given this wide range of functions, the 

mechanistic details of how RAB-7 may communicate information between the neurons 

and the germ line remain unclear. Our observations support a role for RAB-7 in the cellular 

trafficking of a neuron-derived diffusible signal to the germ line to establish germ cell 

quiescence during the dauer stage, although the nature of this diffusible signal remains 

enigmatic.  

We have recently shown that small RNAs are involved in maintaining germ cell 

integrity during the dauer stage [10]. Upon the inhibition of endogenous siRNA activity, 

both the post-dauer fertility and the upregulation of chromatin marks in AMPK mutants 

are partially corrected. Furthermore, the loss of the dsRNA channel sid-1 partially restores 

post-dauer germ cell integrity in the AMPK mutants, implying that the transfer of 

endogenous siRNAs during the dauer stage is misregulated and maladaptive in the 

absence of AMPK.  

Our analysis suggests that this role of small RNAs may not be the sole required 

functions of these critical regulators during the various changes in gene expression that 

are associated with dauer formation. By analysing the microRNA seed sequences present 
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within the 3’UTR of tbc-7, we were able to demonstrate how two microRNAs, mir-1 and 

mir-44, are critical for the maintenance of germ cell integrity. Animals that lack mir-1 or 

mir-44 show the same germline defects as AMPK mutants, although these phenotypes 

are only visible after these mutants spend a longer period of time in the dauer stage. 

Moreover, these germline defects are further exacerbated upon the compromise of rab-7 

expression, suggesting that in the mir-1 and mir-44 mutants, tbc-7 continually suppresses 

the activation of RAB-7. In other organisms, mir-1 acts in a similar manner to regulate 

synaptic function at neuromuscular junctions [32]. These genetic data indicate that mir-1 

and mir-44 are upstream negative regulators of tbc-7 expression, thus they act indirectly 

as positive regulators of rab-7 activity. Therefore, at the onset of dauer formation, AMPK 

activation might ultimately affect the formation of GTP-bound RAB-7, which in turn would 

be the major effector in the neurons by enabling communication with the germ cells to 

preserve their integrity over the long term. 

It is however still unknown how or whether AMPK is able to regulate small RNA 

production or function, nor do we understand how this may bring about the observed 

changes in the chromatin modifications in the germ line. Interestingly, many components 

of the microRNA biogenesis machinery, including DRSH-1, PASH-1, and DCR-1, have 

multiple medium stringency AMPK phosphorylation motifs, which may suggest a role for 

AMPK in the direct regulation of the microRNA biogenesis machinery to ensure that 

microRNAs are produced in a timely manner. Alternatively, it is possible that microRNA 

production is regulated independently of AMPK/LKB1 signalling and these protein kinases 

impinge on components downstream of miRNA synthesis and processing to mediate 

these changes. Our initial identification of small RNA pathway involvement did not include 
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regulators of the miRNA pathway, but this was due to their critical role in various aspects 

of embryonic and post-embryonic development [41]. A conservative explanation for these 

findings is that AMPK may be acting in a parallel pathway with mir-1 and mir-44 to restrict 

the activity of TBC-7, meanwhile the endogenous siRNA pathway or other small RNA 

populations might act further downstream to regulate the germline chromatin landscape 

and gene expression during the dauer stage. Further work will be required to discern if 

there are direct interactions between the miRNA pathway and AMPK signalling, although 

because of the critical role of miRNAs in developmental timing, and hence dauer 

formation, these pathways will have to be teased out carefully with newly available genetic 

tools in order to accurately interpret their potential involvement in these processes. 

As larvae enter the dauer stage, the frequency of germ cell division decreases 

dramatically to finally arrest during the diapause. The observed kinetics of mir-1 inhibition 

are insufficient to account for the timing of the changes in the germ line following the 

initiation of dauer formation. By using non-phosphorylable and phosphomimetic 

transgenic TBC-7 variants we showed that the AMPK-mediated phosphorylation of TBC-

7 likely attenuates its GAP activity without altering its stability/abundance. Through 

analogy with other RabGAP AMPK targets, the AMPK-mediated phosphorylation may 

induce a conformational change in TBC-7, resulting in its autoinhibition [37]. Consistent 

with this, the removal of the AMPK phosphoacceptor site on TBC-7 results in a loss of 

germ cell integrity after only 2 days in the dauer stage, compared to the 7 days required 

for the same change to occur in mir-1 and mir-44 mutants. Therefore, AMPK likely acts 

as a direct inhibitor of TBC-7 activity, but it also acts successively by activating mir-1 and 

mir-44, thereby enabling prolonged RAB-7 activity throughout the entire dauer stage; from 
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onset to recovery. However, further experiments will need to be performed to confirm the 

direct phosphorylation of TBC-7 by AMPK. The AMPK-mediated phosphorylation of TBC-

7 would account for the acute means of activating RAB-7 as animals begin to form dauer 

larvae, while the mir-1 and mir-44 regulation of the tbc-7 transcript would act redundantly 

and later during the diapause to ensure that any remaining mRNA cannot be expressed 

to antagonize the critical RAB-7 activation necessary for germline integrity during the later 

stages of the diapause. 

In summary, we have characterised an AMPK-dependent microRNA regulated tbc-

7/rab-7 pathway that acts cell non-autonomously in the neurons to establish quiescence 

in the germ line during periods of energetic stress. As the animals enter the dauer stage, 

AMPK phosphorylates Ser115 on TBC-7 to affect its GAP activity, thus allowing RAB-7 

to remain in its GTP-bound active form and to perform its function, while later in the 

diapause, mir-1 and mir-44 bind to the 3’UTR of tbc-7 to block its expression (Fig 6).  

Although we have identified this mir-1/mir-44/tbc-7/rab-7 pathway, we have yet to 

uncover which particular function of rab-7 is responsible for transmitting this dauer signal 

from the neurons to the germ line. Nor do we understand how a rab-7 pathway occurring 

in the neurons can alter the chromatin landscape in the germ cells of the dauer larva. 

Communication between the soma and the germ cells is a conserved phenomenon [42]. 

However, it remains undetermined whether this transfer of information is mediated 

through a RAB-7-dependent neuroendocrine pathway or via an alternative means of 

intertissue communication that has yet to be fully characterized. 

 

  



179 

Materials and Methods 

C. elegans strains and maintenance 

All C. elegans strains were maintained at 15°C on nematode growth medium petri 

plates and according to standard protocols unless otherwise indicated [43]. The strains 

used in this study are listed in S6 Table. 

Transgenic lines and compound mutants were created in the laboratory using 

standard molecular genetics approaches. In this manuscript, we list daf-2(e1370) aak-

1(tm1944) III; aak-2(ok523) X mutants as daf-2; aak(0) mutants to indicate a complete 

lack of AMPK catalytic activity. Since aak(0) is ‘composed’ of two genes on two different 

chromosomes, we keep it on a ‘separate’ chromosome when writing the genotype, 

detached from daf-2(e1370) on chromosome III and tbc-7(rr166) on chromosome X. All 

mutant strains isolated following mutagenesis were backcrossed at least 5 times prior to 

characterization and subsequent whole-genome sequencing. All transgenes were 

injected at 15 ng/µL unless specified otherwise. The transgene containing pre-mir-1 

driven by rgef-1 promoter were injected at 1 ng/µL. The transgene containing pre-mir-44 

driven by rgef-1 promoter was injected at 0.5 ng/µL. All injection mixes contained 120 

ng/µL of pRF-4 (rol-6D) as a dominant injection marker and the concentration of DNA was 

made up to 200 ng/µL with an empty vector pSK.  

 

Genetic suppressor screen 

Animals were mutagenized as described elsewhere with some modifications [43]. 

P0 L4 AMPK null (daf-2; aak(0); strain name MR1000) mutants were treated with 0.05 

mM EMS. F1 animals were isolated to separate the F1 generation from the P0 generation. 
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The F1 generation was allowed to grow to become gravid adults before they were 

synchronized to obtain F2

 

candidates that were homozygous for the EMS-generated 

mutation. The F2 generation was assessed for their ability to suppress the AMPK germline 

defects. F2

 

animals were switched to a restrictive 25°C temperature for 48 hours to induce 

dauer formation and kept for an additional 48 hours in the dauer stage for a total of 96 

hours. All F2 animals were subjected to 1% SDS in order to eliminate dauer-defective 

mutants. After, F2 animals were switched into the permissive temperature of 15°C to 

trigger dauer recovery. The F2 generation was screened for their ability to suppress 

germline defects typical of AMPK mutants; candidates were assessed on their % of egg-

laying post-dauer animals, No. of germ cells in dauer larvae, post-dauer brood size, and 

% of adult animals with wild-type appearance (the lack of any vulval defects or premature 

death). In total, 8 independent alleles were isolated from approximately 7000 haploid 

mutagenized genomes. 

Potential candidates that were able to suppress the AMPK germline defects were 

submitted for next-generation sequencing using Deep Sequencing Data Shotgun (Beads 

360). Genomic DNA was extracted using the phenol-chloroform DNA isolation method. 

The integrity of the extracted DNA was examined on an agarose gel and through 

nanodrop spectrophotometer. Library preparation and quality check was done by the 

Génome Québec sequencing facility. Seven candidates were submitted for sequencing 

along with the starting mutagenesis strain daf-2; aak(0) (strain name: MR1000). The 

average number of reads per candidate is 58,268,582 reads. The sequencing results of 

each candidate and the starting strain daf-2; aak(0) were aligned to WBcel235 as a 

reference genome. After assembly of the genomes, all the candidates were compared 
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against daf-2; aak(0) to identify any potential mutations caused by the EMS. Variant 

calling was done using bcftools on each candidate after genome alignment.  Each genetic 

variation was ranked using the Z-score from Wilcoxon rank sum test of mutant alleles vs. 

the reference genome sequence.  

 

Complementation and other genetic analyses  

Complementation analysis was conducted as previously described [44]. Each 

candidate was injected with a plasmid containing GFP driven by the pharyngeal promoter 

myo-2p and heat shocked at 30°C for 6 hours to induce males. Males expressing 

pharyngeal GFP were crossed with an EMS-generated mutant adult hermaphrodite (that 

did not express pharyngeal GFP) of a different genotype. Cross progeny was identified 

using the pharyngeal GFP marker. The F1 cross progeny that were heterozygous for two 

EMS-induced alleles were made to transit through the dauer stage and the % of fertile 

post-dauer animals and the No. of germ cells in dauer larvae were assessed as a 

measure of complementation. All eight candidates generated from the EMS screen were 

crossed to each other in order to assign their complementation group. EMS-generated 

candidates that generated cross progeny that were post-dauer sterile or suffered from 

germline hyperplasia were categorized into different complementation groups, while 

those that were post-dauer fertile and could suppress their germline hyperplasia were 

categorized into the same complementation group.  

To determine if rr166 is a null allele of tbc-7, we crossed rr166 into a known tbc-

7(tm10766) null background. The tbc-7(tm10766) null mutation is embryonic lethal, so 

these mutants are balanced and maintained as heterozygotes. When tm10766 
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hermaphrodites were crossed with tbc-7(rr166) males, we were able to isolate viable F1 

mutants that carried the tbc-7(tm10766) deletion and the tbc-7(rr166) point mutation, 

suggesting that rr166 is a hypomorphic allele of tbc-7 (S4 Fig). 

 

Dauer recovery assay 

Post-dauer fertility and somatic phenotypes were assayed and quantified as 

described elsewhere [10]. A population of genetically identical mutants were 

synchronized using alkaline hypochlorite. The resulting embryos were hatched in M9 

buffer and then plated on NGM plates seeded with OP50. The resulting animals were 

incubated at 25°C for 96 hours so that the animals can spend at least 24 hours in the 

dauer stage. Afterwards, the animals were switched back to a permissive temperature of 

15°C to trigger dauer recovery and allow for normal development. The animals were then 

singled onto NGM plates. The post-dauer fertility and brood size of each animal were 

assessed 7 days after switching into the permissive temperature. The brood size of each 

animal is the number of hatched progenies. The post-dauer adults were assessed visually 

for any post-dauer somatic defects. 

 

DAPI staining and germ cell quantification 

DAPI staining and germ cell quantification of the dauer larvae was conducted as 

described elsewhere [10]. A population of genetically identical animals were synchronized 

and allowed to hatch in M9 solution. The animals were then plated onto NGM seeded 

with OP50 and incubated at 25°C for 96 hours to allow the animals to spend at least 24 

hours in the dauer stage. The resulting dauer larvae were washed off the plate and 
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soaked in Carnoy’s solution (60% ethanol, 30% acetic acid, 10% chloroform) overnight 

on a shaker. Afterwards, the Carnoy’s solution was removed and the dauer larvae was 

washed twice with 1x PBS + 0.1% Tween 20 (PBST). The dauer larvae were then stained 

with 0.1 mg/mL DAPI solution for 30 minutes on a shaker. Finally, the DAPI solution was 

removed, and the sample was washed four times with PBST (15 minutes for each wash 

on a shaker). The larvae were then mounted onto glass slides. Germ cells per dauer 

gonad was determined based on their position and their nuclear morphology. The number 

of germ cells in the dauer larvae were counted manually.  

 

Dauer survival assay 

Dauer survival assay was conducted as described elsewhere [8]. A population of 

genetically identical animals were synchronized and allowed to hatch in M9 solution. The 

animals were then plated onto NGM seeded with OP50 and incubated at 25°C for 48 

hours to induce dauer formation. Then dauer larvae were singled into PCR strip tubes 

containing 10 µL of M9 buffer, one animal per well. Trapping the larvae in PCR tubes 

prevented the dauer larvae from crawling off the bacterial lawn and desiccating at the 

edge of the plate. Dauer survival was monitored daily and was scored based on their 

movement in response to exposure to a focused beam of 425-440 nm light.  

 

Western blot analysis 

Western blot analysis was conducted as described elsewhere [10]. C. elegans 

dauer larvae and adults were manually picked into 10 µL PBST. Then 10 µL of SDS 

loading buffer (5% β-mercaptoethanol, 0.02% bromophenol blue, 30% glycerol, 10% 
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sodium dodecyl sulfate, 250 mM pH 6.8 Tris-Cl) was added before the entire mixture was 

subjected to multiple rounds of freeze-thawing with liquid nitrogen and 100°C heat block. 

Nitrocellulose membranes were incubated with rabbit anti-GFP (homemade antibody), 

rabbit anti-H3K4me3 (1:1000 dilution, Abcam, ab8580), rabbit anti-H3K9me3 (1:1000 

dilution, Cell Signalling Technology, 9754S), or mouse anti-a-tubulin (1:2000, Sigma-

Aldrich, St. Louis, MO, USA). After SDS-PAGE and Western blotting, proteins were 

visualized using horseradish-peroxidase-conjugated anti-rabbit or anti-mouse secondary 

antibodies (1:2000, Bio-Rad, Hercules, CA, USA).  

 

Fosmid preparation and injection 

 The fosmid containing a wild-type copy of tbc-7 translationally fused to GFP is from 

the UBC N2 fosmid library (Don Moreman) that was ordered from the TransgeneOme 

Project C. elegans. The clone identification is: 3304493055384826 E02. This fosmid 

contains the entire sequence of the tbc-7 gene, including exons and introns and the 5’ 

and 3’UTRs. It also contains an additional upstream sequence (starts X: 5,120,813) that 

is 13,467 bp in size starting from the transcription start site and an additional downstream 

sequence (ends X: 5,154,839) that is 8,095 bp in size starting from the end of the last 

exon. The fosmid was extracted from E. coli using the EZ-10 Spin Column Plasmid DNA 

Miniprep Kit (Cat. #: BS513) from Bio Basic. The purified fosmid was co-injected with a 

transformation marker pRF-4 (plasmid containing a dominant negative variant of the rol-

6 gene). The fosmid was injected at a concentration of 1 ng/µL and the pRF-4 

transformation marker was injected at a concentration of 120 ng/µL. The injections were 
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performed on daf-2 mutants for the imaging of TBC-7::GFP in Fig 2B and 2C, and on daf-

2; aak(0); tbc-7 mutants to revert the suppression conferred by the rr166 allele in Fig 2A.   

 

Plasmid cloning and preparation 

 To generate the plasmid that drives a GTP-locked variant of RAB-7 in the neurons, 

the GTP-locked variant of RAB-7 Q68L was amplified from a pGEX-5X-2 vector 

containing RAB-7 Q68L (a generous gift from Dr. Christian Rocheleau). The sequences 

of the primers used to amplify rab-7 are 5’-atggatgaactatacaaaatgtcgggaaccagaaagaa-3’ 

and 3’-acacggttaacaattgcatcccgaattctgctggttctg-5’. The GTP-locked variant of RAB-7 

Q68L was inserted between the neuronal promoter rgef-1 and a wild-type rab-7 3’UTR in 

the pSK vector using Gibson assembly.  

 The 3’UTR deletions were generated by amplifying a wild-type copy of the tbc-7 

3’UTR from genomic DNA and inserting it into an empty vector pMR377. The sequences 

of the primers used to amplify the 3’UTR are 5’-tcgtagaattccaactgagcgcattcactctgcccaag-

3’ and 3’-ccgtacggccgactagtaggttcaggctgcaagaaaaaca-5’. The mir-1 and mir-44 binding 

sites on the tbc-7 3’UTR were removed by linearizing the entire pMR377+3’UTR plasmid 

using a set of primers that flanked the mir-1 and mir-44 seed sequences in a PCR 

reaction. The linearized PCR product was phosphorylated by polynucleotide kinase for 

30 minutes and ligated by DNA ligase overnight to generate a plasmid that contains the 

tbc-7 3’UTR with the mir-1 and mir-44 seed sequences removed. The sequences of 

primers used to delete the seed sequences are 5’- ctcctcgcctccaatgtttg-3’ and 3’-

ggcaatacttaagaatgaggaagg-5’. The deletion from the site directed mutagenesis was 

verified by sequencing the pMR377 plasmid with the mutant tbc-7 3’UTR. The mutant tbc-
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7 3’UTR was amplified using the original set of primers for the 3’UTR and inserted using 

Gibson assembly behind a wild-type copy of tbc-7 cDNA driven by the rgef-1p neuron-

specific promoter in a modified pPD95.77 vector.  

 The amino acid substitutions to mutate the predicted AMPK phosphosite on TBC-

7 was done by amplifying a wild-type copy of tbc-7 from cDNA and inserting it into an 

empty vector pMR377. The sequences of the primers used to amplify tbc-7 are 5’- 

ctttacattttgttttcagaatgacggaaaacgctggatc-3’ and 3’- 

cagttggaattctacgaatgttagtcgctggaagtaacatgga-5’. Site directed mutagenesis was 

performed on the pMR377+tbc-7 plasmid to replace the Ser115 residue with either Ala or 

Glu. Primers were designed around the AGT codon that encodes for Ser115. One primer 

contained overlaps with the GCC codon or CTC codon that encodes for Ala or Glu, 

respectively. The plasmid containing tbc-7 was mutagenized using these primers to 

create a linearized PCR product. This product was phosphorylated by polynucleotide 

kinase for 30 minutes and ligated by DNA ligase overnight to generate a plasmid that 

contains a mutant variant of tbc-7 that has its Ser115 replaced with either S115A or 

S115E. The primers used to create the S115A mutation are 5’-aattttgattgaaagaagtcggatc-

3’ and 3’-GGCgagcactccaccttcatctg-5’. The primers used to create the S115E mutation 

are 5’-aattttgattgaaagaagtcggatc-3’ and 3’-CTCgagcactccaccttcatctg-5’. The mutant tbc-

7 gene was amplified using the original set of primers used to amplify the tbc-7 cDNA 

sequence and was inserted using Gibson assembly between a rgef-1p neuron-specific 

promoter and wild-type tbc-7 3’UTR in a modified pPD95.77 vector.  

 All plasmids used in this manuscript were verified using restriction digestion 

analysis and sequencing analysis.  
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Immunostaining and quantification 
C. elegans dauer larvae and post-dauer adult gonads were dissected, fixed, and 

stained as described elsewhere [45]. Extruded gonads were incubated with rabbit anti-

H3K4me3 (1:500 dilution, Abcam, ab8580) or rabbit anti-H3K9me3 (1:500 dilution, Cell 

Signalling Technology, 9754S). Secondary antibodies were Alexa-Fluor-488–coupled 

goat anti-rabbit (1:500; Life Technologies, Carlsbad, CA, USA). Gonads were 

counterstained with DAPI (0.1 μg/mL dilution, Roche Diagnostics, 10236276001). 

Microscopy was performed as described elsewhere [10, 46]. Ratios for the fluorescence 

intensity across the germ line were determined using ImageJ. The ratio was calculated 

by dividing the immunofluorescence signal of either anti-H3K4me3 or anti-H3K9me3 by 

the fluorescence signal of DAPI per nucleus. 

 

RNA interference by feeding 

RNA interference was conducted as described elsewhere based on standard 

feeding protocols [10, 47]. Bacterial clones expressing dsRNA from the Ahringer C. 

elegans RNAi feeding library were grown in LB medium with ampicillin at 37°C overnight 

[48]. The bacterial culture was then seeded onto NGM plates containing ampicillin and 

IPTG (1 mM) and allowed to grow for 48 hours at room temperature to induce dsRNA 

expression. A population of genetically identical animals were synchronized and allowed 

to hatch in M9 buffer before they were plated onto NGM plates containing bacteria that 

expressed dsRNA. The animals were incubated at 25°C for 96 to allow the animals to 

spend at least 24 hours in the dauer stage. If the experiment required the animals to be 
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separated, individual animals were separated onto NGM plates containing bacteria that 

expressed dsRNA.    

 

Generation of tissue-specific RNAi strains 

All tissue-specific RNAi strains contain a rde-1(mkc36) mutation. rde-1(mkc36) 

contains a 67 bp insertion and a 4 bp deletion that creates three premature stop codons 

[24]. rde-1(mkc36) mutants do not respond to exogenous RNAi by feeding or injection 

[24]. A germline-specific RNAi strain was generated by expressing a single-copy of rde-1 

in the germ line driven by the sun-1 promoter inserted on chromosome II using MosSCI 

[24]. To generate neuron-specific RNAi strains, rde-1 and sid-1 were expressed 

exclusively in the neurons of rde-1(mkc36) animals using the rgef-1 promoter [49]. 

Neurons of C. elegans exhibit weak penetrance through feeding, thus extra copies of 

neuronal sid-1 potentially serves as a dsRNA sink, allowing for a robust RNAi phenotype 

through feeding [23]. Tissue-specific RNAi strains do not exhibit any developmental 

defects when grown in replete conditions, when passed through the dauer stage on 

standard NGM plates, or when grown on L4440 empty vector control compared to their 

non-rde counterpart. The specificity and efficiency of these tissue-specific RNAi strains 

were examined by feeding animals expressing either neuronal or germline TBC-7::GFP 

with either empty vector control L4440 or dsRNA against GFP. The levels of TBC-7::GFP 

expression were quantified using Western blotting against GFP (S8A-B Fig).  
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Prediction of mir-1 and mir-44 seed sequence 

mir-1 and mir-44 were identified as a potential regulator of tbc-7 through 

TargetScanWorm release 6.2 (S5 Table). Two highly conserved mir-1 seed sequences 

and one highly conserved mir-44 seed sequence were identified in the 3’UTR of tbc-7. 

The PCT and conserved branch length are measures of the biological relevance of the 

predicted miRNA and target interaction, with greater values being more likely to have 

detectable biological function [50, 51].  
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Figures and Tables 

Allele(s) Complementation 
Group 

Dominance/ 
Recessiveness 

Penetrance 

% egg 
laying 
post-
dauer 

animals 

No. of 
germ 

cells in 
dauer 
larvae 

% wild 
type-like 

daf-2 - - 100 35 100 

daf-2; 
aak(0) - - 0 153 68 

rr166 Group 1 Recessive 83 68 92 

rr249 Group 2 Semi-dominant 78 97 84 

rr256 Group 3 Recessive 67 85 84 

rr261 Group 4 Recessive 67 90 76 

rr266 Group 3 Recessive 63 66 84 

rr267 Group 1 Recessive 67 97 80 

rr268 Group 5 Recessive 68 75 76 

rr289 Group 3 Recessive 61 112 72 

 

Table 2.1. Mutants that suppress the sterility of post-dauer AMPK mutants fall into 

five complementation groups. Eight EMS-generated alleles were isolated from a 

genetic screen designed to identify genes involved in the AMPK regulation of germ cell 

integrity and germline quiescence during the dauer stage. All eight alleles were able to 

lay viable embryos that gave rise to a fertile generation. Through cross complementation 

analysis they were found to fall into five complementation groups, two of which had 
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multiple independent alleles; Group 1 - rr166, rr267 and Group 3 - rr256, rr266, rr289. 

Based on our F1 and F2 cross-complementation analysis, all the alleles behave 

recessively, with the exception of rr249, which acts semi-dominantly. Wild type-like 

indicates the lack of any post-dauer somatic phenotypes associated with the loss of 

AMPK signalling, such as protruding vulva, burst vulva, multivulva, or premature death 

during the recovery period from the dauer stage. The values for % egg laying post-dauer 

animals, no. of germ cells in dauer larvae, and % wild type-like are presented as means. 

All strains contain the daf-2(e1370) allele. All EMS mutant strains are daf-2; aak(0). Each 

assay was repeated three times with 50 animals in each trial. n = 50.  
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Fig 2.1. rr166 and rr267 partially suppress the post-dauer sterility and dauer 

germline hyperplasia of AMPK mutants. (A-C) rr166 and rr267 suppress the (A) post-

dauer sterility, (B) dauer germline hyperplasia, and (C) brood size defects in animals that 

lack all AMPK signalling. (D) rr166 and rr267 do not suppress the reduced dauer survival 

typical of aak(0) mutants. ***P < 0.0001 when compared to daf-2; aak(0) using ordinary 

one-way ANOVA for post-dauer brood size and no. of germ cells in dauer larvae. Data 

are represented as mean ± SD. ***P < 0.0001 when compared to daf-2; aak(0) using 

Marascuilo procedure for % egg laying post-dauer animals (% total). No significant 

difference (ns) was observed when compared to daf-2; aak(0) using a log-rank test for 
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dauer survival. All animals carry the daf-2(e1370) allele. The values for % egg laying post-

dauer animals, no. of germ cells in dauer larvae, and post-dauer brood size are presented 

as means. Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig 2.2. tbc-7 functions in the neurons to maintain germ cell integrity during the 

dauer stage. (A) rr166 is an allele of the RabGAP tbc-7. RNAi against tbc-7 in daf-2; 

aak(0) suppresses the post-dauer sterility. Injection of a fosmid containing a wild-type 

copy of tbc-7 (C31H2.1) into daf-2; aak(0); tbc-7 mutants partially reverts the tbc-7-

associated suppression of the aak(0) germline defects. ***P < 0.0001 when comparing 

daf-2; aak(0); rr166 and daf-2; aak(0); rr166 + tbc-7 fosmid based on Marascuilo 

procedure for % egg laying post-dauer animals. ns when comparing daf-2; aak(0); tbc-

7(RNAi) and daf-2; aak(0); rr166 based on Marascuilo procedure for % egg laying post-
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dauer animals. (B-C) The expression of a fosmid containing tbc-7 translationally fused to 

GFP is shown in (B) wild-type adult animals and in (C) dauer larvae. White arrows indicate 

the nerve ring. Scale bars: 25 μm. Note that the morphological abnormality visible in the 

image is a result of the rol-6D co-transformation marker. (D) A wild-type copy of tbc-7 

cDNA expressed exclusively in the neurons by the unc-119 promoter in the tbc-7-

suppressed mutants reverts the suppression of the AMPK germline phenotypes. ***P < 

0.0001 when compared to daf-2; aak(0); tbc-7 based on Marascuilo procedure for % egg 

laying post-dauer animals. (E) Tissue-specific RNAi experiments reveal that the 

compromise of tbc-7 expression exclusively in the neurons (Neuronal) is sufficient to 

suppress the AMPK germline defects. ***P < 0.0001 when compared to L4440 empty 

vector based on Marascuilo procedure for % egg laying post-dauer animals. All animals 

carry the daf-2(e1370) allele. The values for % egg laying post-dauer animals are 

presented as means. Each assay was repeated three times with 50 animals in each trial. 

n = 50. 
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Fig 2.3. TBC-7 regulates RAB-7 in the neurons to maintain germ cell integrity during 

the dauer stage. (A) Graphical figure illustrating the regulation of RAB activity by TBC-

7. In daf-2; aak(0); tbc-7 mutants, TBC-7 is inactive, allowing its RAB protein to be active 

in its GTP-bound state. By compromising the expression of this RAB protein using RNAi, 

the suppression of post-dauer sterility is lost. (B) By subjecting each predicted known rab 

gene in the C. elegans genome to RNAi, several RAB proteins were identified as potential 

RAB partners of TBC-7. All of the RNAi treatments were performed in animals with the 

daf-2(e1370) background. ***P < 0.0001, **P < 0.001 when compared to daf-2 with the 

same RNAi treatment using Marascuilo procedure for % of egg laying animals. (C) 
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Tissue-specific RNAi experiments reveal that rab-7 expression is required in the neurons 

and not the germ line for the tbc-7 suppression of AMPK germline phenotypes. ***P < 

0.0001, **P < 0.001 when compared to L4440 empty vector using Marascuilo procedure 

for % of egg laying animals. (D) Introduction of a GTP-locked variant of RAB-7 (Q68L) 

[26, 27] into daf-2; aak(0) mutants partially suppresses the post-dauer sterility. ***P < 

0.0001 when compared to daf-2; aak(0) mutants expressing neuronal wild-type rab-7 

using Marascuilo procedure for % of egg laying animals. All animals carry the daf-

2(e1370) allele. The values for % egg laying post-dauer animals are presented as means. 

Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig 2.4. mir-1 and mir-44 are required to maintain germ cell integrity during the 

dauer stage. (A) A model illustrating the binding of mir-1 to the two predicted seed 
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sequences and mir-44 to the one predicted seed sequence on the 3’ UTR of the tbc-7 

transcript. Lines indicate predicted binding between the microRNAs and tbc-7 3’ UTR. (B) 

mir-1; daf-2 and mir-44; daf-2 mutants exhibit post-dauer sterility after 7 days in the dauer 

stage. ***P < 0.0001, **P < 0.001, *P < 0.01 when compared to daf-2 that spent an 

identical duration in the dauer stage using Marascuilo procedure for % egg laying post-

dauer animals. (C) Reducing rab-7 levels greatly enhances/accelerates the post-dauer 

sterility associated with a loss of mir-1 or mir-44. ***P < 0.0001 when compared to L4440 

empty vector using Marascuilo procedure for % egg laying post-dauer animals. (D) 

Mutants with a deletion of the mir-1 and mir-44 seed sequence on the 3’UTR of tbc-7 

exhibit post-dauer sterility after 1 day in the dauer stage. ***P < 0.0001 when compared 

to daf-2 expressing a wild-type tbc-7 3’UTR using Marascuilo procedure for % egg laying 

post-dauer animals. (E) Increased mir-1 or mir-44 expression in daf-2; aak(0) mutants 

suppresses post-dauer sterility. ***P < 0.0001 when compared to daf-2; aak(0) using 

Marascuilo procedure for % egg laying post-dauer animals. All animals carry the daf-

2(e1370) allele. The values for % egg laying post-dauer animals are presented as means. 

Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig 2.5. AMPK-mediated phosphorylation of Ser115 attenuates TBC-7 activity. (A) 

Western blot analysis of TBC-7 abundance shows no significant difference in the protein 

levels between the daf-2 control and daf-2; aak(0) mutant backgrounds. TBC-7 

expression was quantified and normalized to α-tubulin using ImageJ software. ns when 

compared to daf-2 using Student’s t-test. (A’) Western blot analysis shows no significant 

difference in the protein levels between wild type and S520F TBC-7. TBC-7 expression 

was quantified and normalized to α-tubulin using ImageJ software. ns when compared to 

daf-2 using Student’s t-test. (B) A model showing the predicted domains and the 

consensus AMPK phosphorylation site of TBC-7. The RabGAP-TBC domain and TLD 

domain are shown in blue and yellow, respectively. The predicted AMPK phosphorylation 

site at Ser115 is indicated in bold [36]. (C) The amino acid sequence of TBC-7 was 

analyzed to identify any potential AMPK phosphorylation motifs. The alignment of the 

sequence around Ser115 is shown with analogous sites to the AMPK phosphorylation 

motif sequence. Hydrophobic residues, green; hydrophilic residues, blue; phosphosite 

acceptor, red. (D) Animals expressing a S115A non-phosphorylable mutation of TBC-7 

exhibit post-dauer sterility following recovery. ***P < 0.0001 when compared to daf-2 

animals and daf-2 animals that express a wild-type version of tbc-7 using Marascuilo 

procedure for % egg laying post-dauer animals. (E) A S115E phosphomimetic mutation 

of TBC-7 in daf-2; aak(0) mutants suppresses the post-dauer sterility. ***P < 0.0001 when 

compared to daf-2 and daf-2; aak(0) mutants that express a wild-type variant of tbc-7 

using Marascuilo procedure for % egg laying post-dauer animals. All animals carry the 

daf-2(e1370) allele. The values for % egg laying post-dauer animals are presented as 

means. Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig 2.6. AMPK regulates rab-7 activity in neurons to establish germline quiescence 

and preserve germ cell integrity during the dauer stage. When animals enter the 

dauer stage, AMPK, mir-1, and mir-44 negatively regulate TBC-7 activity in the neurons. 

mir-1 and mir-44 are able to bind to the tbc-7 3’UTR to negatively regulate its expression. 

AMPK-mediated phosphorylation of TBC-7 negatively regulates its activity. In parallel, it 

may be possible that AMPK could act directly on the miRNA biogenesis machinery to 

promote the production of mir-1 and mir-44, as suggested by the presence of 

phosphorylation motifs on microRNA biogenesis components. It is still unknown which 

particular neuronal rab-7 pathway alters the chromatin landscape in the germ cells of the 

dauer larva downstream of this mechanism. Reducing TBC-7 activity allows RAB-7 to 

remain in its active GTP-bound form to mediate changes in the dauer germ line to 

preserve germ cell integrity and post-dauer reproductive fitness.   
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Supporting information figures and tables 

 

Fig. S2.1. Mutants partially suppress the dauer germline hyperplasia and post-

dauer sterility associated with loss of AMPK. (A-C) Mutants isolated from an EMS 

suppressor screen partially suppress the (A) post-dauer sterility, (B) dauer germline 

hyperplasia, and (C) brood size defects associated with a lack of AMPK signalling. ***P 

< 0.0001, **P < 0.001, *P < 0.05 when compared to daf-2; aak(0) using ordinary one-way 

ANOVA for post-dauer brood size and no. of germ cells in dauer larvae. ***P < 0.0001 

when compared to daf-2; aak(0) using Marascuilo procedure for % egg laying post-dauer 
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animals. All animals isolated from the screen include daf-2; aak(0) in the background. The 

values for % egg laying post-dauer animals, no. of germ cells in dauer larvae, and post-

dauer brood size are presented as means. Each assay was repeated three times with 50 

animals in each trial. n = 50. 
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Fig. S2.2. The abnormal abundance and distribution of chromatin marks typical of 

dauer larvae that lack AMPK is corrected in rr166 mutants. (A) Global levels of 

H3K4me3 and H3K9me3 were quantified by performing whole-animal western analysis 

on dauer larvae. (A’-A’’) Levels of chromatin marks were quantified and normalized to α-

tubulin using ImageJ software. ***P < 0.0001 when compared to daf-2; aak(0) using 

Student’s t-test. (B-C’’) The distribution and abundance of activating and repressive 

chromatin marks are corrected in the daf-2; aak(0); rr166 mutants. The top row (daf-2), 

middle row (daf-2; aak(0)), and bottom row (daf-2; aak(0); rr166) show (B, B’, B’’) 

H3K4me3 (green), (C, C’, C’’) H3K9me3 (green), and DAPI (red). The graphs represent 

the average immunofluorescence signal of anti-H3K4me3 and anti-H3K9me3 normalized 

to DAPI in each nucleus across the dissected germ line. All images are merged, 

condensed Z stacks and are aligned such that distal is left and proximal is right. Due to 

technical difficulties, only single gonadal arms were analyzed (distal, proximal). **P < 

0.001 using the F-test for variance when compared to daf-2; aak(0). All animals carry the 

daf-2(e1370) allele. Scale bar: 4 μm. n = 15. 
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Fig. S2.3. The rr166 mutation restores appropriate chromatin remodeling in post-

dauer AMPK mutants. (A) Global levels of H3K4me3 and H3K9me3 were quantified by 

performing whole-animal western analysis of dauer larvae. (B) Chromatin marks were 

quantified and normalized to α-tubulin using ImageJ software. ***P < 0.0001 when 

compared to daf-2; aak(0) using Student’s t-test. (B-C’’) The aberrant distribution and 

abundance of activating (H3K4me3) and repressive (H3K9me3) chromatin marks 

observed in post-dauer adults that lack AMPK signalling are corrected in the daf-2; 

aak(0); rr166 mutants. The top row (daf-2), middle row (daf-2; aak(0)), and bottom row 

(daf-2; aak(0); rr166) show (B, B’, B’’) H3K4me3 (green), (C, C’, C’’) H3K9me3 (green), 

and DAPI (red). The graphs represent the average immunofluorescence signal of anti-

H3K4me3 and anti-H3K9me3 normalized to DAPI across the dissected germ line. All 

images are merged, condensed Z stacks that are aligned such that distal is left and 

proximal is right. Due to technical difficulties, only single gonadal arms were analyzed 

(distal, proximal). **P < 0.001 using the F-test for variance when compared to daf-2; 

aak(0). All animals carry the daf-2(e1370) allele. Scale bar: 4 μm. n = 15. 
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Fig. S2.4. tbc-7(rr166) is a hypomorphic allele. (A) Schematic showing the cross with 

tbc-7(rr166) with tbc-7(tm10766), which contains a 21,846 bp deletion that completely 

removes tbc-7. Homozygous tbc-7(tm10766) is lethal and is balanced with tmC30, which 

is a balancer that has a recessive Long (Lon) phenotype. To confirm if tbc-7(rr166) is a 

hypomorphic allele, tbc-7(rr166) was crossed with tbc-7(tm10766) and the F2 cross 

progeny were examined in order to identify F1 heterozygous tbc-7(rr166)/tbc-7(tm10766) 

hermaphrodites. F1 heterozygous tbc-7(rr166)/tbc-7(tm10766) hermaphrodites should 

yield no Lon phenotype progeny, while F1 heterozygous tbc-7(rr166)/tmC30 should yield 

25% Lon phenotype progeny. (B) Table showing the percentage of F1 genotypes over 
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two independent crosses. The F2 progeny of every F1 was assessed. F1 genotypes 

assessed per cross n ≥ 150. 
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Fig. S2.5. TBC-7 does not work in the body wall muscle or excretory system to 

regulate germ cell integrity. A wild-type copy of tbc-7 cDNA expressed exclusively in 

the (A) muscles by the myo-3 promoter or the (B) excretory system by the sulp-5 promoter 

in the tbc-7-suppressed mutants does not revert the suppression of the AMPK germline 

phenotypes. ns when compared to daf-2; aak(0); tbc-7 based on Marascuilo procedure 

for % egg laying animals. All animals carry the daf-2(e1370) allele. The values for % egg 

laying post-dauer animals are presented as means. Each assay was repeated three times 

with 50 animals in each trial. n = 50. 
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Fig. S2.6. rab-7 functions in the neurons while rab-10 functions in the germ line. (A) 

Tissue-specific RNAi experiments in the daf-2; aak(0); tbc-7 mutant show that rab-7 

functions in the neurons while rab-10 functions in the germ line. ***P < 0.0001 when 

compared to L4440 empty vector using Marascuilo procedure for % of egg laying post-

dauer animals. The values for % egg laying post-dauer animals are presented as means. 

Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig. S2.7. mir-1; mir-44; daf-2 double mutants display the same post-dauer germline 

defects. (A) mir-1; mir-44; daf-2 mutants exhibit post-dauer sterility after 7 days in the 

dauer stage. ***P < 0.0001, **P < 0.001, *P < 0.01 when compared to daf-2 animals that 

spent an identical duration in the dauer stage using Marascuilo procedure for % egg laying 

animals. (B) Reducing rab-7 levels greatly enhances/accelerates the post-dauer sterility 

associated with a loss of mir-1 and mir-44. ***P < 0.0001 when compared to L4440 empty 

vector using Marascuilo procedure for % egg laying animals. All animals carry the daf-

2(e1370) allele. The values for % egg laying post-dauer animals are presented as means. 

Each assay was repeated three times with 50 animals in each trial. n = 50. 
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Fig. S2.8. Tissue-specific TBC-7::GFP used as a sensor for RNAi efficiency and 

specificity in the neurons and the germ line. TBC-7::GFP was expressed in either the 

neurons (rgef-1 promoter) or the in the germ line (sun-1 promoter) of animals with (A) 

germline-specific RNAi and (B) neuron-specific RNAi. Tissue-specific RNAi animals were 

treated with either empty vector control L4440 or with dsRNA against tbc-7. The levels of 

TBC-7::GFP protein expression were quantified using Western blotting against GFP. a-

tubulin was used as a loading control. 
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Table S2.1. Mutants isolated from an EMS suppressor screen partially suppress the 

post-dauer somatic defects of AMPK mutants. Mutants were allowed to transit through 

the dauer stage and recover. The post-dauer somatic defects were assessed seven days 

after the recovery period. All animals carry the daf-2(e1370) allele. Mutants isolated from 

the EMS screen are daf-2; aak(0). The values are presented as means. Each assay was 

repeated three times with 50 animals in each trial. n = 50. 
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Table S2.2. daf-2; aak(0); rde-1 mutants with tissue-specific expression of rde-1 

exhibit tissue-specific RNAi phenotypes. To create a tissue-specific RNAi strain in the 

daf-2; aak(0); rde-1 background, rde-1 was driven exclusively in the neurons using a rgef-

1 promoter or in the germ line using a sun-1 promoter to create a neuron-specific or 

germline-specific RNAi strain, respectively. To confirm that daf-2; aak(0); rde-1 mutants 

with tissue-specific expression of rde-1 exhibit tissue-specific RNAi phenotypes, mutants 

were fed dsRNA against dpy-10 (hypodermis), egg-5 (germ line), or unc-13 (neurons) and 

the phenotypes were scored. Each dsRNA treatment exhibits a unique phenotype, such 

as dumpy (dpy-10 RNAi), embryonic lethal (egg-5 RNAi), or paralysis (unc-13 RNAi). daf-

2 control, daf-2; aak(0), or the tissue-specific RNAi strains were synchronized and plated 

on bacteria expressing one of three dsRNAs. These animals transited through the dauer 

stage, and their RNAi phenotype was scored as post-dauer adults. Only mutants 

expressing rde-1 in the same tissues targeted by the dsRNA should exhibit the RNAi 

phenotype. All mutants are daf-2; aak(0) except the daf-2 control. The values are 

presented as means. Each assay was repeated three times with 50 animals in each trial. 

n = 50. 
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Table S2.3. Post-dauer fertility after RNAi treatment against rab genes. daf-2 control 

and daf-2; aak(0); tbc-7 mutants were fed dsRNA against all known and predicted rab 
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genes then allowed to transit through the dauer stage. L4440 empty vector was used as 

a control. All animals have the daf-2(e1370) allele. The values for % egg laying post-

dauer animals are presented as means. Each assay was repeated three times with 50 

animals in each trial. n = 50. 
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Table S2.4. daf-2; aak(0); rde-1; tbc-7 mutants with tissue-specific expression of 

rde-1 exhibit tissue-specific RNAi phenotypes. To create a tissue-specific RNAi strain 

in the daf-2; aak(0); rde-1; tbc-7 background, rde-1 was driven exclusively in the neurons 

using a rgef-1 promoter or in the germ line using a sun-1 promoter to create a neuron-

specific or germline-specific RNAi strain, respectively. To confirm that daf-2; aak(0); rde-

1; tbc-7 mutants with tissue-specific expression of rde-1 exhibit tissue-specific RNAi 

phenotypes, mutants were fed dsRNA against dpy-10 (hypodermis), egg-5 (germ line), or 

unc-13 (neurons) and the phenotypes were scored. Each dsRNA treatment exhibits a 

unique phenotype, such as dumpy (dpy-10 RNAi), embryonic lethal (egg-5 RNAi), or 

paralysis (unc-13 RNAi). daf-2 control, daf-2; aak(0), or the tissue-specific RNAi strains 

were synchronized and plated on bacteria expressing one of three dsRNAs. These 

animals transited through the dauer stage, and their RNAi phenotype was scored as post-

dauer adults. Only mutants expressing rde-1 in the same tissues targeted by the dsRNA 

should exhibit the RNAi phenotype. All mutants are daf-2; aak(0); tbc-7 except the daf-2 

control. The values are presented as means. Each assay was repeated three times with 

50 animals in each trial. n = 50. 

 



221 

 

Table S2.5. Predicted mir-1 and mir-44 seed sequences in the 3’ UTR of tbc-7. Two 

highly conserved mir-1 seed sequences (bold) and one highly conserved mir-44 seed 

sequence (bold) were identified in the 3’ UTR of tbc-7 (TargetScanWorm release 6.2), 

suggesting that mir-1 and mir-44 directly regulates tbc-7 expression. The PCT and 

conserved branch length are measures of the biological relevance of the predicted miRNA 

and target interaction, with greater values being more likely to have detectable biological 

function [50, 51].  
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Bridging statement between chapters 2 and 3 

In chapter 2, we described a mechanism in which AMPK regulates the germ line 

non-autonomously in the neurons. Through an EMS-based forward genetic screen, we 

identified two alleles of a RabGAP protein tbc-7. RabGAP proteins enhance the inherent 

hydrolysis ability of Rab GTPases to convert the GTPase from its active GTP-bound form 

to its inactive GDP-bound form. AMPK mutants, during the dauer stage, exhibit somatic 

and germline defects, such as germline hyperplasia and post-dauer sterility. By 

compromising tbc-7 function, whether through an EMS-induced lesion or through RNAi 

knockdown, we can suppress these germline defects. The rr166 allele of tbc-7 can also 

suppress the abnormal increase and misregulated distribution of histone marks in the 

germ line as well. We also showed through genetic analyses and confocal imaging that 

TBC-7 primarily functions in the neurons. Interestingly, while tbc-7 can cell non-

autonomously regulate the germ line during the dauer stage, it still suffers from the 

reduced dauer survival typically seen in AMPK mutants, suggesting that tbc-7 does not 

play a role in regulating lipid supplies.  

Through phospho-mimetic and -null experiments, we showed that AMPK directly 

phosphorylates TBC-7 in the neurons in order to shut down its RabGAP activity. In 

addition, we showed that two miRNAs, mir-1 and mir-44, bind directly to the 3’UTR of the 

tbc-7 transcript in order to suppress its expression, demonstrating two levels of regulation 

for tbc-7. Genetic analyses reveals that RAB-7 could be one Rab target of TBC-7. When 

TBC-7 is active, RAB-7 is converted from its active RAB-GTP form into its inactive RAB-

GDP form. Through tissue-specific RNAi experiments, we show that TBC-7 regulates 

RAB-7 activity in the neurons.  
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In the following chapter, I examined the role of RAB-7 in endosomal maturation 

and exosome biogenesis to better understand how it might be regulating the germ line 

from the neurons during the dauer stage. This study revealed that the miRNA Argonautes, 

ALG-1 and ALG-2, and miRNAs are loaded into exosomes derived from RAB-7 activity in 

the neurons. These exosomal miRISC regulate germline gene expression to ensure 

appropriate germline quiescence in response to environmental stress. We also 

demonstrate that the loading of these miRNAs are dependent on short sequence motifs 

called EXOmotifs found on the mature miRNA sequence.  
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Abstract 

  During periods of nutrient scarcity, many animals undergo germline quiescence to 

preserve reproductive capacity, and neurons are often necessary for this adaptation. We 

show here that starvation causes the release of neuronal miRNA/Argonaute-loaded 

exosomes following AMPK-regulated trafficking changes within serotonergic neurons. 

This neuron-to-germ line communication is independent of classical serotonergic 

neurotransmission, but instead relies on endosome-derived vesicles that carry a pro-

quiescent miRNA cargo to modify germline gene expression. Using a miRNA activity 

sensor, we show that neuronally-expressed miRNAs can extinguish the expression of 

germline-mRNA targets in an exosome-dependent manner. Our findings demonstrate 

how an adaptive neuronal response can change gene expression at a distance by re-

directing intracellular trafficking to release neuronal exosomes with specific miRNA 

cargos capable of tracking to their appropriate destinations.  
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Introduction 

Despite their shared ability to self-renew following division, many types of stem cells 

remain quiescent unless they receive specific signals to proliferate. This quiescence is 

likely a conserved means of protecting their invaluable genomic information. By using C. 

elegans, we sought to elucidate the genetic pathways that dictate the various events 

involved in establishing quiescence in the germline stem cells. During periods of 

environmental challenge, C. elegans larvae can enter a non-ageing "dauer" stage, where 

development is halted and the germline stem cells arrest1. The AMP-activated protein 

kinase (AMPK) and its upstream activator, the LKB1 tumour-suppressor orthologue par-

4, are essential to establish this quiescence2. Not surprisingly, mutants that lack all AMPK 

signalling are completely sterile following recovery from this stage3,4.  

As animals enter the dauer stage, neuronally-expressed AMPK blocks the activity of 

a RabGAP protein called TBC-7 to ensure that the conserved GTPase RAB-7, the 

putative Rab target of TBC-7, remains GTP-bound in order to preserve the reproductive 

capacity of the germ cells during the dauer stage4. RAB-7 is essential for early-to-late 

endosome maturation and the generation of exosomes5-7. Recently, this class of 

extracellular vesicles has attracted attention due to their potential roles in cell-cell 

communication in both physiological and pathological processes8. However, due to the 

heterogeneity of these extracellular vesicles and the cargos that they transport, it is still 

unclear whether their release from cells is part of a regulated pathway, or alternatively, a 

routine shedding of cellular material. 

We describe here how the neuronal activation of AMPK in response to starvation 

results in the formation and secretion of exosomes that carry instructions in the form of 
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miRNAs, from the neurons to the stem cells present in the germ line. Following their 

internalization, these cargo-containing vesicles then transmit a pro-quiescent signal that 

instructs the germline stem cells to arrest their cell divisions and modify their gene 

expression to preserve reproductive fitness throughout the course of a potentially lengthy 

period of energy stress.  
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Results 

Neuronal RAB-7 localizes to the germ line. 

We previously identified RAB-7 as a putative target of TBC-7, a gene that when 

disabled can suppress the germline defects associated with loss of AMPK signalling 

(Figure 1A)4. Animals with intact AMPK signalling (daf-2) or compromised tbc-7 function 

(daf-2; aak(0); tbc-7) maintain active (GTP-bound) RAB-7 during this quiescent period, 

allowing them to pass through the dauer stage with no reproductive consequences. 

AMPK mutants (daf-2; aak(0)) that lack both catalytic subunits of AMPK, aak-1 and aak-

2 (aak(0)), on the other hand, are completely sterile following recovery from this quiescent 

stage (post-dauer sterile). Curiously, this sterility can be reversed following the expression 

of a single catalytic AMPK subunit (aak-2) in the neurons, suggesting that AMPK can 

affect changes in the neurons that are required to maintain reproductive competence 

following this quiescence, and this feature is mediated through RAB-7 and presumably 

its role in endosomal trafficking3,4. 

RAB-7 has multiple roles in cellular trafficking, but its role in the formation of 

multivesicular bodies and endosomally-derived secreted vesicles could account for the 

cell non-autonomous effects we observe in these post-dauer animals. To determine if 

RAB-7 is involved in the production of neuronal extracellular vesicles that could transmit 

information to the germ line during the dauer stage, we expressed a translational fusion 

protein GFP::RAB-7 exclusively in the neurons and subsequently monitored RAB-7 

localization in the resulting dauer larvae.  

Based on germ cell transcriptome analyses rab-7 is presumably not expressed in 

the germ cells9. However, RAB-7 protein was detected in the germ cells using 
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antibodies10. We detected GFP in both the neurons and the germ cells of daf-2 and daf-

2; aak(0); tbc-7 mutant dauer larvae, but not in daf-2; aak(0) (AMPK) mutants (Figure 1B-

D), suggesting that neuronal GFP::RAB-7 localization to the germ line may be necessary 

for post-dauer fertility (see Table S1 for quantification of the GFP::RAB-7 signal in the 

germ line) (Table S1). The GFP::RAB-7 localization to the perinuclear region is consistent 

with recipient cells treated with exogenous exosomes that have accumulated endosomal 

trafficking components11. No GFP signal could be detected in the germ lines of animals 

that did not transit through the dauer stage, regardless of their genotype, suggesting that 

the release and subsequent mobility of these neuronal GFP::RAB-7-associated 

structures is specific to this physiological response (Figure S1A-C). The GFP::RAB-7 

signal was still visible in the germ cells of daf-2; aak(0); tbc-7 mutant animals that 

recovered from this stage (Figure S1D and S1F), while no GFP signal was detected in 

post-dauer daf-2; aak(0) mutants (Figure S1E).  

There are multiple pathways that govern entry into the dauer stage, including 

insulin-like signalling/IGF, TGF-β, cGMP signalling, serotonergic neurotransmission, and 

steroid hormone signal transduction (see Figure 3 in Biglous et al, 2021)12,13. All of these 

pathways result in the arrest of germline cell cycle and the establishment of dauer-typical 

metabolism and morphology. To examine if this mechanism of neuron to germ line 

communication through RAB-7 is conserved in other modes of dauer entry, neuronal 

GFP::RAB-7 was expressed in daf-7 mutants and wild-type N2 dauer larvae induced 

through dauer pheromone or starvation, and image analysis was performed on the 

resultant dauer larvae. DAF-7 encodes the TGF-β superfamily ligand and is required for 

continuous development under favourable conditions; thus, the loss of DAF-7 function 
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results in constitutive dauer formation14. Similar to our initial observations in the daf-2 

(insulin-like receptor) mutants, the GFP signal was also detected in the germ lines of daf-

7 and N2 dauer larvae induced through exposure to dauer pheromone or by starvation, 

suggesting that the transfer of neuronal GFP::RAB-7 to the germ cells at the onset of 

dauer development is a general, conserved feature that is shared among the best 

characterized pathways associated with dauer formation (Figure S2A-C). 

To confirm that the GFP detected in the germ line is of neuronal origin, we drove 

the expression of GFP::RAB-7 using the pan-neuronal rgef-1p promoter in animals where 

RNAi activity was restricted to either the neurons or the germ line4. We then fed these 

animals bacteria that expressed dsRNA against gfp, or with an empty vector control 

L4440 and imaged the resultant dauer larvae. Feeding germline-restricted RNAi animals 

with dsRNA against gfp should prevent the accumulation of GFP mRNA in the germ line. 

Therefore, any GFP protein signal detected in the germ cells would have to be of neuronal 

origin due to the neuron-specific expression conferred by the pan-neuronal promoter 

(rgef-1p). In these germline-restricted RNAi animals, we were still able to detect GFP in 

the germ cells, even after feeding with dsRNA against gfp and L4440, suggesting that the 

GFP detected must be from the gfp expressed from the transgene expressed in the 

neurons from the pan-neuronal promoter (Figure S3A and S3B). We repeated this 

experiment in animals where RNAi is only active in the neurons, and we did not detect 

GFP in the germ cells of these animals fed with dsRNA against gfp (Figure S3C), while 

the GFP was still detectable in animals fed with empty vector L4440 (Figure S3D). 

Because we eliminate any possibility that the germ cell might make GFP autonomously 

through these tissue-restricted RNAi experiments, we conclude that GFP::RAB-7 is made 
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in the neurons in response to dauer and AMPK signalling, and is subsequently released 

and incorporated into the germ cells.  

We initially chose to drive GFP::RAB-7 expression using an extrachromosomal 

array-based transgene because the germ cells actively repress these types of 

transgenes. This would allow us to conclude that any observed GFP expression in the 

germ line could be attributed to transgene expression in the soma. However, we could 

not exclude that the genetic background might influence the de-silencing of the 

transgenes in the germ line allowing the germ cells to express the pan-neuronal 

GFP::RAB-715. Therefore, to assess whether these extrachromosomal transgenes are 

ectopically expressed in the germ line in addition to the neurons, we drove the expression 

of mKate and GFP::RAB-7 in the neurons, while separating the two transgenic sequences 

by a T2A ribosomal skipper element, and imaged the resulting dauer larvae16. If the 

extrachromosomal transgene is expressed in the germ line during the dauer stage, then 

both the mKate and GFP::RAB-7 should be visible in the germ cells. Consistent with our 

previous observations, image analysis shows strong mKate expression exclusively in the 

neurons, while GFP::RAB-7 is observed in both the neurons and germ line (Figure S3E).  

Moreover, to further control for any potential artifacts that could arise to the 

additional copies of GFP::RAB-7 in the context of an extrachromosomal array context, we 

expressed a single-copy insertion of our neuronal GFP::RAB-7 using a single-copy 

MosSCI insertion. We crossed these mutants with animals expressing a mCherry::HIS-

11 germline marker and into our control dauer  animals (daf-2), AMPK mutant dauer 

animals (daf-2; aak(0)), and the fertile, suppressed AMPK mutants (daf-2; aak(0); tbc-7). 

We imaged dauer larvae from each of these mutant genotypes and, similar to our findings 
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with the extrachromosomal arrays, we observed GFP signal in the germ lines of the post-

dauer fertile strains that expressed the single-copy insertions (Figure S3F-H).  

To better define the localization of the GFP::RAB-7 signal within the germ line, we 

showed the image analysis of this single-copy transgene in daf-2 animals as a single 

confocal slice rather than a compressed z-stack image (Figure S3I). The single confocal 

slice clearly indicates that the GFP::RAB-7 is indeed within the germ cells proper. No 

signal was detected in the germ cells of the AMPK null mutants (daf-2; aak(0)). All of 

these data taken together collectively support our conclusion that the GFP protein 

detected in the germ line does not arise from mRNA produced in the germ line, but is 

rather from a neuronal origin.  

If the localization of GFP::RAB-7 to the germ cells is a result of classical 

neurotransmitter release, then disabling the release of these critical signals from the 

neurons should impact post-dauer fertility. We therefore assessed the effects on fertility 

in the suppressed (fertile) AMPK mutants after either synaptic vesicle (unc-13) or dense-

core vesicle secretion (unc-31) had been abolished17,18. The post-dauer fertility of these 

mutants was however unaffected by either of these mutations (Figure S4A), suggesting 

that these GFP::RAB-7 structures are unlikely to be generated by pathways involved in 

vesicle-mediated peptide secretion or synaptic vesicle release.  

In addition, because of the previously described role of RAB-7 in endosome to 

lysosome trafficking and autophagy19, we also determined whether autophagy was 

affected in mutants with altered RAB-7 activity (daf-2; aak(0); tbc-7), and this might 

contribute to the restored fertility and/or the observed movement of GFP::RAB-7 to the 

germ cells. As autophagy progresses, the C. elegans orthologue of Atg8/LC3, LGG-1 is 
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lipidated to become LGG-1 phosphatidylethanolamine (PE), then subsequently cleaved 

to eventually contribute to the formation of the autolysosome19. Using a GFP-tagged 

LGG-1 transgene, we assessed autophagic flux through Western analysis to conclude 

that autophagy is unaffected in tbc-7-compromised mutants (Figure S4B and S4C).  

Because RAB-7 functions both in endosomal maturation and exosome production, 

we characterized these GFP-containing structures by immunogold labelling TEM 

following their purification from dauer larvae. GFP::RAB-7 localized to the membrane of 

these isolated vesicles (Figure 1E), which were 30-150 nm (Figure 1F), within the 

diameter range  typical of small extracellular vesicles (sEVs) derived from the endosomal 

pathway20. Immunogold labelling TEM analysis also indicated that approximately 54% of 

exosomes contained RAB-7 on their membranes (Figure 1G). To assess if these sEVs 

could be exosomes specifically from the endosomal route, we performed 

immunoprecipitation using an anti-HA antibody against HA::GFP::RAB-7 on the vesicle 

sample and performed Western analysis against known markers CD63/TSP-7, 

Tsg101/TSG-101, Rab5/RAB-5, and Alix/ALX-121-24. As these antibodies were raised 

against human, mouse, and rat, we verified their cross-reactivity with their C. elegans 

orthologues by subjecting their associated gene products to RNAi in daf-2 control animals 

(Figure 1H-K). Moreover, our analysis of the expression pattern of a TSP-7::GFP fusion 

protein in dauer larvae is consistent with its potential role in the formation of exosomes in 

the neurons (Figure S4D) and with the pattern observed in adult animals25-27. Our Western 

analysis indicated that TSP-7, TSG-101, RAB-5, and ALX-1 were indeed associated with 

our GFP-containing RAB-7 structures, consistent with the possibility that these vesicle-

like structures could indeed be exosomes derived from the endosomal pathway (Figure 
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1L and 1M). Our data therefore support a role for RAB-7 in contributing to the formation 

of specialized neuronal vesicles following AMPK activation4. These RAB-7-associated 

exosomes exit the neurons and thereafter translocate to the germ cells during the dauer 

stage, where RAB-7 remains up to 24h after recovery from the dauer stage. 

If these GFP::RAB-7 vesicles are indeed exosomes, then interfering with exosome 

biogenesis should have an impact on the localization of GFP::RAB-7 to the germ line 

during the dauer stage. We therefore assessed the post-dauer fertility of daf-2; aak(0); 

tbc-7 mutants after feeding them with either control RNAi bacteria (L4440) or bacteria that 

express dsRNA against ral-1, a GTPase involved in multivesicular body formation and 

fusion with the plasma membrane28. The loss of ral-1 reduced the post-dauer fertility 

(Figure S4E), but in addition, animals fed with dsRNA against ral-1 blocked the secretion 

of RAB-7-containing exosomes from the neurons (Figure S4F and S4G), suggesting that 

a direct disruption of the exosome biogenesis or secretion pathway interferes with germ 

cell integrity.  

In contrast to our ral-1 RNAi results, other non-exosomal secretory pathways do 

not appear to have any role in this process. TAT-5 is a conserved P4-ATPase that 

represses phosphatidylethanolamine externalization on the plasma membrane and 

ectosome production29. Loss of TAT-5 results in the large-scale budding of vesicles from 

the plasma membrane during the embryonic stage. These vesicles are independent from 

the endosomal pathway and lead to defects in cell adhesion and cell shape, ultimately 

resulting in sterility. Thus, introducing extra copies of TAT-5 in the neurons of our post-

dauer fertile animals (daf-2; aak(0); tbc-7) should prevent the localization of GFP::RAB-7 

to the germ line during the dauer stage if these RAB-7 vesicles are derived from 
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spontaneous budding of the plasma membrane. Consistent with our previous findings, 

introducing extra copies of TAT-5 in the neurons did not affect the post-dauer fertility, nor 

disrupt the localization of GFP::RAB-7 to the germ cells (Figure S4H-I), suggesting that 

this alternative secretory pathway does not contribute to the secretion of GFP::RAB-7 

from the neurons.  

In C. elegans, the nervous system uses an array of conserved neurotransmitters, 

similar to mammals, in order to influence the activity of molecular pathways in post-

synaptic neurons. Since these neurons have specialized functions in signalling, it is 

possible that tbc-7 functions in only one class of neurons that is critical for responding to 

the energy stress associated with dauer formation. To determine in which neurons tbc-7 

might function, we drove the expression of wild-type tbc-7 under neuron class-specific 

promoters in daf-2; aak(0); tbc-7 mutants and assessed the resultant post-dauer fertility 

of these transgenic animals, whereby the re-introduction of a wild-type copy of tbc-7 in 

the relevant neurons should restore the wild-type function of the RabGAP and render the 

post-dauer animals sterile. The expression of wild-type tbc-7 exclusively in serotonergic 

neurons (tph-1p) reverted the suppression of the AMPK germline defects (Figure 1N), 

while driving the expression of GFP::RAB-7 in the serotonergic neurons was sufficient to 

detect GFP signal in the germ cells of these dauer larvae (Figure 1O). These data suggest 

that the serotonergic neurons could be the major, but potentially not the only, class of 

neurons that produce and secrete exosomes in response to energy stress through the 

activity of the AMPK/TBC-7/RAB-7 signalling axis during the dauer stage.  

Because we observed neuronally-derived GFP::RAB-7 in the germ cells we 

questioned whether RAB-7 alone was sufficient to navigate all RAB-7-associated 
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exosomes to the germ cells. We therefore expressed GFP::RAB-7 in multiple cell types 

using tissue-specific promoters, but despite visible GFP signal in each of the tissues 

assayed, no GFP could be detected in the germ cells of the transgene-expressing dauer 

larvae (Figure S5A-C). These data indicate that although neuronal RAB-7 is critical for 

the formation and release of these exosomes, it does not function alone. An additional 

navigator component must be required to direct the neuronal RAB-7-associated 

exosomes to the germ line.   

 

miRNAs regulate germline gene expression. 

The neuronal RAB-7-associated exosomes could provide a pro-quiescent signal 

that instructs the stem cells to modify their chromatin and adjust their gene expression in 

anticipation of a potentially lengthy environmental challenge. We have shown that small 

RNA pathways are important effectors downstream of AMPK3,30-32, while miRNAs and 

other RNAs have been identified in the cargo of several types of exosomes33. Therefore, 

to determine if the AMPK-dependent germline quiescence is regulated through a small 

RNA-based mechanism, we soaked daf-2; aak(0) mutants in a solution that contained 

RNA extracted from daf-2 dauer larvae (see Materials and Methods). Surprisingly, this 

RNA was sufficient to suppress the post-dauer sterility of the AMPK mutants (Figure 2A), 

indicating that one or more RNA species in this mixture acts downstream of AMPK and 

was capable of restoring quiescence to the germline stem cells in the AMPK animals. 

Furthermore, this RNA-mediated suppression did not require the miRNAs mir-1 and mir-

44, both of which have been shown to regulate tbc-7 activity during the dauer stage4 

(Figure 2A).  
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To examine if the suppression of the germline defects might act through an mRNA-

based mechanism, we repeated the RNA soaking experiment, but prior to soaking, we 

separated the RNA mixture using oligo d(T)25 beads to create one fraction with only 

mRNA and another that was poly(A) mRNA depleted (flowthrough). When the daf-2; 

aak(0) animals were incubated with the mRNA fraction, these animals remained post-

dauer sterile (Figure 2B). However, when the daf-2; aak(0) mutants were incubated with 

the flowthrough fraction containing all small non-coding RNAs (Figure 2B), the animals 

were post-dauer fertile.  

To further determine what type of RNA is responsible for the suppression of 

germline defects and consequent restoration of fertility, we separated the RNA mixture to 

create one fraction with RNAs larger than 200 nucleotides (>200 nts) and another with 

RNAs smaller than 200 nucleotides (<200 nts), then incubated each fraction with daf-2; 

aak(0) mutants and assessed their post-dauer fertility in each case. Remarkably, only 

when the daf-2; aak(0) mutants were incubated with the fraction containing the RNAs 

smaller than 200 nucleotides, could post-dauer fertility be restored (Figure 2C). 

To further test what RNAs might be involved in the RNA-mediated restoration of 

germline competence, we digested the RNA extracts with RNase A. RNase A digests all 

RNA efficiently at 0 M NaCl, but at 0.3 M NaCl or higher, RNase A selectively digests 

single-stranded RNA, leaving double-stranded RNAs intact34,35. When daf-2; aak(0) 

mutants were incubated with RNA previously treated with RNase A without NaCl, the 

animals were completely sterile (Figure 2D). However, when the RNA solution was 

treated with RNase A in 0.5 M NaCl prior to incubation with daf-2; aak(0) mutants, the 

post-dauer sterility was completely suppressed (Figure 2D). These data suggest that the 
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rescuing component of our RNA solution was not mRNA, but was more likely a double-

stranded RNA(s) that can be processed into small RNAs (less than 200 nucleotides). 

These would then be responsible for the maintenance of germ cell quiescence/integrity 

during the dauer stage.  

Lastly, we wanted to examine if we could reproduce these results by soaking the 

daf-2; aak(0) mutants with RAB-7-containing exosomes that were isolated through 

immunoprecipitation. We determined the concentration of the exosomes using 

nanoparticle tracking analysis and incubated daf-2; aak(0) mutants with a range of 

concentrations previously shown to elicit a physiological effect36. When incubated with 

RAB-7-containing exosomes at a concentration of 107 vesicles/mL, we were able to 

restore fertility to the daf-2; aak(0) mutants (Figure 2E). To assess if the RNA cargo within 

these exosomes alone could suppress the germline defects, we purified the RNA contents 

from these exosomes and incubated the resulting RNA with daf-2; aak(0) mutants. 

Animals incubated with the exosomal RNA were post-dauer fertile compared to animals 

incubated with M9 buffer or gfp dsRNA produced through in vitro transcription (Figure 

2F). These results indicate that these exosomes and their RNA contents are sufficient to 

preserve germ cell integrity during the dauer stage.  

From these and other data, we know that small RNAs affect germline 

quiescence3,4, but whether the role of small RNAs could be dependent on the release of 

neuronal exosomes has not been experimentally established. By performing directed or 

unbiased RNAi surveys in fertile AMPK mutant animals that have activated RAB-7 (daf-

2; aak(0); tbc-7) and assessing the post-dauer fertility after treatment with dsRNA, we 

sought to identify components that are required for this process; gene products potentially 
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involved in a) the production and trafficking of the exosomal cargo, b) transporting the 

exosomes between tissues, and even c) effecting the chromatin changes in the germline 

stem cells.  

DCR-1 is an endoribonuclease III-like enzyme that is essential for the production 

of all small RNAs, with the exception of piRNAs37. RNAi of dcr-1 in daf-2; aak(0); tbc-7 

mutants resulted in post-dauer sterile animals (Figure 2G), indicating that it, and/or its 

small RNA products, are required for germline integrity (germline quiescence and post-

dauer fertility) during this stage. We then performed RNAi to compromise each of the 

hingepin biosynthetic enzymes for every class of small RNAs that require dcr-1 activity. 

From this analysis we noted that when the components required for miRNA biogenesis 

were disabled, the mutants became post-dauer sterile, while the loss of other factors 

required for siRNA production or function had no effect on post-dauer fertility (Figure 2G 

and S6A), suggesting that only miRNAs are involved in preserving germ cell integrity 

during or after the dauer stage. Since the entire miRNA repertoire is dramatically reduced 

in AMPK mutants38, this would explain why the RNA extracts from these animals could 

not rescue the AMPK mutant defects following our soaking experiments (Figure 2A). 

Because AMPK and TBC-7/RAB-7 function together in the neurons to regulate 

germline integrity during the dauer stage, we used a previously verified tissue-specific 

RNAi strategy to confirm where miRNA biogenesis is required to provide the pro-

quiescent signal to the germline stem cells4. Our findings indicated that when miRNA 

biogenesis was compromised exclusively in the neurons, we reproduced the same post-

dauer sterility described above, while disabling these same factors in the germ line had 

no effect (Figure 2H). These data are consistent with a model where miRNAs that are 
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produced in the neurons are responsible for the gene expression changes required in the 

germline stem cells downstream of RAB-7 activation. 

Following the formation of a mature miRNA, multiple components are required to 

eventually bind to their mRNA targets and modify expression. Complete loss of many of 

these gene products result in lethality or dauer defective phenotypes, but hypomorphic 

RNAi, particularly when carried out in a tissue-specific manner, can reveal if indeed such 

components are necessary. Perhaps more importantly, it can inform us about where their 

function is required to preserve germline integrity over the course of the dauer stage. We 

therefore performed RNAi on the Argonautes and RISC components of every class of 

small RNAs that required DCR-1 activity in daf-2; aak(0); tbc-7 mutants. Our whole animal 

RNA indicated that the loss of the miRNA Argonautes, ALG-1 and ALG-2, as well as some 

of the RISC components resulted in the loss of post-dauer fertility (Figure S6B). However, 

the loss of the 26G, 21U, and 22G Argonautes and RISC components had no effect on 

the post-dauer fertility of these animals (Figure S6C-E). We repeated this experiment, but 

this time using tissue-specific RNAi mutants. Both the loss of the miRNA Argonautes in 

the neurons, and alternatively, the loss of some of the other RISC components in the 

germ line, resulted in the loss of post-dauer fertility (Figure S6F and S6G). 

 

Neuronal miRISC translocates to the germ line with RAB-7. 

The neuronal exosomes could potentially transport pre-miRNAs, which would 

require assembly into a miRISC complex in the germ cells. Alternatively, the miRNAs 

could be expressed and pre-assembled with their cognate miRISC Argonaute proteins 

poised to act upon delivery. To distinguish between these possibilities, we expressed the 
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miRNA Argonautes ALG-1 and ALG-2 fused to mKate in the neurons and imaged the 

transgenic dauer larvae to assess whether the Argonautes remained within the neurons, 

or like the RAB-7-containing exosomes, they could be detected in both the neurons and 

in the germ cells. For both ALG-1 and ALG-2, fluorescent signal was detected in the germ 

cells of daf-2 control and in the suppressed, fertile AMPK mutant (daf-2; aak(0); tbc-7) 

dauer larvae (Figure 3A, Figure S7A, S7C, and S7E), but not in the germ cells of AMPK 

mutant (daf-2; aak(0)) dauer larvae, or animals expressing neuronal mKate alone, thus 

exhibiting a similar expression pattern to GFP::RAB-7 (Figure S7B, S7D, and S7F). 

Furthermore, the localization of ALG-1/-2 mKate signal in the germ line was dependent 

on rab-7, although the mKate signal remained strong in the neurons of the rab-7(RNAi) 

animals (Figure 3B and 3C). Consistent with this observation, neuronal GFP::RAB-7 and 

mKate::ALG-1 localized to germ cells during the dauer stage. (Figure S7G). To ensure 

that this observation was not due to the extrachromosomal array-based expression of our 

transgene, we expressed a single-copy MosSCI insertion of our neuronal mKate::ALG-1 

and then crossed these mutants with animals expressing a HIS-15::GFP germline marker 

and into our control dauer  strain (daf-2), the AMPK mutants (daf-2; aak(0)), and the fertile, 

suppressed AMPK mutant animals (daf-2; aak(0); tbc-7). We then imaged the dauer 

larvae of each genotype and observed mKate signal in the germ cells of animals with 

single-copy insertions (Figure S7H-J), which yielded results that were essentially identical 

to our observations with the extrachromosomal transgenes. 

If the Argonautes are complexed with their miRNA cargo within exosomes they 

should also purify with our exosome preparations. Western analysis indicated that ALG-

1 was present in samples of purified exosomes (Figure 3D). Moreover, ALG-1 is 
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associated with its miRNA cargo on the interior of the exosome and not non-specifically 

bound to the exosomal outer surface. We were still able to detect ALG-1 following 

treatment of the exosomes with Proteinase K alone, indicating that the lipid bilayer of the 

exosome protects ALG-1 from proteolytic degradation. However, when the exosomes 

were treated with detergent, then with the protease, ALG-1 was no longer detectable 

(Figure 3E). This indicates that the solubilization of the exosomal membrane permitted 

Proteinase K to digest ALG-1 that was initially protected by the lipid barrier. These data 

suggest that ALG-1 is incorporated into the neuronal exosomes, potentially bound to its 

miRNA cargo, in a regulated manner. The miRISC complex is then released from the 

neurons within the RAB-7-containing vesicles; these entities home specifically to the 

gonad, where following internalization, the miRNAs can instruct the germline stem cells 

to execute quiescence in response to the environmental cues associated with dauer 

development. 

 

Neuronal miRNAs require EXOmotifs to silence germline targets. 

To evaluate if the neuronally-produced miRNAs could affect gene expression in 

the germ line through a RAB-7/exosome-dependent mechanism, we developed a miRNA 

activity sensor that would be responsive to neuronally-expressed miRNAs. We recently 

revealed that the levels of many miRNAs are dramatically decreased by the loss of 

AMPK38. Among them, mir-51 seems to be among the most significantly affected38. 

However, when mir-51 levels were increased in the neurons, post-dauer fertility was 

restored significantly (Figure 4A). This could be explained if mir-51 was able to interact 

with its mRNA targets in the germ cells.  
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Using a fluorescent germline miRNA activity sensor created by driving HIS-

15::GFP that contains three binding sites for mir-51 in its 3’UTR (hereafter referred to as 

"sensor"), we tested whether the GFP (sensor) could be silenced in a mir-51-dependent 

manner (Figure 4B). In replete conditions, GFP was expressed at similar levels in the 

adult stage in both control animals (daf-2) and AMPK mutants (daf-2; aak(0)) mutants 

(Figure 4C-E). However, during the dauer stage, control daf-2 animals silenced the 

sensor in the germ cells, while the expression of the sensor was unaffected in dauer 

larvae that lacked AMPK (Figure 4F-H). To show that this effect is specific to the activity 

of mir-51, we expressed mir-51 exclusively in the neurons of mir-51 deletion mutants and 

found that the transgenic mutant animals nevertheless silenced the sensor (Figure 4I-J 

and 4L). Next, we scrambled the mir-51 seed sequences in the sensor of control daf-2 

animals, preventing mir-51 from binding to the 3’UTR (Figure 4K and 4L) (see Methods 

and Materials). These sequence changes in the mir-51 target site resulted in the full 

restoration of HIS-15::GFP expression in the germ cells (Figure 4K and 4L). Taken 

together, these data suggest that miRNAs, such as mir-51, that are expressed in the 

neurons, can silence germline mRNA targets that possess its target site, and that this 

regulation is both specific and AMPK-dependent during the dauer stage. 

Because neuronally-expressed mir-51 can act cell non-autonomously to silence 

germline targets and RAB-7-containing exosomes exit the neurons to ensure germline 

quiescence, it seemed plausible that these exosomes carry a miRNA cargo that provides 

a pro-quiescent signal to the germline stem cells in anticipation of the dauer stage. To 

determine if the silencing of the sensor we observed with mir-51 involves the RAB-7-

associated exosomes, we compromised the production of exosomes by RNAi and 
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compared the levels of the sensor with that of control animals. Inhibiting the production 

of exosomes by rab-7 RNAi completely abrogated the silencing of the sensor by mir-51, 

while empty vector RNAi controls remained fully capable of silencing the GFP expression 

(Figure 4M-O). Therefore, the neuronal miRNA-dependent silencing of germline targets 

we observed in dauer larvae is entirely dependent on rab-7, most likely through its role in 

the formation of exosomes. 

The loading of miRNA cargos into exosomes relies on a number of factors, 

including short nucleotide stretches called EXOmotifs that act as sorting sequences for 

miRNAs and determine whether the miRNA will be retained within the cell or packaged 

into exosomes39. Any disruption of these motifs results in the exclusion of the miRNA from 

exosomes39. mir-51 possesses three of these motifs, consistent with its potential 

incorporation in RAB-7-associated exosomes. To examine if these EXOmotifs contribute 

to the sorting of neuronally-produced mir-51 into exosomes to target the germ line, we 

expressed a mir-51 variant with scrambled EXOmotifs in the neurons of animals that lack 

mir-51 and assessed its ability to silence the sensor. In silico modeling predicts that 

scrambling of the EXOmotifs in mir-51 would not affect its synthesis or secondary 

structure (Figure 5A-C), yet the scrambled mutant mir-51 variant failed to silence the 

germline sensor (Figure 5D and 5E). Consistent with our imaging results, mutants with 

the scrambled EXOmotif mir-51 variant could no longer suppress the post-dauer sterility 

(Figure 5F), suggesting that mir-51 is likely to be sorted into exosomes through the 

recognition of its EXOmotifs in order to ultimately reach its germline targets.  

To examine if the disruption of the EXOmotifs of mir-51 affects its loading into the 

exosomes, we conducted qPCR using specialized TaqMan probes on whole animals and 
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exosomes purified through immunoprecipitation against HA::GFP::RAB-7 to quantify the 

levels of mir-51 (Figure 5G). We detected mir-51 in the whole animal RNA extracts and 

in exosomes purified from control dauer larvae that were deleted for endogenous mir-51, 

but expressed wild-type mir-51 from a transgene that is driven exclusively in the neurons 

(Figure 5H). Next, we expressed a variant of mir-51 with scrambled EXOmotifs using the 

same promoter in the neurons of the same dauer animals that lacked endogenous mir-

51. We detected the scrambled EXOmotif variant of mir-51 in the whole animal RNA 

extracts, however, we could not detect any mir-51 in the purified exosomes extracted from 

these animals (Figure 5I). Furthermore, our probes are highly specific to their targets and 

there is little to no cross recognition between the miRNA substrates (wt mir-51 and 

scrambled EXOmotif mir-51) (Figure 5J and 5K). This experiment therefore indicates that 

the EXOmotifs of mir-51 are essential for the loading of the miRNA into the neuronal 

exosomes.  

In addition to showing that a neuronally produced miRNA can regulate an artificially 

expressed germline sensor, we wanted to determine if the same miRNA expression could 

regulate the germline chromatin landscape and consequent change in gene expression 

previously shown to be misregulated in AMPK mutants. To show that these neuronally-

derived exosomes play a role in regulating the germline gene expression program during 

the dauer stage, we first assessed the levels of chromatin marks in daf-2; aak(0) mutants 

expressing neuronal mir-51. In daf-2; aak(0) dauer larvae with no additional transgenes, 

the levels of all the chromatin marks we assessed were upregulated3. However, in daf-2; 

aak(0) mutants that express neuronal mir-51, the abundance of both activating and 
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repressive chromatin marks were partially restored to near wild-type levels (Figure 6A 

and 6B).  

Since the aberrant chromatin landscape presumably contributes to the abnormal 

gene expression observed in AMPK mutant dauer larvae, we questioned whether the 

modifications that were observed downstream of mir-51 expression were correlated with 

corrective changes in germline gene expression. We therefore performed RT-qPCR to 

quantify the levels of germline-expressed genes that are differentially expressed during 

the dauer stage in daf-2; aak(0) mutants as compared to daf-2 mutants3,40. Our analysis 

revealed that the mRNA levels of these selected germline genes largely resemble those 

measured in daf-2 mutants (Figure 6C), suggesting that the defects in germline gene 

expression typical of AMPK mutants that occur during the dauer stage can be corrected 

by expressing mir-51 in the neurons. 

The effect of mir-51 expression likely impinges on one or more mRNA targets in 

the germ line. We identified at least 66 genes that are expressed in the germ cells and 

possess complementary sequences that could be bound by mir-51 (or mir-51 family 

members). If the effects of mir-51 expression are being mediated by the downregulation 

of one or more of its mRNA targets, then the compromise of the predicted mir-51 targets 

in the germ line could suppress the germline defects seen in AMPK mutant dauer animals. 

We therefore subjected each of the germline-expressed genes with mir-51 binding sites 

in their 3’UTRs, as predicted by TargetScanWorm 6.2, to RNAi analysis and assessed 

their effect on the sterility that arises following dauer recovery. Of the 66 genes tested, 

RNAi of 9 genes could individually, partially suppress the post-dauer sterility (Table S2).  
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Altogether, our data suggest that miRNAs synthesized in the neurons, like mir-51, 

are incorporated into RAB-7 exosomes, likely through the presence of cis-acting 

EXOmotifs. As we have shown, mir-51 affects its target mRNAs through its loading into 

exosomes and its eventual physical binding to its sites in the 3'UTR of its germline targets. 

However, we have shown that the expression of one miRNA such as mir-51, is sufficient 

to increase the expression of multiple miRNAs, including the tbc-7 regulators mir-1 and 

mir-44, and even other mir-51 family members, by re-prioritizing DCR-1 activity to 

upregulate miRNA synthesis (Jurczak et al., 2023). Following their synthesis and loading 

into exosomes, the miRNA-containing vesicles are then released, and subsequently 

make their way to the germ line where they adjust gene expression to promote 

quiescence in the germline stem cells. 

 

Small RNA regulators act at distinct stages. 

In order to determine if additional known small RNA regulatory components might 

be involved in the transport of the exosomal miRNAs from the neurons to the germ line, 

we employed a hypomorphic RNAi strategy in daf-2; aak(0); tbc-7 (AMPK mutant animals 

with active RAB-7) to survey the effects of compromising individual genes involved in 

dsRNA transport on post-dauer fertility. RNAi of sid-3, sid-5, and rme-8 in these mutants 

reduced post-dauer fertility significantly, indicating that their effects are required for the 

appropriate changes in germline gene expression mediated by the RAB-7-associated 

exosomes (Figure 7A and 7B). SID-5 is a single-pass transmembrane RNA channel and 

has been shown to localize with endosomal components like RAB-7 and LMP-1, thus 

linking RNA mobility to vesicular transport41. RME-8 is a conserved protein required for 
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endocytosis, and similarly to SID-5, localizes to endosomal membranes42. Because SID-

5 has been shown to function in a cell non-autonomous manner as a dsRNA exporter 

rather than importer41, we examined in which tissues these RNA transport proteins could 

be required by using strains where RNAi activity is restricted to either the neurons or the 

germ line41,42. These RNAi experiments indicated that sid-5 and rme-8 are required 

exclusively in the neurons, consistent with their known roles in RNA export and endocytic 

maturation, respectively (Figure 7C).  

On the other hand, the conserved non-receptor tyrosine kinase sid-3, was required 

in the germ line (Figure 7C). SID-3 is required for the efficient uptake of dsRNA in C. 

elegans43, while its mammalian orthologue (ACK) was initially identified as a binding 

partner of Cdc42, a small GTPase that promotes endocytosis44. A kinase-dead SID-3 

variant is unable to import dsRNA into C. elegans cells43. Therefore, to examine if the 

kinase domain of SID-3 is required for the maintenance of germ cell integrity, we 

expressed a kinase-dead variant of SID-3 in the daf-2; aak(0); tbc-7 mutants43. Unlike 

animals with wild-type SID-3, the daf-2; aak(0); tbc-7 mutants that expressed a kinase-

dead SID-3 variant could no longer suppress the germline defects associated with a lack 

of AMPK signalling during the dauer stage or following recovery (Figure 7D and 7E). 

Moreover, mutants with compromised sid-3 expression or a kinase-dead SID-3 variant 

blocked the miRNA-dependent silencing of the miRNA sensor in the germ cells (Figure 

7F-H), similar to daf-2; aak(0) mutants.  

Following the incorporation of the exosomes, the germ cells undergo a concerted 

cell cycle arrest associated with a general modification of the chromatin3. This invokes 

the possibility of an amplification mechanism, whereby the pro-quiescent instructions 



 255 

conveyed by the miRNAs must be uniformly distributed throughout the entire germ line. 

The RNAi spreading defective (rsd) genes have been shown to regulate both the import 

of dsRNA into cells and the propagation of the small RNA-based signals45,46. rsd-2 and 

rsd-3 encode proteins that associate with intracellular trafficking components and 

endomembranes, where the loss of either one of these gene products results in silencing 

defects, not only in the tissue where the dsRNA is acting, but also in adjacent cells and 

tissues46. Consistent with their implication in this endosome-mediated process, the loss 

of rsd-3 and rsd-6 expression resulted in extensive post-dauer sterility, while further 

interrogation indicated that these two genes are only required in the germ line (Figure 7I 

and 7J). Like SID-3, RSD-3 has a conserved ENTH domain that is required for RNA 

import into somatic and germ cells46, and although RSD-6 does not have an ENTH 

domain, it does possess a Tudor domain, which has known roles in transposon silencing 

through RNAi activity45,47,48. Therefore, like SID-3, RSD-3 and RSD-6 could be required 

for exosomal miRNA uptake and/or to propagate or amplify small RNA signals uniformly 

throughout the germ line. Nevertheless, following internalization of RAB-7 containing 

exosome, the contents of this vesicle, miRNA, and perhaps other constituents, will 

transmit a pro-quiescent signal that must be propagated throughout the entire germ line 

to adjust germline gene expression accordingly. This is essential to preserve germ cell 

integrity throughout the potentially lengthy energy stress associated with the dauer 

diapause. 
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Discussion 

The emergence of exosomes as critical extracellular agents capable of delivering 

biologically relevant signalling molecules to target tissues has been fuelled by numerous 

studies in various models. Their purification and subsequent analysis have indicated that 

these vesicles carry a diverse macromolecular cargo that can include DNA, proteins, 

mRNA, miRNAs, and other RNA fragments33,39,49. Yet, despite the identification of these 

important molecules, the effects of releasing intracellular contents to neighbouring cells 

or tissues have yet to be fully elucidated due to the large heterogenicity of extracellular 

vesicles and their many biogenesis and loading pathways.  

In C. elegans, double-stranded RNA produced in the neurons has been previously 

shown to enter the gonad to affect germline gene expression50. These double-stranded 

RNAs are likely processed into small RNAs and can presumably pair with matching 

complementary sequences in germ cells, that can lead to, at least in some cases, 

transgenerational gene silencing. Indeed, small RNAs present in neurons have been 

demonstrated to modify behaviour transgenerationally in an RDE-4/PACT-dependent 

manner51, demonstrating how these small mobile RNAs move around the animal to direct 

various cellular processes. This is further demonstrated in animals that have no germ 

cells, yet they have an extended lifespan through increased DAF-16/FoxO activity in the 

intestine. This lifespan extension is entirely dependent on the activity of neuronal mir-71, 

thus revealing an RNA-mediated signalling network that exists between the neurons, the 

gut, and the germ line, which influences the lifespan of the entire organism52. But despite 

these demonstrations of how neurons and neuronal small RNAs can act to regulate 

changes in germline gene expression in C. elegans, a genetic, mechanistically defined 
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pathway that could account for this intertissue movement/communication has not yet 

been described. 

Using an unbiased genetic approach, we have shown how the formation and 

release of RAB-7-containing exosomes from the neurons is required to signal non-

autonomously to the C. elegans germ line (Figure 7K). These exosomes carry pro-

quiescent instructions in the form of miRNAs that are required to adjust gene expression 

in the germline stem cells to block their cell divisions, while preparing the genome for an 

extended period of stress that would otherwise compromise reproductive fitness.  

The extensive energy stress associated with starvation could presumably affect 

the levels of critical macromolecular building blocks, and/or the energy-dependent quality 

control mechanisms that monitor their synthesis in the germ cells. That the serotonergic 

neurons have evolved a role in adjusting germline gene expression in response to energy 

stress via AMPK activation is a particularly efficient means of protecting genome integrity 

in the "immortal" germ lineage. These neurons are highly sensitive to intracellular 

changes in energy levels, eliciting adaptive modifications to foraging behaviours to correct 

any perceived energy deficit53.  

Although the function of AMPK in this subclass of neurons has already been 

described for its role in behavioural modification in response to starvation54, our data 

indicate that AMPK activation in the serotonergic neurons acts at multiple levels. In 

addition to its critical role in altering feeding strategies, its activation also initiates a 

specific trafficking process that culminates with the incorporation of not only mir-51, but a 

select group of miRNAs, among probably additional molecules, into RAB-7-associated 

exosomes earmarked for release and targeting to the germ line.   
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Using our miRNA sensor, we confirmed the importance of EXOmotifs in the 

packaging of miRNAs into exosomes, while also demonstrating that their expression in 

neurons results in the efficient silencing of their cognate transcripts in a distant tissue. 

Whether this requires nascent transcription of EXOmotif-harbouring miRNAs remains to 

be resolved, but either the expression or the selection of these transcripts is dependent 

on neuronal AMPK. Alternatively, perhaps all EXOmotif-containing miRNAs and their 

bound Argonautes are indiscriminately incorporated into the maturing neuronal 

exosomes. The exosomes would then carry a constant miRNA cargo, and following 

internalization, only relevant mRNA targets expressed in the target tissue would be 

affected. In this scenario, the AMPK-dependent activation of RAB-7 would be sufficient 

to initiate the process.  

The molecular basis of the germline translocation of the exosomes and the role of 

the dsRNA transporter SID-3 in their internalization is still unclear. Nevertheless, our 

genetic analysis indicates that the miRNA-containing exosomes access the germline 

stem cells to effect changes in their gene expression. However, to ensure that all the 

germline stem cells respond uniformly, the miRNA signal must be amplified and spread 

throughout the entire germ line. This is not consistent with the current model of miRNA 

action, whereby miRNAs act stoichiometrically. It therefore invokes the possibility of an 

intermediate that is responsible for either amplifying or relaying the signal throughout the 

germ line.  

The pro-quiescent function of these exosomes relies on RAB-7 to generate the 

appropriate vesicles, but other factors provide the navigational function responsible for 

germline homing. In the developmental context we describe here, the exosomes deliver 
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pro-quiescent instructions in the form of miRNAs to the germline stem cells, but it is 

unlikely that such an elaborate mechanism of cell non-autonomous regulation would be 

exclusive to the dauer stage. In C. elegans, the transfer of vesicles between organisms, 

rather than between different tissues of one animal to induce a physiological effect has 

been previously documented. Exosomes have been shown to regulate the formation of 

alae and the life span of adult animals28,36, while extracellular vesicles containing RNA- 

and nucleotide-binding proteins can be transferred from males via the cilia of male-

specific sensory neurons into hermaphrodites during mating55. It is not yet clear how these 

examples of exosome-mediated communication might be regulated, but at least some 

components of the pathways are likely conserved at the most fundamental level. 

Moreover, some of the described transgenerational phenomena that implicate the 

neurons in the generation of a small RNA trigger could also function through exosome-

mediated targeting to the germ line. However, once these small RNAs arrive at their 

destination, they must then affect specific modifications at the chromatin level, many of 

which are mediated by the nuclear Argonaute protein HRDE-1 in C. elegans51. Similarly, 

alterations in the chromatin landscape and the associated changes in gene expression 

observed in post-dauer adult animals might also be dependent on these neuronal 

exosomes40. It is therefore quite plausible that exosomal small RNAs could establish 

these epigenetic changes by altering the expression of the germline histone writers to not 

only maintain germ cell integrity, but also contribute to the altered gene expression 

observed in post-dauer animals.  

The packaging of RNA into exosomes has more recently become a useful 

diagnostic tool due to their remarkable stability56. In addition, critical miRNAs have been 
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found in exosomes associated with breast cancer, leukemia, and endothelial cancer cell 

lines57-59. However, with the exception of a few cases, how or whether the presence of 

these RNAs contributes to the metastatic potential, or other features of the growing 

tumour, still remains to be established in most cases60,61.  

In other contexts, exosomal miRNAs have positive roles and are implicated in more 

healthy outcomes. Most notably, exosomal miR-126, which is secreted by cardiac 

fibroblasts, reduces the severity of myocardial ischemia reperfusion injury62. Indeed, 

since the first description of the effects of exosomal miRNAs, the potential therapeutic 

benefits of these miRNA carriers has expanded, improving the prognosis of multiple 

sclerosis and other central nervous system diseases63,64.  

By exploiting the EXOmotif-based incorporation of selected RNA molecules into 

these vesicles, virtually any miRNA, or potentially any RNA, may be internalized into 

these vectors for precise tissue-specific targeting. The key factors involved in directing 

these vesicles to desired tissue locations will ultimately come from purification and 

characterization of the neuronal exosome-associated constituents that are responsible 

for the navigator function. While understanding what gene products are involved and how 

the miRNA cargo is released from these exosomes following internalization may provide 

invaluable information to improve the development of effective RNA therapeutics. 

Our work highlights the function of these neuronal exosomes in the epigenetic 

modification of germ cell gene expression. Although we did not demonstrate if or how 

these vesicles might contribute to any transgenerational epigenetic phenomena, past 

work has shown that neuron-specific small RNAs can communicate with the germ line to 

adaptively modify behaviours transgenerationally51. Curiously, in the late 19th century 
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Darwin proposed a role for "gemmules" in the transmission of heritable traits65. Our 

findings underscore a role for neuronal vesicles that bring about epigenetic change in the 

germ line to adapt gene expression to protect the reproductive competence of the germ 

cells. We do not yet know if these, or related vesicles, might also act as vectors to convey 

heritable epigenetic modifications, but if that bears true, Darwin's "gemmule" hypothesis 

may not have been so far removed from the actual mechanisms that drive these changes.  
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in post-dauer AMPK mutants, Related to Figure 2. 
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a RAB-7-dependent manner, Related to Figure 3.  
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Table S1. Quantification of relative fluorescence intensity of whole animal imaging, 
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Figures 

Figure 3.1. Neuronal RAB-7 is associated with exosomes that localize to the germ 

line during energy stress. 

 

(A) Genetic pathway of insulin-like signalling and AMPK signalling with mammalian/C. 

elegans orthologues. 
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(B-D) Confocal images of neuronal GFP::RAB-7 expression in dauer larvae in (A) daf-2, 

(B) daf-2; aak(0), and (C) daf-2; aak(0); tbc-7 mutants.  

 

(E) Negative stain TEM on isolated exosomes from daf-2 mutants that express neuronal 

HA::RAB-7 with 6 nm immunogold against HA. White arrowhead indicates gold particle 

bound to exosome. White arrow indicates lipid bilayer. Scale bar, 50 nm. Representative 

of three independent exosome purifications. 

 

(F) Vesicle diameter (nm) of purified vesicles containing HA::GFP::RAB-7 determined 

through Velox software (Thermo Scientific). Representative of three independent 

exosome purifications. n = 20 measurements.  

 

(G) Percentage of vesicles with RAB-7 in a pan-exosome purification as determined by 

immunogold TEM analysis using anti-HA antibodies. Each percentage represents one 

biological replicate. For each replicate, 50-100 vesicles were quantified. 

 

(H-J) Western analysis with (J) anti-Alix/ALX-1, (K) anti-Tsg101/TSG-101, and (L) anti-

CD63/TSP-7 antibodies on animals fed with either L4440 empty vector control or dsRNA 

against (J) alx-1, (K) tsg-101, or (L) tsp-7, respectively.  

 

(K) Levels of Alix/ALX-1, Tsg101/TSG-101, and CD63/TSP-7 were quantified and 

normalized to tubulin using ImageJ software.  
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(L) An immunoprecipitation using an anti-HA antibody to isolate HA::GFP::RAB-7 

containing exosomes. Western analysis with anti-GFP, anti-ALX-1/Alix, anti-TSG-

101/Tsg101, and anti-TSP-7/CD63 antibodies. The input is purified pan-exosomes from 

daf-2 mutants expressing neuronal HA::GFP::RAB-7.  

 

(M) Levels of GFP, ALX-1/Alix, TSG-101/Tsg101, and TSP-7/CD63 in the IP lane were 

quantified using ImageJ software and normalized to the input. Representative of three 

independent experiments. 

 

(N) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants with wild-type tbc-7 expressed in 

dopaminergic (cat-2p), glutaminergic (eat-4p), serotonergic (tph-1p), cholinergic (unc-

17p), and GABAergic (unc-47p) neurons.  

 

(O) Confocal images of GFP::RAB-7 expression in daf-2 dauer larvae expressed in 

serotonergic neurons (tph-1p).  

 

For (B-D, O), solid white frame indicates position of the higher magnification insets 

(below). Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently-generated transgenic lines. All images show anterior to the left; dorsal up. 
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For (N), data is mean ± SEM. ***P < 0.0001; Marascuilo procedure. n = 50 animals. Post-

dauer fertility data are representative of three independent experiments. See also Figures 

S1, S2, S3, S4, and S5.  

  



 269 

 Figure 3.2. Neuronal miRNA synthesis is required to preserve germ cell integrity.  

 

(A-C) Post-dauer fertility of daf-2; aak(0) mutants soaked in (A) RNA extracted from 

animals of indicated genotypes, (B) either the poly(A) fraction or a poly(A)-depleted 

fraction (flowthrough) of total RNA extracted from daf-2 mutants, (C) fractions containing 

either RNAs larger than 200 nts (>200 nts) or less than 200 nts (<200 nts) extracted from 

daf-2 mutants, and (D) RNA extracted from daf-2 dauer larvae that were treated with 

RNase A in either 0 M or 0.5 M NaCl. 

 

(E and F) Post-dauer fertility of daf-2; aak(0) mutants soaked in (E) isolated 

HA::GFP::RAB-7-containing exosomes and (F) RNA purified from HA::GFP::RAB-7-

containing exosomes.  
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(G and H) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing 

dsRNA corresponding to components involved in miRNA biogenesis in (G) whole animal 

or (H) assessed using tissue-specific RNAi mutants.  

 

For (A-H), data is mean ± SEM. ***P < 0.0001; *P < 0.01; ns, not significant; Marascuilo 

procedure. n = 50 animals. Post-dauer fertility data are representative of three 

independent experiments. See also Figure S6. 
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 Figure 3.3. miRNA Argonautes are incorporated into neuron-derived exosomes 

and subsequently localize to the germ line.  

 

(A) Confocal images of neuronal mKate::ALG-1 expression in daf-2; aak(0); tbc-7 dauer 

larvae.  

 

(B and C) Confocal images of neuronal mKate::ALG-1 expression in daf-2; aak(0); tbc-7 

dauer larvae fed with bacteria that express (B) empty vector L4440 or (C) dsRNA that 

corresponds to rab-7. Yellow asterisks indicate mKate signal from the nerve cord.  

 

(D) Western analysis performed with anti-FLAG antibodies on exosomes isolated from 

mutants expressing neuronal FLAG::ALG-1. Western blots were spliced together due to 

differences in exposure times. Representative of two independent experiments.  
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(E) Western analysis performed with anti-FLAG antibodies on exosomes isolated from 

mutants expressing neuronal FLAG::ALG-1 that have been treated with either Triton X-

100, Proteinase K, or both. Representative of two independent experiments.  

 

For (A-C), solid white frame indicates position of the higher magnification insets (below). 

Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently generated transgenic lines. All images show anterior to the left; dorsal up. 

See also Figure S7.  
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Figure 3.4. Neuronally-expressed miRNAs silence germ cell targets in a RAB-7-

dependent manner. 

 

(A) Post-dauer fertility of daf-2; aak(0) mutants expressing neuronal mir-51.  
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(B) Graphic description of the mir-51-specifc germline miRNA sensor. 

 

(C and D) Confocal images of the miRNA sensor in (C) daf-2 and (D) daf-2; aak(0) adult 

animals grown in replete conditions.  

 

(E) Corrected total cell fluorescence (CTCF) of GFP intensity by genotype as described 

in C and D. 

 

(F and G) Confocal images of the miRNA sensor containing three wild-type mir-51 seed 

sequences in (F) daf-2 and (G) daf-2; aak(0) dauer larvae.  

 

(H) Corrected total cellular fluorescence (CTCF) of GFP intensity by genotype as 

described in F and G. 

 

(I and J) Confocal images of the miRNA sensor containing three wild-type mir-51 seed 

sequences in (I) daf-2; mir-51 and (J) daf-2; mir-51 that express a mir-51 transgene driven 

by a pan-neuronal promoter (rgef-1p::mir-51) dauer larvae.  

 

(K) Confocal image of the miRNA sensor containing three scrambled mir-51 seed 

sequences in daf-2 dauer larvae.  

 

(L) Corrected total cellular fluorescence (CTCF) of GFP intensity by genotype as 

described in I, J, and K. 
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(M and N) Confocal images of the mir-51-specific miRNA sensor in daf-2 dauer larvae fed 

with bacteria that express (M) empty vector L4440 or (N) dsRNA that corresponds to rab-

7.  

 

(O) Corrected total cell fluorescence (CTCF) of GFP intensity by genotype and RNAi 

condition as described in M and N. 

 

For (A), data is mean ± SEM. ***P < 0.0001; ns, not significant; Marascuilo procedure. n 

= 50 animals. Post-dauer fertility data are representative of three independent 

experiments. For (C-D, F-G, I-J, K, M-N), dotted white lines outline the gonad. Scale bars, 

50 𝜇m. Representative of three independently-generated transgenic lines. For (E, H, L, 

O), data is mean ± SEM. ***P < 0.0001; Student’s t-test. n = 3 trials.  
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Figure 3.5. Neuronally-expressed miRNAs are loaded into exosomes through 

EXOmotifs to regulate germ cell integrity non-autonomously. 

 

(A and B) Predicted structure for the hairpin miRNA for (A) wild-type or (B) EXOmotif 

scrambled mir-51 by RNAfold Webserver software. Red or blue colouring indicate a high 

or low probability of pairing, respectively. Black arrows indicate the location of the mutated 

EXOmotif. 

 

(C) The sequence of the wild-type and scrambled EXOmotif variants of mature mir-51. 

 

(D) Confocal image of the miRNA sensor in daf-2; mir-51 mutants expressing neuronal 

mir-51 with three scrambled EXOmotifs.  

 

(E) Corrected total cell fluorescence (CTCF) of GFP intensity by genotype. 
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(F) Post-dauer fertility of daf-2; aak(0) mutants expressing neuronal mir-51 with 

scrambled EXOmotifs.  

 

(G) Western analysis using anti-GFP antibodies on HA::GFP::RAB-7-containing 

exosomes purified from an immunoprecipitation using anti-HA antibodies conjugated with 

protein G beads to verify the specificity of the immunoprecipitation. The input is purified 

pan-exosomes from daf-2 mutants expressing neuronal HA::GFP::RAB-7. 

Representative of three independent experiments.  

 

(H) Relative gene expression of wild-type mir-51 on whole animals and exosomes purified 

from daf-2; mir-51 mutants expressing neuronal mir-51 with wild-type EXOmotifs.  

 

(I) Relative gene expression of scrambled EXOmotifs mir-51 on whole animals and 

exosomes purified from daf-2; mir-51 mutants expressing neuronal mir-51 with scrambled 

EXOmotifs.  

 

(J) Level of wild-type mir-51 detected using a scrambled EXOmotif mir-51 probe in whole 

animals and exosomes purified from daf-2; mir-51 mutants expressing neuronal mir-51 

that possesses wild-type EXOmotifs.  
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(K) Level of scrambled EXOmotif mir-51 detected using a wild-type mir-51 EXOmotif 

probe in whole animals and exosomes purified from daf-2; mir-51 mutants expressing 

neuronal mir-51 with scrambled EXOmotifs.  

 

For (D), dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently-generated transgenic lines. For (F), data is mean ± SEM. ***P < 0.0001; 

ns, not significant; Marascuilo procedure. n = 50 animals. Post-dauer fertility data are 

representative of three independent experiments. For (H-K), Gene expression was 

normalized to the expression of mir-235. Data is mean ± SEM. ***P < 0.0001; two-way 

ANOVA. RT-qPCR data are representative of three independent experiments. For (E), 

data is mean ± SEM. ***P < 0.0001; Student’s t-test. n = 3 trials. 
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Figure 3.6. Neuronally-expressed miRNAs regulate germline gene expression and 

dauer-specific chromatin remodeling.  

 

(A) Global levels of H3K4me3 and H3K9me3 were quantified by performing whole-animal 

western analysis on dauer larvae. 

 

(B) Levels of chromatin marks were quantified and normalized to tubulin using ImageJ 

software. **P < 0.001, *P < 0.01 using Student’s t-test. Representative of four 

independent experiments. 

 

(C) RT-qPCR was conducted on daf-2; aak(0); Ex[rgef-1p::mir-51] mutants to quantify the 

levels of germline genes that were previously shown to be differentially expressed in the 

dauer stage. The expression between genotypes were normalized to tba-1. ***P < 0.001, 

ns, not significant using two-way ANOVA. Data is mean ± SEM. RT-qPCR data are 

representative of three independent experiments.  
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 Figure 3.7. miRNA-containing exosomes require dsRNA transport proteins to 

efficiently transmit pro-quiescent signals to the germline stem cells.  

 

(A-C) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing 

dsRNA that corresponds to various small RNA transporters in animals subjected to (A 

and B) whole animal RNAi or (C) tissue-specific RNAi.  

 



 281 

(D and E) The (D) number of germ cell sin the dauer larvae and (E) post-dauer fertility of 

daf-2; aak(0); tbc-7 mutants with a kinase-dead variant of SID-3.  

 

(F and G) Confocal images of the miRNA sensor containing three wild-type mir-51 seed 

sequences in daf-2 dauer larvae (I) fed with bacteria expressing dsRNA that corresponds 

to sid-3 or (J) with a CRISPR-engineered kinase-dead SID-3 K139A variant. Dotted white 

lines outline the gonad. Scale bars, 50 𝜇m. Representative of three independently-

generated transgenic lines. 

 

(H) Corrected total cell fluorescence (CTCF) of GFP intensity by genotype. 

 

(I and J) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing 

dsRNA that corresponds to RNAi spreading components in animals subjected to (I) whole 

animal RNAi or (J) tissue-specific RNAi.  

 

(K) Proposed model of the secretion of neuronal exosomes containing miRNAs to protect 

germline integrity.  

 

For (A-E, I-J), data is mean ± SEM. ***P < 0.0001; ns, not significant; Marascuilo 

procedure. n = 50 animals. For (H), data is mean ± SEM. ***P < 0.0001; one-way ANOVA. 

n = 25 animals. Post-dauer fertility and number of germ cells data is representative of 

three independent experiments. For (H), data is mean ± SEM. ***P < 0.0001; Student’s t-

test. n = 3 trials. 
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Supplementary Information 

Figure S3.1. Neuronal RAB-7 that localizes to the germ line during the dauer stage 

persists into the post-dauer germ line, Related to Figure 1. 

 

(A-C) Confocal images of neuronal GFP::RAB-7 expression in (A) daf-2, (B) daf-2; aak(0), 

and (C) daf-2; aak(0); tbc-7 adults that did not transit through the dauer stage.  

 

(D-F) Confocal images of neuronal GFP::RAB-7 expression in post-dauer adults in (D) 

daf-2, (E) daf-2; aak(0), and (F) daf-2; aak(0); tbc-7 mutants.  

 

For (A-F), solid white frame indicates position of the higher magnification insets (below). 

Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently generated transgenic lines. All images show anterior to the left; dorsal up. 
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Figure S3.2. The mechanism of neuron to germ line transfer of GFP::RAB-7 is 

conserved across different modes of dauer formation, Related to Figure 1. 

 

(A-C) Confocal images of neuronal GFP::RAB-7 expression in (A) daf-7 mutants and wild 

type N2 dauer larvae induced through (B) dauer pheromone and (C) starvation. Solid 

white frame indicates position of the higher magnification insets (below). Dotted white 

lines outline the gonad. Scale bars, 50 𝜇m. Representative of three independently-

generated transgenic lines. All images show anterior to the left; dorsal up. 
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Figure S3.3. GFP signal detected in the germ line is of neuronal origin, Related to 

Figure 1.  

 

(A and B) Confocal images of daf-2 mutants with RNAi activity restricted to the germline 

tissue expressing neuronal GFP::RAB-7 fed with bacteria expressing (A) dsRNA against 

gfp or (B) control empty vector L4440.  
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(C and D) Confocal images of daf-2 mutants with RNAi activity restricted to the neuronal 

tissue expressing neuronal GFP::RAB-7 fed with bacteria expressing (A) dsRNA against 

gfp or (B) control empty vector L4440.  

 

(E) Confocal images of daf-2 mutants expressing neuronal mKate::T2A::GFP::RAB-7.  

 

(F-H) Confocal images of (F) daf-2, (G) daf-2; aak(0), and (H) daf-2; aak(0); tbc-7 mutants 

expressing a single-copy insertions of neuronal GFP::RAB-7 and germline mCherry::HIS-

11. 

 

(I) Single confocal slice of daf-2 animals expressing a single-copy insertions of neuronal 

GFP::RAB-7 and germline mCherry::HIS-11. 

 

For (A-I), solid white frame indicates position of the higher magnification insets (below). 

Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently-generated transgenic lines. All images show anterior to the left; dorsal up. 
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Figure S3.4. GFP signal detected in the germ line is dependent on exosome 

biogenesis and secretion, Related to Figure 1. 

 

(A) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants that contain either a variant of unc-

13 (synaptic vesicle) with a premature stop codon or a deletion of unc-31 (dense-core 

vesicle).  

 

(B) Western analysis with anti-GFP antibodies on whole protein lysate of daf-2, daf-2; 

aak(0), and daf-2; aak(0); tbc-7 mutants expressing a GFP::LGG-1 transgene. The 

phosphatidylethanolamine (PE) conjugated LGG-1 variant and cleaved GFP are readouts 

of autophagic flux. Representative of two independent experiments.   
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(C) Levels of GFP::LGG-1, GFP::LGG-1 PE, and GFP were quantified and normalized to 

tubulin using ImageJ software. Representative of three independent experiments. 

 

(D) Confocal images of TSP-7::GFP expression driven by the tsp-7 promoter in dauer 

larvae. Arrowheads indicate the nerve chord. Arrow indicates the anus. Images show 

anterior to the left; dorsal up. Scale bar, 50 𝜇m. 

 

(E) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing dsRNA 

that corresponds to ral-1. 

 

(F and G) Confocal images of neuronal GFP::RAB-7 expression in dauer larvae in daf-2; 

aak(0); tbc-7 mutants fed with bacteria expressing (E) empty vector L4440 or (F) dsRNA 

that corresponds to ral-1. Yellow asterisks indicate GFP signal from the nerve cord. 

 

(H) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing either 

neuronal GFP or TAT-5.  

 

(I) Confocal images of neuronal GFP::RAB-7 expression in dauer larvae in daf-2; aak(0); 

tbc-7 mutants expressing neuronal TAT-5.  

 

For (A, E, H), data is mean ± SEM. ns, not significant; Marascuilo procedure. n = 50 

animals. Post-dauer fertility data are representative of three independent experiments. 

For (F, G, I), solid white frame indicates position of the higher magnification insets (below). 
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Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently-generated transgenic lines.  
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Figure S3.5. The localization of the RAB-7-associated exosomes to the germ line 

requires that they be formed in the neurons, Related to Figure 1. 

 

(A-C) Confocal images of GFP::RAB-7 expression in dauer larvae expressed in the (A) 

muscle (myo-3p), (B) intestine (nhx-2p), or (C) the excretory system (pgp-12p). Solid 

white frame indicates position of the higher magnification insets (below). Dotted white 

lines outline the gonad. Scale bars, 50 𝜇m. Representative of three independently 

generated transgenic lines. All images show anterior to the left; dorsal up. 
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Figure S3.6. Other classes of small RNAs are not required to maintain germ cell 

integrity in post-dauer AMPK mutants, Related to Figure 2. 

 

(A) Post-dauer fertility of daf-2; aak(0) mutants fed with bacteria expressing dsRNA that 

corresponds to components involved in siRNA biogenesis.  

 

(B) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing dsRNA 

corresponding to miRISC components.  
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(C-E) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing 

dsRNA that corresponds to (C) 26G, (D) 21U, and (E) 22G Argonautes and RISC 

components.  

 

(F and G) Post-dauer fertility of daf-2; aak(0); tbc-7 mutants fed with bacteria expressing 

dsRNA that corresponds to miRISC components in (F) germline-specific or (G) neuron-

specific RNAi mutants.  

 

For (A-G), data is mean ± SEM. ***P < 0.0001; **P < 0.001; *P < 0.01; ns, not significant; 

Marascuilo procedure. n = 50 animals. Post-dauer fertility data are representative of three 

independent experiments. 
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Figure S3.7. Neuronally-expressed miRNA Argonautes are incorporated into 

exosomes in a RAB-7-dependent manner, Related to Figure 3.  

 

(A and B) Confocal images of neuronal mKate::ALG-1 expression in dauer larvae in (A) 

daf-2 and (B) daf-2; aak(0) mutants.  

 

(C and E) Confocal images of neuronal ALG-2::mKate expression in dauer larvae in (C) 

daf-2, (D) daf-2; aak(0), and (E) daf-2; aak(0); tbc-7 mutants.  

 

(F) Confocal image of neuronal mKate expression in daf-2 dauer larvae.  
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(G) Confocal images of neuronal mKate::ALG-1 and GFP::RAB-7 expression in dauer 

larvae in daf-2 mutants.  

 

(H-J) Confocal images of (H) daf-2, (I) daf-2; aak(0), and (J) daf-2; aak(0); tbc-7 mutants 

expressing a single-copy insertions of neuronal mKate::ALG-1 and germline HIS-

15::GFP. 

 

For (A-J), solid white frame indicates position of the higher magnification insets (below). 

Dotted white lines outline the gonad. Scale bars, 50 𝜇m. Representative of three 

independently-generated transgenic lines. All images show anterior to the left; dorsal up. 
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 Replicate 1 Replicate 2 Replicate 2 Average CTCF 
Figure 1B: daf-2; Ex[rgef-
1p::gfp::rab-7] 14106.544 12112.461 13729.404 13316.136 
Figure 1C: daf-2; aak(0); 
Ex[rgef-1p::gfp::rab-7] 631.596 771.840 565.800 656.412 
Figure 1D: daf-2; aak(0); 
tbc-7; Ex[rgef-
1p::gfp::rab-7] 15307.524 16187.969 13020.930 14838.808 
Figure 1O: daf-2; Ex[tph-
1p::gfp::rab-7] 12060.030 21123.940 20081.831 17755.267 
Figure 1P: daf-2; 
Ex[HSN-specific tph-
1p::gfp::rab-7] 13239.336 12458.916 11703.600 12467.284 
Figure 1Q: daf-2; 
Ex[ADF-specific srh-
142p::gfp::rab-7] 1726.686 829.274 980.934 1178.965 
Figure 1R: daf-2; 
Ex[NSM-specific tph-
1p::gfp::rab-7] 1815.933 1097.980 1174.242 1362.718 

     
Figure 3A: daf-2; aak(0); 
tbc-7; Ex[rgef-
1p::mKate::alg-1] 7077.636 10469.443 9128.259 8891.779 
Figure 3B: daf-2; aak(0); 
tbc-7; Ex[rgef-
1p::mKate::alg-1] rab-7 
RNAi 1999.242 1399.380 1476.445 1625.022 
Figure 3C: daf-2; aak(0); 
tbc-7; Ex[rgef-
1p::mKate::alg-1] L4440 13931.631 12658.217 16657.900 14415.916 

     
Figure S1A: daf-2; 
Ex[rgef-1p::gfp::rab-7] 575.691 1052.880 897.894 842.155 
Figure S1B: daf-2; 
aak(0); Ex[rgef-
1p::gfp::rab-7] 850.374 1257.036 1045.862 1051.091 
Figure S1C: daf-2; 
aak(0); tbc-7; Ex[rgef-
1p::gfp::rab-7] 894.325 578.208 648.327 706.953 
Figure S1D: daf-2; 
Ex[rgef-1p::gfp::rab-7] 8894.028 8899.744 9781.672 9191.815 
Figure S1E: daf-2; 
aak(0); Ex[rgef-
1p::gfp::rab-7] 799.480 852.297 1367.100 1006.292 
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Figure S1F: daf-2; 
aak(0); tbc-7; Ex[rgef-
1p::gfp::rab-7] 9267.750 11157.102 12220.095 10881.649 

     
Figure S2A: daf-7; 
Ex[rgef-1p::gfp::rab-7] 15004.080 14820.000 16594.981 15473.020 
Figure S2B: N2; Ex[rgef-
1p::gfp::rab-7] 9155.295 11281.633 10344.418 10260.449 
Figure S2C: N2; Ex[rgef-
1p::gfp::rab-7] 6966.081 7710.469 7250.551 7309.034 

     
Figure S3F: daf-2; 
aak(0); tbc-7; Ex[rgef-
1p::gfp::rab-7]; ral-
1(RNAi) 2693.347 1080.802 1758.336 1844.162 
Figure S3G: daf-2; 
aak(0); tbc-7; Ex[rgef-
1p::gfp::rab-7] L4440 19389.286 17283.074 20903.600 19191.987 
Figure S3I: daf-2; aak(0); 
tbc-7; Ex[rgef-
1p::gfp::rab-7; rgef-
1p::tat-5] 7151.904 12466.124 12703.608 10773.879 

     
Figure S4A: daf-2; 
Ex[rgef-1p::gfp::rab-7]; 
gfp (RNAi) 15789.627 16023.968 13618.098 15143.898 
Figure S4B: daf-2; 
Ex[rgef-1p::gfp::rab-7] 
L4440 24287.725 20016.773 21038.997 21781.165 
Figure S4C: daf-2; 
Ex[rgef-1p::gfp::rab-7]; 
gfp (RNAi) 5539.380 4261.509 3971.844 4590.911 
Figure S4D: daf-2; 
Ex[rgef-1p::gfp::rab-7] 
L4440 17763.320 13639.507 17355.905 16252.911 
Figure S4E GFP: daf-2; 
Ex[rgef-
1p::mKate::T2A::gfp::rab-
7] 17987.050 23855.196 19626.488 20489.578 
Figure S4E mKate: daf-
2; Ex[rgef-
1p::mKate::T2A::gfp::rab-
7] 3546.004 4741.130 6174.630 4820.588 
Figure S4F: daf-2; 
Is[rgef-1p::gfp::rab-7]; 8437.580 10444.698 12323.608 10401.962 
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Is[mex-5p::mCherry::his-
11] 
Figure S4G: daf-2; 
aak(0); Is[rgef-
1p::gfp::rab-7]; Is[mex-
5p::mCherry::his-11] 354.393 592.050 1733.050 893.164 
Figure S4H: daf-2; 
aak(0); tbc-7; Is[rgef-
1p::gfp::rab-7]; Is[mex-
5p::mCherry::his-11] 7031.114 9193.758 10676.787 8967.220 
Figure S4I: daf-2; Is[rgef-
1p::gfp::rab-7]; Is[mex-
5p::mCherry::his-11] 4491.645 6879.399 10584.336 7318.460 
Figure S4J: daf-2; 
aak(0); Is[rgef-
1p::gfp::rab-7]; Is[mex-
5p::mCherry::his-11] 1006.572 714.025 1501.920 1074.172 
Figure S4K: daf-2; 
aak(0); tbc-7; Is[rgef-
1p::gfp::rab-7]; Is[mex-
5p::mCherry::his-11] 9836.865 7571.320 9772.020 9060.068 

     
Figure S5A: daf-2; 
Ex[myo-3p::gfp::rab-7] 2657.635 2559.774 3106.224 2774.544 
Figure S5B: daf-2; 
Ex[nhx-2p::gfp::rab-7] 1520.820 3092.250 2405.760 2339.610 
Figure S5C: daf-2; 
Ex[pgp-12p::gfp::rab-7] 521.541 1087.427 1175.034 928.001 

     
Figure S7A: daf-2; 
Ex[rgef-1p::mKate::alg-1] 12309.920 17797.481 11927.332 14011.578 
Figure S7B: daf-2; 
aak(0); Ex[rgef-
1p::mKate::alg-1] 821.100 858.990 977.784 885.958 
Figure S7C: daf-2; 
Ex[rgef-1p::alg-2::mKate] 3718.554 5680.128 5277.480 4892.054 
Figure S7D: daf-2; 
aak(0); Ex[rgef-1p::alg-
2::mKate] 513.672 617.140 909.013 679.942 
Figure S7E: daf-2; 
aak(0); tbc-7 Ex[rgef-
1p::alg-2::mKate] 4729.760 4520.323 3243.295 4164.459 
Figure S7F: daf-2; 
Ex[rgef-1p::mKate] 379.260 892.944 800.130 690.778 
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Figure S7G GFP: daf-2; 
Ex[rgef-1p::gfp::rab-7; 
rgef-1p::mKate::alg-1] 4068.098 3015.000 2582.566 3221.888 
Figure S7G mKate: daf-
2; Ex[rgef-1p::gfp::rab-7; 
rgef-1p::mKate::alg-1] 3840.515 3939.585 6352.840 4710.980 
Figure S7H: daf-2; 
Is[rgef-1p::mKate::alg-1]; 
Is[pie-1p::gfp::his-15] 5895.345 8291.924 3398.367 5861.879 
Figure S7I: daf-2; aak(0); 
Is[rgef-1p::mKate::alg-1]; 
Is[pie-1p::gfp::his-15] 941.528 1075.200 298.240 771.656 
Figure S7J: daf-2; 
aak(0); tbc-7; Is[rgef-
1p::mKate::alg-1]; Is[pie-
1p::gfp::his-15] 6090.165 9611.016 5538.962 7080.048 
Figure S7K: daf-2; 
Is[rgef-1p::mKate::alg-1]; 
Is[pie-1p::gfp::his-15] 12747.11 10174.4 9587.736 10836.413 
Figure S7L: daf-2; 
aak(0); Is[rgef-
1p::mKate::alg-1]; Is[pie-
1p::gfp::his-15] 856.904 551.169 801.572 736.548 
Figure S7M: daf-2; 
aak(0); tbc-7; Is[rgef-
1p::mKate::alg-1]; Is[pie-
1p::gfp::his-15] 16597.28 9301.356 14761.44 13553.359 

 

Table S1: Quantification of relative fluorescence intensity of whole animal 

imaging, Related to Figure 1, 3, S1, S2, S3, S4, S5, S7. 
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Gene Target Post-dauer fertility of  
daf-2; aak(0) mutants Statistical Testing 

L4440 0% N/A 
D2023.1 30% * 
zyg-11 26% * 
egg-6 26% * 
trpp-8 20% * 
catp-5 20% * 
mtm-6 20% * 
dmsr-4 18% * 

T07F12.2 18% * 
miga-1 18% * 
vang-1 16% ns 

F45D3.3 16% ns 
ptr-6 14% ns 

M01B12.4 12% ns 
hst-1 10% ns 
ptp-3 10% ns 

B0261.1 0 ns 
F31C3.3 0 ns 

pct-1 0 ns 
ptr-18 0 ns 

F41C3.2 0 ns 
F45D3.4 0 ns 

dph-3 0 ns 
gly-20 0 ns 

K08E4.3 0 ns 
ddl-1 0 ns 
klp-7 0 ns 

oops-1 0 ns 
ttc-17 0 ns 

F11E6.3 0 ns 
cpna-3 0 ns 
lin-26 0 ns 
hst-6 0 ns 
ncx-6 0 ns 

cnep-1 0 ns 
skn-1 0 ns 
srgp-1 0 ns 
imph-1 0 ns 
tin-44 0 ns 
dcn-1 0 ns 
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B0393.5 0 ns 
C04E6.11 0 ns 

swsn-7 0 ns 
R144.3 0 ns 

C53D6.4 0 ns 
F02E9.7 0 ns 
tbck-1 0 ns 

 

Table S2: Post-dauer fertility of daf-2; aak(0) mutants fed with dsRNA against mir-

51 gene targets, Related to Figure 6  
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STAR Methods Text 

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the lead contact, Dr. Richard Roy (richard.roy@mcgill.ca). 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

C. elegans strains and maintenance 

C. elegans were grown with standard procedures and maintained at 15°C on 

Nematode Growth Media (NGM) plates seeded with E. coli (OP50)66. The strains used in 

this study can be found in Table S3.  

 

METHODS DETAILS 

 

Transgenes and transgenic animals 

To make the DNA plasmid containing rgef-1p::HA::gfp::rab-7::rab-7 3’UTR, the 

coding sequence and the 3’UTR of rab-7 were amplified from genomic DNA using PCR 

and primers 1 and 2 and digested using HindIII and PstI and inserted into the pSK vector 

digested with HindIII and PstI. rgef-1p was amplified from plasmid pMR2093 containing 

rgef-1p::aak-2::gfp using PCR and primers 3 and 4. gfp was amplified from plasmid 

pPD95.77 from the Fire Lab kit containing gfp using PCR and primers 5 and 6. rgef-1p 
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and gfp were inserted into a vector containing the sequence rab-7 amplified using PCR 

and primers 7 and 8 to create rgef-1p::gfp::rab-7::rab-7 3’UTR using Gibson assembly 

(NEB E2611). The sequence of rgef-1p::HA::gfp::rab-7::rab-7 3’UTR was inserted into 

pCFJ356 MosSCI vector targeting the cxTi10816, IV region (Addgene)67. A full list of 

primer sequences can be found in Table S4.    

To generate a DNA plasmid containing rgef-1p::mKate::T2A::HA::gfp::rab-7::rab-7 

3’UTR, the T2A sequence was inserted downstream of the coding sequence of mKate in 

a plasmid containing rgef-1p::mKate::3xFlag::unc-54 3’UTR using PCR and primers 42 

and 43. The PCR product was subjected to T4 PNK (NEB M0201S) and T4 DNA ligase 

(NEB M0202S) to make rgef-1p::mKate::T2A::unc-54 3’UTR. The mKate::T2A sequence 

was amplified using PCR and primers 44 and 45 and inserted into a vector containing the 

rgef-1p and HA::gfp::rab-7::rab-7 3’UTR created by using PCR and primers 46 and 47 

using Gibson assembly (NEB E2611). 

To generate a DNA plasmid containing tsp-7p::tsp-7::gfp::tsp-7 3’UTR, the tsp-7p 

was amplified using PCR and primers 48 and 49, the tsp-7 coding sequence was 

amplified using PCR and primers 50 and 51, the gfp sequence was amplified using PCR 

and primers 52 and 53, and the tsp-7 3’UTR sequence was amplified using PCR and 

primers 54 and 55. The PCR products were inserted into an empty vector pPD95.77 from 

the Fire Lab kit amplified using PCR and primers 56 and 57 using Gibson assembly (NEB 

E2611) to generate tsp-7p::tsp-7::gfp::tsp-7 3’UTR. 

To make the DNA plasmid containing myo-3p::gfp::rab-7::rab-7 3’UTR, nhx-

2p::gfp::rab-7::rab-7 3’UTR, and pgp-12p::gfp::rab-7::rab-7 3’UTR, a 2.8 kb, 1.9 kb, and 

3.3 kb DNA sequence upstream of each respective gene was amplified using PCR and 
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cloned into the vector containing the sequence gfp::rab-7::rab-7 3’UTR amplified from 

plasmid rgef-1p::gfp::rab-7::rab-7 3’UTR using PCR and primers 9 and  were used to 

generate tissue-specific gfp::rab-7::rab-7 3’UTR by using Gibson assembly (NEB E2611).  

For tissue-specific RNAi mutants, we used rde-1(mkc36) mutants where wild-type 

expression of rde-1 was rescued using tissue-specific promoters in the appropriate 

genetic backgrounds required for that specific experiment68. Germline-specific and 

neuron-specific RNAi were validated in their original publications4,68,69. Muscle-specific 

RNAi was generated for this study. The strains MR2283 and MR2337 were validated by 

feeding of dsRNA against unc-112 (muscle), egg-5 (germ line), or unc-13 (neurons) and 

the phenotypes were scored. Each dsRNA treatment exhibits a unique phenotype, such 

as paralysis (unc-112 RNAi), embryonic lethal (egg-5 RNAi), or paralysis (unc-13 RNAi). 

Muscle-specific RNAi only exhibited paralysis when fed dsRNA against unc-112.  

To generate a DNA plasmid containing pie-1p::his-15::gfp::3xmir-51::tbb-2 3’UTR, 

the tbb-2 3’UTR sequence was amplified from genomic DNA using PCR and primers 11 

and 12 and the vector containing the sequence of pie-1p::his-15::gfp amplified from 

plasmid containing pie-1p::his-15::gfp::egg-6 3’UTR using PCR and primers 13 and 14 

were used to generate pie-1p::his-15::gfp::tbb-2 3’UTR by using Gibson assembly (NEB 

E2611). The sequence of pie-1p::his-15::gfp::tbb-2 3’UTR was inserted into pCFJ151 

MosSCI vector targeting the ttTi5605, II region (Addgene) to create a GFP germline 

marker67. To add the wild-type or mutant 3xmir-51 seed sequences, pie-1p::his-

15::gfp::tbb-2 3’UTR was amplified using PCR with primers containing overhangs for the 

3xmir-51 sequences using primers 15 and 16 for wild-type, and primers 17 and 18 for 

mutant. The PCR product was subjected to T4 PNK (NEB M0201S) and T4 DNA ligase 
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(NEB M0202S) to make pie-1p::his-15::gfp::3xmir-51::tbb-2 3’UTR with either wild-type 

or mutant 3xmir-51 sites. The plasmids were cloned into the pCFJ151 MosSCI vector 

targeting the ttTi5605, II targeting region (Addgene)67. The sequence of the scrambled 

seed sequence is as follows: 5’-

TTTCGATTCATTTTaAgGcGaTTcctaTTTCGATTCATTTTaAgGcGaTTttctTTTCGATTC

ATTTTaAgGcGaTT-3’. The seed sequences are underlined, and the sites of mutagenesis 

are in lowercase.  

To generate a DNA plasmid containing rgef-1p::mir-51::unc-54 3’UTR, the pre-

microRNA sequence of mir-51 was amplified from genomic DNA using PCR and primers 

19 and 20 and the vector containing the sequence of rgef-1p and unc-54 3’UTR amplified 

from plasmid rgef-1p::aak-2::unc-54 3’UTR using PCR and primers 21 and 22 were used 

to generate rgef-1p::mir-51::unc-54 3’UTR by using Gibson assembly (NEB E2611).  

To generate a DNA plasmid containing rgef-1p::mir-51::unc-54 3’UTR with 

scrambled EXOmotifs in the mature mir-51 sequence, the pre-mir-51 sequence was first 

inserted into a 3kb empty vector from pMR377 digested with XcmI. Then the three 

EXOmotifs on pre-mir-51 were scrambled via site-directed mutagenesis using three sets 

of primers; set 1 primers 23 and 24, set 2 primers 25 and 26, and set 3 primers 27 and 

28. The resulting PCR product was treated with T4 PNK (NEB M0201S) and T4 DNA 

ligase (NEB M0202S), then verified through sequencing. Plasmids containing neuronally 

expressed wild-type or scrambled mir-51 were injected at 1 ng µl-1. The sequence of the 

scrambled mir-51 is as follows: 5’- 

GTCCGAAAAGTCCGTCTACCCGTAGCTCCTATCgttcTTACTGGTCAAAAAGTGAAgtc



 304 

cGAAGCAGGTACAGGTGCACGGCGAGTAGGGTgtccAAGCT-3’ with the sites of 

mutagenesis in lowercase.  

To generate a DNA plasmid containing rgef-1p::mKate::3xFLAG::alg-1, the coding 

sequence of alg-1 was amplified from genomic DNA using PCR and primers 29 and 30 

and the coding sequence of mKate::3xFLAG was amplified from a plasmid containing 

mKate::3xFLAG using PCR and primers 31 and 32 and the vector containing rgef-1p and 

unc-54 3’UTR was amplified from plasmid rgef-1p::aak-2::unc-54 3’UTR using PCR and 

primers 33 and 34 were used to generate rgef-1p::mKate::3xFLAG::alg-1 by using Gibson 

assembly (NEB E2611). To generate a DNA plasmid containing rgef-

1p::mKate::3xFLAG::alg-2, the same protocol was used but the coding sequence of alg-

1 was replaced with alg-2 that was amplified from genomic DNA using PCR and primers 

35 and 36. The sequence of rgef-1p::mKate::3xFLAG::alg-1 was inserted into pCFJ356 

MosSCI vector targeting the cxTi10816, IV region (Addgene)67. 

To generate a DNA plasmid containing sur-5p::NeoR::unc-54 3’UTR, the coding 

sequence of the neomycin resistance gene was amplified from plasmid containing the 

NeoR gene using PCR and primers 40 and 41 and a vector containing the sequence of 

sur-5p and unc-54 3’UTR was amplified from plasmid sur-5p::aak-2::unc-54 3’UTR using 

primers 21 and 22 to generate sur-5p::NeoR::unc-54 3’UTR using Gibson assembly (NEB 

E2611).  

To generate a kinase dead variant of SID-3, aaa (lysine) was mutated into gca 

(alanine) in the MR1963 daf-2; aak(0); tbc-7(rr166) strain using CRISPR-Cas9 with 

sgRNA sequence primer 37 and a repair template/ultramer DNA oligonucleotide 

(Integrated DNA Technologies) containing the desired K139A mutation43. The sequence 
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of the repair template: 5’-

CGTGGACACAGAGCAATGGGACGCATGTGAATGTCGCTGTggcAATcCTgCGCGAtA

TcTCcCCtAATATTATGGATGATTTGAGAgtgagttctacttgtatg-3’ 

Transgenic animals were generated by injecting transgenes (15 ng µl-1 each) 

mixed with a co-injection marker pRF-4 (120 ng µl-1) (Addgene) expressing a dominant 

negative variant of the rol-6 gene and an empty vector pSK (up to 200 ng µl-1 of DNA) 

(Addgene) using standard methods70. To create transgenic animals with germline his-

15::gfp expression, EG669967 (ttTi5605 II; unc-119(ed3) III; oxEx1578) animals were 

injected with a target transgene (50 ng µl-1) with plasmid pJL43.1 (50 ng µl-1) (Addgene) 

that expresses Mos1 transposase under a germline promoter and plasmid pMR910 (20 

ng µl-1) that expresses GFP under a pharyngeal promoter using standard methods70. To 

create transgenic animals with neuronal HA::GFP::RAB-7 or mKate::3xFLAG::ALG-1 

expression, EG6703 (unc-119(ed3) III; cxTi10816 IV; oxEX1582) animals were injected 

with a target transgene (50 ng µl-1) with plasmid pCFJ601 (50 ng µl-1) (Addgene) that 

expresses Mos1 transposase under a ubiquitous promoter and plasmid pMR910 (20 ng 

µl-1) that expresses GFP under a pharyngeal promoter using standard methods70. 

 

Synchronization  

A population of genetically identical animals were synchronized using alkaline 

hypochlorite. The resulting embryos were allowed to hatch in the absence of food in M9 

buffer before they were plated on NGM plates seeded with OP50 (alternatively, on HT115 

for RNAi experiments). The plates were incubated in 25°C for 96 hours to induce dauer 
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formation and to allow the animals to spend at least 48 hours in the dauer stage. 

Afterwards, the plates were switched back to 15°C to allow for recovery and resumption 

of normal development.  

 

Quantification of AMPK germline defects 

A population of genetically identical animals were synchronized and plated on 

either NGM plates seeded with OP50 or HT115 expressing dsRNA according to the 

conditions specified in the figures then incubated at the restrictive temperature of 25°C to 

induce dauer formation for a total of 96 hours. The dauer larvae were then separate onto 

individual plates and switched into the permissive temperature of 15°C to trigger dauer 

exit. The post-dauer fertility was assessed after 7 days and animals were deemed fertile 

if they gave rise to viable progeny.  

For quantification of the number of germ cells in the dauer larvae. Dauer larvae 

were washed off a plate after spending a total of 96 hours in the restrictive temperature 

of 25°C and soaked in Carnoy’s solution (60% ethanol, 30% acetic acid, 10% chloroform) 

overnight on a shaker. Afterwards, the Carnoy’s solution was removed, and the worm 

pellet was washed twice with 1x PBS with 0.1% Tween-20 (PBST). The larvae were then 

stained with 0.1 mg mL-1 DAPI (Roche 10236276001) for 30 minutes while shaking. Next, 

the DAPI solution was removed, and the worm pellet was washed four times with PBST. 

Germ cells per dauer gonad was determined based on their position and their nuclear 

morphology and quantified manually. The conditions and genotypes of the animals were 

not blinded. 
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Confocal microscopy 

All confocal images were taken and analysed as previously described3,71. Briefly, 

images were acquired in a stack of 56 z-planes in increments of 0.2 µm. The DAPI signal 

was acquired with a wide-field X-Cite 120 florescence illumination system (Excelitas 

Technologies), while the GFP and mKate signals were acquired with a Quorum WaveFX 

spinning disc confocal system (Quorum Technologies), both integrated with the Leica 

DMI6000B microscope with 63x oil-immersion objective. Maximum intensity projection 

was generated using NIH ImageJ. Each stack was spliced together with overlap to create 

images of whole animals. Worms were artificially straightened using NIH ImageJ. Scale 

bars were generated using NIH ImageJ. The conditions and genotypes of the animals 

were not blinded.  

 

Negative-stain and immunogold labelling TEM 

Carbon-coated copper grids (Agar Scientific) were glow-discharged for 20 seconds 

at 20 mA before sample preparation using EasiGlow Glow Discharge Cleaning System 

(PELCO). 5 µl of isolated exosomes was applied to the grid and allowed to settle for 5 

minutes. The grids were blocked with 5 µl of PBS containing 0.5% BSA for 10 min at room 

temperature. The grids were incubated with mouse anti-HA.11 epitope tag antibody 

(BioLegend, 901501, 1:1000, RRID: AB_2565006) for 30 min at RT, then washed with 

PBS 3 times for a total of 10 min. The grids were incubated with 6 nm Colloidal Gold 

AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch, 115-195-146, 1:20, 
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AB_2338728) for 30 min at RT, then washed with PBS 3 times for a total of 10 min. Grids 

were stained with 5 µl of 2% uranyl acetate (Electron Microscopy Sciences) for 45 

seconds. The excess solution was blotted off the grid using filter paper after each step. 

Staining was finished at least 1 hour before imaging. The grids were imaged using a 

TalosTM F200X G2 (S)TEM (Thermo Scientific).  

The number of RAB-7-containing vesicles through immunogold TEM analysis was 

determined by staining for HA::GFP::RAB-7 using an anti-HA antibody. Five percentages 

were generated by dividing the number of RAB-7+ vesicles by the total number of 

vesicles. Each percentage represents one biological replicate. For each biological 

replicate, 50-100 vesicles were manually quantified. These percentages were plotted to 

generate Figure 1J.  

 

RNA interference 

For RNAi experiments, a population of genetically identical animals were 

synchronized and allowed to hatch in M9 buffer. L1 larvae are then plated on NGM plates 

supplemented with 1 mM IPTG (BioShop IPT002) and 50 μg mL-1 ampicillin (Fisher 

BioReagents BP176025) seeded with HT115 either containing an empty vector L4440 or 

expressing dsRNA against a gene of interest. RNAi constructs were obtained from the 

Ahringer RNAi library72. To generate a tsp-7 clone for RNAi by feeding, a PCR product 

targeting a coding sequence of tsp-7 was generated using primers 38 and 39 and inserted 

into the pPD129.36 vector digested by XcmI. The PCR product and L4440 vector was 

ligated overnight using T4 DNA ligase (NEB M0202S) to generate a plasmid that contains 

a fragment of the coding sequence of tsp-7 between two T7 polymerase promoters. This 
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resultant plasmid was transformed into HT115 E. coli. All RNAi clones were sequence 

verified. The conditions and genotypes of the animals and bacteria were not blinded. 

 

Soaking of daf-2; aak(0) dauer larvae with dsRNA 

Gravid daf-2 animals were synchronized and incubated at the restrictive 

temperature of 25°C to induce dauer formation. Animals were harvested after 48 hours 

at 25°C and subjected to TRIzolTM Reagent (Invitrogen 15596026) for RNA isolation. The 

isolated RNA was incubated at 65°C for 10 min and allowed to reanneal at room 

temperature for another 10 min. The reannealed RNA was either used directly for dsRNA 

soaking or subjected to RNase A (Thermo Scientific EN0531) treatment according to 

manufacturer’s instruction for Figure 2D. For Figure 2B, the mRNA was separated from 

the isolated RNA using the Poly(A) mRNA Magnetic Isolation Module (NEB E7490S) and 

Magnetic Separation Rack (NEB S1507S) according to manufacturer’s protocol. For 

Figure 2C, the RNA mixture was separate using the Monarch RNA Cleanup Kit (NEB 

T2040S) according to manufacturer’s protocol. For Figure 2F, RNA was purified using 

TRIzolTM Reagent (Invitrogen 15596026) from 150 µL of RAB-7-containing exosomes 

isolated through immunoprecipitation using an anti-HA antibody (described below). Then, 

gravid daf-2; aak(0) animals were synchronized and the resulting embryos were soaked 

with RNA mixture from daf-2 dauer larvae, RNase inhibitor (Applied Biosystems, 

N8080119), and a drop of worm HB101 superfood, and placed in the restriction 

temperature of 25°C to induce dauer formation. The animals were kept in 25°C for 96 

hours before being switched into the permissive temperature of 15°C to trigger dauer 
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recovery. The post-dauer fertility was scored 7 days afterwards. The conditions and 

genotypes of the animals were not blinded. 

 

Western blot 

For Figure 7E, isolated exosomes were subjected to 1% Triton X-100 (Sigma-

Aldrich X100), 50 μg mL-1 Proteinase K (Promega V3021), both, or neither then incubated 

at 60°C for 1 hr.  For Figure 7D, the isolated exosomes were not subjected to any 

treatment before Western blot analysis. The isolated exosomes were mixed with 5 µl of 

loading buffer (5% β-mercaptoethanol, 0.02% bromophenol blue, 30% glycerol, 10% 

sodium dodecyl sulfate, 250 mM pH 6.8 Tris-Cl) and heated at 100°C for 5 minutes. 

Protein concentration was determined using a NanoDrop™ 2000c Spectrophotometer 

(Thermo Scientific ND-2000).  

For whole protein lysates from C. elegans, either 500 dauer larvae or 200 post-

dauer adult animals were mixed with loading buffer and subjected to multiple rounds of 

freeze-boiling. Protein lysates were frozen in liquid nitrogen and boiled on a 100°C heat 

block for 4.5 minutes for at least 4 cycles prior to SDS-PAGE. To verify the reactivity of 

the anti-CD63/TSP-7 (ABclonal, A5271, 1:500, RRID: AB_2766092), anti-Tsg101/TSG-

101 (ABclonal, A2216, 1:500, RRID: AB_2764231), and anti-Alix/ALX-1 (ABclonal, 

A2215, 1:500, RRID: AB_2764230) antibodies in C. elegans, L4 daf-2 animals were fed 

with either L4440 empty vector or with dsRNA corresponding to tsp-7, tsg-101, or alx-1. 

The following F1 generation was collected and used for Western blotting.  
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The exosome sample was separated using SDS-PAGE and transferred to a 

nitrocellulose membrane (Bio-Rad, 1620115) before subjected to immunoblotting. 

Western blot analysis was performed using anti-HA.11 epitope tag antibody (BioLegend, 

901501, 1:1000, RRID: AB_2565006), anti-FLAG (Sigma-Aldrich, F7425, 1:1000, RRID: 

AB_439687), anti-CD63/TSP-7 (ABclonal, A5271, 1:500, RRID: AB_2766092), anti-

Tsg101/TSG-101 (ABclonal, A2216, 1:500, RRID: AB_2764231), anti-Alix/ALX-1 

(ABclonal, A2215, 1:500, RRID: AB_2764230), anti-α-tubulin (MilliporeSigma, T6199, 

1:1000, RRID: AB_477583), or anti-GFP (produced by Roy Lab, 1:1000). Membranes 

were incubated with horseradish-peroxidase-conjugated anti-rabbit (Bio-Rad, 1721019, 

1:2000, RRID: AB_11125143) or anti-mouse (SouthernBiotech, 1036-05, 1:2000, RRID: 

AB_2794348) secondary antibodies and visualized using a MicroChemi (DNR Bio 

Imaging Systems) and GelCapture software (Version 7.0.18).  

 

Exosome isolation 

daf-2 animals expressing HA::GFP::RAB-7 and mKate::3xFLAG::ALG-1 in the 

neurons under the rgef-1p promoter, as well as the neomycin-resistant gene in the soma 

under the sur-5p promoter were grown on NGM plates containing 0.40 mg mL-1 G-

418/neomycin (ThermoFisher 11811023). These plates were seeded with HB101 E. coli. 

The G-418/neomycin selects for animals expressing the HA::GFP::RAB-7 and 

mKate::3xFLAG::ALG-1 transgenes73. Gravid animals were synchronized, placed on 

NGM plates with 0.40 mg mL-1 G-418/neomycin seeded with HB101, and put in the 

restrictive temperature of 25°C to induce dauer formation and incubated for 96 hours. 

Dauer larvae were harvested by washing the plates with M9 buffer. For each exosome 
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purification, 2 mL of densely-packed dauer larvae were lysed using a Dounce tissue 

grinder set (Kimble 885300-0007) in PBS with Halt™ Protease Inhibitor Cocktail (100X) 

(Thermo Scientific 78429) until no intact worms remained. No detergent was used during 

the purification process. The protein lysate was pre-cleared through centrifugation for 15 

min at 13,500 rpm at 4°C. Exosomes were purified using the exoEasy maxi kit (Qiagen 

76064) according to manufacturer’s protocol. 440 µL of elution buffer XE (Qiagen) were 

used to elute the exosomes. The exosomes were stored in the elution buffer XE (Qiagen). 

RAB-7-containing exosomes were isolated using immunoprecipitation against HA-tagged 

RAB-7 using an anti-HA antibody (BioLegend, 901501, 1:1000, RRID: AB_2565006). The 

integrity was the isolated exosomes was verified using negative stain TEM and Western 

blotting against RAB-7. This sequential purification protocol ensured that the isolated 

exosomes were intact and of neuronal origin. EVs were first purified and then isolated for 

all analyses, except for the immunogold TEM analysis to determine the morphology, 

diameter, and % of RAB-7+ vesicles. Exosomes were isolated fresh for each experiment 

and were never subjected to freeze-thawing.  

The number of RAB-7-containing vesicles were quantified through immunogold 

TEM analysis. The purified pan-isolated vesicles were stained with an anti-HA antibody 

(BioLegend, 901501, 1:1000, RRID: AB_2565006). For each biological replicate, the 

number of RAB-7-positive vesicles were divided by the total number of vesicles to 

generate a percentage. The percentages were plotted. For each biological replicate, 50-

100 vesicles were randomly selected and manually quantified.  

 

Immunoprecipitation 
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 Immunoprecipitation against HA-tagged exosomes was performed using Abcam 

Immunoprecipitation protocol on pan-exosomes isolated using the exoEasy kit (Qiagen). 

Protein G beads (Thermo Scientific) were used according to manufacturer’s instructions. 

Briefly, 10 mg of protein G agarose beads were crosslinked to 5 μL of mouse anti-HA 

antibody (BioLegend, 901501, 1:1000, RRID: AB_2565006) using an effective 

concentration of 6.5 mg mL-1 DMP. No antibody control beads did not contain any 

antibodies but was still subjected to the crosslinking process. The antibody-bead mixture 

was mixed with 400 μL of isolated exosomes overnight at 4°C and then subjected to three 

washes with PBS. For Western analysis, 150 μL of beads were boiled with loading buffer 

(described above) for 10 mins and loaded into the SDS-PAGE. For RNA analysis, 150 μL 

of beads were instead subjected to TRIzolTM Reagent (Invitrogen 15596026) for RNA 

purification. 40 μL of exosomes from the exosome isolation was loaded into the SDS-

PAGE as an input control. For soaking of daf-2; aak(0) mutants with isolated RAB-7-

containing exosomes, the exosomes were gently eluted from the anti-HA::protein G 

beads using 50 μL of 0.1 M glycine gradient, pH 2.0 on rotation at room temperature for 

10 minutes. The eluate was neutralized using 50 μL of Tris, pH 9.0. This elution step was 

repeated three times. A rabbit anti-GFP primary antibody was used to detect 

HA::GFP::RAB-7 and a rabbit anti-CD63/TSP-7 antibody (Abclonal, A5271, 1:500, RRID: 

AB_2766092) was used to detect CD63/TSP-7.  

 

Nanoparticle tracking analysis 

 Vesicle concentration was determined with dynamic light scattering technology 

using a ZetaView® PMX-120 (Particle Metrix) and ZetaView (version 8.05.16) software at 
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the Centre for Applied Nanomedicine at the Research Institute of the McGill University 

Health Centre. Particles were counted over 11 planes. The final concentration was 

determined as an average of three measurements. Samples were diluted to a range of 

106 to 109 vesicles per milliliter for the NTA system with filtered PBS.  

Then, gravid daf-2; aak(0) animals were synchronized and the resulting embryos 

were soaked with RAB-7-containing exosomes from daf-2 dauer larvae, RNase inhibitor 

(Applied Biosystems, N8080119), and a drop of worm HB101 superfood, and placed in 

the restriction temperature of 25°C to induce dauer formation. The animals were kept in 

25°C for 96 hours before being switched into the permissive temperature of 15°C to 

trigger dauer recovery. The post-dauer fertility was scored 7 days afterwards.  

 

RT-qPCR 

For mRNA transcripts, gravid animals were synchronized and incubated at the 

restrictive temperature of 25°C to induce dauer formation. Animals were harvested after 

48 hours at 25°C and subjected to TRIzolTM Reagent (Invitrogen 15596026) for RNA 

isolation. For each genotype or condition, 200 µL of densely-packed dauer larvae were 

used for RNA isolation. For isogenic populations, dauer larvae were washed off NGM 

plates using M9 buffer. For animals expressing transgenes, transgenic animals were 

manually selected and placed in M9 buffer. Then, the M9 buffer supernatant was removed 

through centrifugation before the addition of the TRIzolTM Reagent (Invitrogen 15596026). 

The concentration of the RNA was determined with a NanoDrop™ 2000c 

Spectrophotometer (Thermo Scientific ND-2000). The quality of the RNA was determined 
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with a NanoDrop™ 2000c Spectrophotometer (Thermo Scientific ND-2000) and agarose 

gel electrophoresis. 1000 ng of purified RNA was used to synthesize cDNA using a High-

Capacity RNA-to-cDNATM Kit (AppliedBiosystems, 4387406). The gene expression levels 

were determined by RT-qPCR using a 2x SyberGreen qPCR Master-mix (ZmTech 

Scientifique, Q2100N) and a Bio-Rad CFX384 Real-Time 96-well PCR qPCR Detection 

System (Bio-Rad). 10 ng of cDNA was used for each qPCR reaction. The gene 

expression data was analyzed using CFX Maestro Software (Bio-Rad). Relative gene 

expression was calculated by normalizing to the expression of an alpha-tubulin gene, tba-

1, which as the loading control. Each relative gene expression value is an independent 

biological replicate, with each replicate corresponding to the average of a triplicate qPCR 

reaction. The primer sequences for RT-qPCR can be found in Table S5.  

For microRNA detection in whole animals, gravid animals were synchronized and 

incubated at the restrictive temperature of 25°C to induce dauer formation. Animals were 

harvested after 48 hours at 25°C and subjected to TRIzolTM Reagent (Invitrogen 

15596026) for RNA isolation. For whole animal analysis, 200 µL of densely-packed dauer 

larvae were used for RNA isolation. For isogenic populations, dauer larvae were washed 

off NGM plates using M9 buffer. For animals expressing transgenes, transgenic animals 

were manually selected and placed in M9 buffer. Then, the M9 buffer supernatant was 

removed through centrifugation before the addition of the TRIzolTM Reagent (Invitrogen 

15596026). For microRNA detection in purified exosomes, exosomes were harvested and 

immunoprecipitated as described above. 150 uL of the antibody-bead conjugate bound 

to the exosomes were subjected to TRIzolTM Reagent (Invitrogen 15596026) for RNA 

isolation. The concentration of the RNA was determined with a NanoDrop™ 2000c 
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Spectrophotometer (Thermo Scientific ND-2000). microRNAs were reverse transcribed 

using the TaqMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems, 

3266596), 10 ng of total purified or exosomal RNA, and 5X RT primer (Applied 

Biosystems) for either wild-type or EXOmotif scrambled mir-51. The levels of mir-51 were 

quantified from the cDNA using TaqManTM MicroRNA Assays (Applied Biosystems 

4427975) using 20X probes specific for wild-type (Applied Biosystems 000211) or 

scrambled EXOmotif mir-51 (Applied Biosystems 4440418). The levels of mir-51 in whole 

animal and exosome were normalized to mir-235, a microRNA that has been previously 

shown to be incorporated into exosomes74. The gene expression data was analyzed using 

CFX Maestro Software (Bio-Rad). The relative gene expression was calculated by 

dividing the Cq value of mir-51 (wild-type or scrambled) by the Cq value of mir-235 for 

each sample and condition. Each relative gene expression value is an independent 

biological replicate, with each replicate corresponding to the average of a triplicate qPCR 

reaction. The mean and SEM of every relative gene expression value were plotted. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 

Bar graphs and fluorescence intensity graphs were generated through GraphPad 

Prism 7. Fluorescence intensity was measured using NIH ImageJ. Statistical tests were 

performed using GraphPad Prism 7 and XLSTAT plugin for Microsoft Excel. The types of 

statistical tests used in each experiment, n numbers, P values, and other related 

measures are indicated in each figure and the associated legend. In all figures, ****P < 

0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant. Replications were done by 



 317 

using different worms performed on different days. Replications for all imaging 

experiments were performed on different worms on different days. Representative images 

were generated from more than 10 worms in at least three independently generated lines. 

RNAi experiments were performed on independently cultured animals and bacterial 

cultures. Western blots were performed on independently isolated exosomes purifications 

or animals at least twice. For all C. elegans strain used in this study, a population of 

worms was grown together under identical conditions, and the worms were randomly 

distributed into different conditions. Worms from a population were randomly chosen for 

RNAi analyses, post-dauer fertility, Western blot analysis, and imaging experiments.  
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Bridging statement between chapters 3 and 4 

In chapter 3, we described the effects of RAB-7 activity. At the onset of the dauer 

stage, AMPK phosphorylates TBC-7 to induce its autoinhibition, allowing RAB-7 to remain 

active in the neurons. RAB-7 plays a critical role in the maturation of early endosomes 

into late endosomes. At the stage of the late endosome, the endosome can undergo 

membrane invaginations in order to create intralumenal vesicles. The entire entity is then 

known as a multivesicular body. The multivesicular body has two fates; it can fuse with a 

lysosome to degrade the contents of the intralumenal vesicles or it can fuse with the 

plasma membrane, secreting the intralumenal vesicles into the extracellular space, to 

which they are now referred to as extracellular vesicles or exosomes.  

Animals with active RAB-7 secrete extracellular vesicles from serotonergic 

neurons that are taken up by the germ line. AMPK mutants with overactive TBC-7 activity 

do not produce extracellular vesicles. We showed that these vesicles are independent 

from classical neurotransmission, but instead rely on the endosomal system. Through 

transmission electron microscopy, we showed that these vesicles are within the diameter 

range of extracellular vesicles derived from the endosomal trafficking pathway. Western 

analysis indicates the presence of RAB-7 and known exosome markers such as 

CD63/TSP-7, Tsg101/TSG-101, and Alix/ALX-1 suggesting that these vesicles are 

indeed exosomes.  

We further demonstrated that these exosomes transport a miRNA/miRISC cargo. 

Inhibition of miRNA biogenesis specifically in the neurons reverts the suppression of 

AMPK germline defects. We also show that short sequence motifs termed EXOmotifs 

found on the mature miRNA sequence is required for the proper incorporation of these 
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miRNAs into the exosomes. The scrambling of any of these EXOmotifs disrupts the ability 

of the miRNA to silence any mRNAs that contain a corresponding seed sequence. This 

finding was confirmed with qPCR probes designed specifically for miRNAs on RNA 

samples isolated from purified exosomes.  

In the following chapter, we wanted to elucidate which mRNA targets are regulated 

by these exosomal miRNAs in the germ line during the dauer stage. Because AMPK 

mutants display abnormal levels of histone marks and an allele of tbc-7 can suppress this 

defect, we wanted to examine if these exosomal miRNAs could be suppressing the 

expression of histone writers in the germ line. Through our mRNA sequencing database, 

we found that the expression of almost all examine histone writers were abnormally 

upregulated in AMPK mutants. Thus, we conducted an RNAi screen against histone 

writers identified in two datasets. Because we were unable to identify any suppressors of 

germline defects, we hypothesized that AMPK activation must trigger the activity of many 

miRNAs that travel to the germ line to suppress histone writers in one concerted effort. 

The expression of neuronal miRNAs in AMPK mutants corrects not only the expression 

of the histone writers but also the levels of epigenetic marks, suggesting that neuronal 

exosomes transports many miRNAs to downregulate histone writers. Lastly, we show that 

these histone writers and histone marks halt the germline cell cycle expression at the 

onset of the dauer stage.  
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Abstract: 

The cellular response to environmental stimuli is a complex interplay of genetic 

and epigenetic factors, and histone marks emerge as key players in orchestrating this 

adaptive landscape. Histone modifying enzymes, often referred to as "histone writers," 

dynamically add or remove chemical marks on histone proteins, influencing chromatin 

structure, and gene expression. While the effects of post-translational modification on 

histone tails by histone writers are relatively well studied, how the histone writers 

themselves are regulated is not. In this study, we use Caenorhabditis elegans to study 

the regulation of germline histone writers by neuronal miRNAs during periods of energetic 

stress.  

We show that neuronal miRNAs downregulate a large subset of known histone 

writers to maintain germ cell integrity during the dauer stage. We tagged SET-17, a H3K4 

methyltransferase with GFP to show that the expression of histone writers is affected by 

the absence of miRNAs and AMPK signalling. By repressing the expression of the histone 

writers, the neuronal miRNAs establish a dauer-appropriate chromatin landscape and 

prevent aberrant RNA polymerase II transcription, thereby arresting the germline cell 

cycle at the G2 cell cycle stage. Finally, we demonstrate that forcing the germ cells to 

progress in the cell cycle renders daf-2 animals post-dauer sterile, presumably due to a 

loss of germline quiescence. Our findings demonstrate that exosomal miRNAs regulate 

the expression of histone writers to affect the germline chromatin landscape and gene 

expression, ultimately to halt the cell cycle. 
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Introduction 

For a species to survive and flourish, it must be able to adapt. Organisms have 

evolved various strategies to overcome environmental stressors. At the molecular level, 

epigenetic modifiers such as histone erasers, readers, writers, and recruiters are 

constantly remodeling the chromatin to adjust gene expression in response to change 

(Devaskar and Raychaudhuri, 2007; Zoghbi and Beaudet, 2016). This dynamic fluctuation 

of chromatin states has been well documented in various developmental, physiological, 

and disease contexts and their misregulation is often reflected at the phenotypic level. 

However, a comprehensive understanding of how the histone writers themselves are 

regulated is, so far, comparatively understudied.  

During periods of environmental stress, the nematode C. elegans can execute a 

stress-resistant developmental diapause-like state known as the “dauer” stage 

(Fielenbach and Antebi, 2008; Kimura et al., 1997). During this stage, the master 

metabolic regulator, AMP-activated protein kinase (AMPK) is required to maintain 

germline quiescence and reproductive competence throughout the diapause (Kadekar 

and Roy, 2019; Narbonne and Roy, 2006; Wong et al., 2023b). In replete conditions, 

mutants lacking both catalytic subunits of AMPK (aak(0)) are superficially wild-type 

(Kadekar and Roy, 2019). However, AMPK mutants that transit through the dauer stage 

are completely sterile, suggesting that these mutants cannot maintain the integrity of the 

germ cells during this period of energetic stress. Further examining why these germ cells 

lose their reproductive capacity, we found that the levels of both activating and repressive 

histone marks are upregulated in the absence of AMPK signalling. In addition to the 

increased deposition of these chromatin marks, the distribution of these histone marks 
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across the germ lines of dauer larvae and post-dauer animals is abnormal. These data 

suggest that the abnormal histone marks may establish a maladaptive gene expression 

program in the germ cells, which could be the cause, or contribute to, the observed post-

dauer sterility in AMPK mutants.  

We previously showed that compromising a RabGAP protein, tbc-7, can suppress 

the AMPK germline defects, including the abnormal levels and distribution of the histone 

marks (Wong et al., 2023b). TBC-7 directly regulates RAB-7 activity, converting it from its 

active GTP-bound form into its inactive GDP-bound form. By removing TBC-7 function, 

RAB-7 is active and can help in the maturation of early endosomes into late endosomes, 

where it can undergo membrane invaginations in order to create intralumenal 

vesicles/exosomes (Colombo et al., 2014; Kalluri and LeBleu, 2020; Rink et al., 2005). 

As the animal enters the dauer stage, the neurons load miRISC into exosomes that are 

produced from RAB-7 activity (Wong et al., 2023a). These exosomes act as carriers for 

the miRISC that ultimately impinge on the germ line to affect gene expression. However, 

it is unknown if or how the miRISC affects the abundance of histone marks, whether 

directly or indirectly. 

In this study, we show that neuronal miRNAs repress the expression of a diverse 

class of histone writers in the germ line in a concerted manner to regulate the levels of 

histone marks and subsequent gene expression. We found that many set genes were 

upregulated in the absence of AMPK signalling. We focused on a germline H3K4 

methyltransferase set-17 that, when compromised, could partially suppress the AMPK 

germline defects during the dauer stage. We created a sensor that reports germline 

histone writer activity to show that the expression of set-17 is regulated by the activity of 



 337 

AMPK and neuronal miRNAs. By fine tuning the levels of H3K4me3 to precisely control 

global gene expression, we show that neuronal miRNAs can directly impact the 

expression of histone writers and ultimately the germline cell cycle during the dauer stage. 

Through RNAi experiments, we also identify key histone readers that are important for 

the maintenance of germ cell integrity. This analysis of histone writers and readers act as 

a platform to identify the exact genes responsible for maintaining quiescence and germ 

cell integrity that are cell nonautonomously regulated by AMPK through the activity of 

neuronal miRNAs.  

 

Results: 

 

Chromatin marks are upregulated in the absence of AMPK signalling 

 AMPK mutants have an increased abundance and abnormal distribution of histone 

marks in the germ line (Kadekar and Roy, 2019). To determine if this maladaptive 

increase of histone marks is due to the misregulation of histone writers, we conducted 

expression analysis of the histone writers using our mRNA-sequencing dataset (Rashid, 

personal communication). We decided to focus on the gene expression of histone writers 

that have a characterized mutant phenotype (Wormbook) and that were identified from 

WERAM, a database of writers, erasers and readers of histone acetylation and 

methylation in eukaryotes (Xu et al., 2017). We then generated a heat map to visually 

represent the data (Fig. 1). Out of the 152 genes analyzed, we found that all but 21 genes 

were upregulated in the absence of AMPK signalling compared to daf-2 control animals. 
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This finding suggests that the upregulation of histone writers could be responsible for the 

abnormal increase in the abundance of histone marks in AMPK mutants.  

Histone writers have many different enzymatic functions. For example, the 

trithorax-group proteins (TrxG) are a complex of heterogeneous proteins that are 

responsible for the maintenance of gene expression, and it does so through histone 

modifications, chromatin remodeling, and DNA-binding protein recruitment (Kingston and 

Tamkun, 2014). On the other hand, the polycomb-group proteins (PcG) play an 

antagonistic role by promoting the silencing of genes through the trimethylation of 

H3K27me2/3 and the monoubiquitination of lysine 119 on histone H2A (Di Croce and 

Helin, 2013). Therefore, to determine which groups of histone writers are required to 

maintain quiescence and germ cell integrity throughout the dauer stage, we conducted a 

RNAi screen of all histone writers: first, in daf-2; aak(0) mutants to identify writers that, 

when compromised, could suppress the AMPK germline defects; second, in daf-2; aak(0); 

tbc-7 mutants to identify writers that are required to suppress these defects.  

To determine which histone writers, when compromised, could suppress the 

AMPK germline defects, we conducted RNAi against histone writers that have a 

characterized mutant phenotype and were identified by WERAM in daf-2; aak(0) mutants. 

The RNAi analysis did not reveal any single suppressor of AMPK germline defects (Fig. 

2A). We hypothesize that because many histone writers are downregulated in the 

absence of AMPK signalling, decreasing the expression of one histone writer is 

insufficient to suppress the deposition of a variety of histone marks. In addition, AMPK 

mutants do not exhibit robust RNAi phenotypes (Jurczak et al., 2023). Therefore, rather 

than conducting RNAi on daf-2; aak(0) mutants, we decided to conduct RNAi on daf-2; 
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aak(0) mutants that also carry a deletion of one of the genes that displayed a modest 

suppression of the germline defects, namely set-17. When we repeated the RNAi 

experiments on set-17; daf-2; aak(0) mutants, we observed a greater suppression of the 

AMPK germline defects when compared to just daf-2; aak(0) mutants alone (Fig. 2B). 

These data suggest that AMPK must regulate these histone writers in a concerted manner 

to maintain germ cell integrity during periods of energetic stress.   

Next, to determine which gene products could be required to maintain quiescence 

and germ cell integrity during the dauer stage, we conducted RNAi against these histone 

writers in daf-2; aak(0); tbc-7 mutants. From this RNAi analysis, we identified many genes 

that were required to maintain the reproductive capacity after the dauer stage (Table 1).  

To better understand the physiological changes that result from the activity of these 

histone writers, we conducted a bioinformatic analysis on the genes that were able to 

revert the suppression of AMPK germline defects. Of the 40 genes interrogated, most 

were downregulated in response to AMPK signalling during the dauer stage, despite 

having a wide range of functions (Fig. 3A-C). By analyzing the 3’UTRs of these genes 

using TargetScanWorm (version 6.2), we also found that about a quarter also contain 

high stringency 8mer seed sequences for conserved miRNAs (Fig. 3D). In addition, all 

these genes have been shown to work in the germ line (Fig. 3E).  

 

  



 340 

Neuronal miRNAs regulate the expression of histone writers 

From our previous work, we know that AMPK mutants have elevated levels of 

histone marks associated with both activating and repressive transcriptional activity 

(Kadekar and Roy, 2019). We have shown that a hypomorphic allele of tbc-7, (rr166) 

suppresses this histone defect by allowing RAB-7 to remain in its active GTP-bound form 

to produce exosomes that bring miRNAs to the germ line during the dauer stage (Wong 

et al., 2023b). These miRNAs could be suppressing the expression of histone writers 

thereby preventing the deposition of maladaptive histone marks in the germ line. Current 

data suggests that AMPK phosphorylates DCR-1 and RBPL-1 at the onset of the dauer 

stage to lock this complex in a miRNA-producing conformation, producing many different 

families of miRNAs (Jurczak et al, 2023). By extension, by providing animals with extra 

copies of a singular miRNA, it re-prioritizes DCR-1 activity toward the miRNA biosynthesis 

pathway, likely through an altered interaction with RBPL-1, thus restoring the production 

of miRNAs to near wild-type dauer larvae levels.  

To assess whether neuronal miRNAs could regulate the expression of histone 

writers, we conducted qPCR on daf-2; aak(0) mutants expressing extra copies of 

neuronal mir-51 and compared it to daf-2, daf-2; aak(0), and daf-2; aak(0); tbc-7 mutants. 

Our analyses showed that the levels of the histone writers were largely restored to daf-2 

control levels in tbc-7-suppressed animals and AMPK mutants expressing extra copies 

of mir-51 (Fig. 4A).  

To further assess whether neuronal miRNAs could be responsible for regulating 

the levels of histone marks in the germ line, we conducted Western analysis against 

histone marks associated with activate and repressive transcription. Our findings show 
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that the neuronal expression of mir-51 can suppress the abnormal increase in histone 

marks seen in AMPK mutants (Fig. 4B-C). These data suggest that AMPK could be acting 

through miRNAs that are transported from the neurons to the germ line through the 

activity of RAB-7-dependent exosomes to somehow downregulate the levels of histone 

marks in the germ line.  

Histone marks play an important role in regulating gene expression by altering 

level of chromatin accessibility around regions that harbour target genes. We previously 

showed that daf-2; aak(0) mutants have abnormal germline gene expression as 

compared to daf-2 control animals (Kadekar and Roy, 2019), and suppressing tbc-7 

activity corrects this defect (Wong et al., 2023b). Since the expression of neuronal 

miRNAs can correct the expression of histone writers and the abundance of histone 

marks, we wanted to examine if the abnormal germline gene expression is also corrected. 

To examine if the expression levels of a set of germline-specific genes that has been 

previously shown to be misregulated in the absence of AMPK signalling can be corrected 

by the expression of neuronal mir-51, we conducted qPCR on tbc-7-suppressed animals 

and AMPK mutants expressing extra copies of mir-51 in the neurons. Our analysis 

indicates that the germline gene expression is corrected by the expression of neuronal 

miRNAs (Fig. 4D). Statistical testing indicates that the expression of these germline genes 

is not significantly different between AMPK mutants expressing neuronal mir-51 and daf-

2 control animals. Altogether, the data suggests that miRNAs packaged into exosomes 

in the neurons can repress the expression of many histone writers in a concerted way in 

the germ line, therefore preventing the establishment of a maladaptive chromatin 

landscape and subsequent gene expression.  
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Since many histone writers are downregulated in the absence of AMPK signalling 

and many histone writers are required for the tbc-7-mediated suppression of AMPK 

defects, it is possible that these writers could be regulated in one concerted wave rather 

than each individual chromatin factor possessing a unique regulatory mechanism. To 

examine this hypothesis, we expressed four histone writers, gfl-1, rba-2, set-2, and 

C17E4.6, that possess either endogenous miRNA binding sites within their native 3’UTR 

or, alternatively, that harbour a universal tbb-2 3’UTR, in the germ line of daf-2; aak(0); 

tbc-7 mutants and examined the post-dauer fertility. If these histone writers are regulated 

in a concerted manner by miRNAs, then the expression of these writers with a universal 

3’UTR should render the tbc-7-suppressed animals post-dauer sterile, while the writers 

that still retain their native 3’UTRs should remain sensitive to the corresponding cellular 

miRNA levels. Driving the expression of these writers in the germ line using the universal 

3’UTR renders the animals post-dauer sterile, while the fertility was unaffected with 

writers using the native 3’UTR (Fig. 4E). This data suggests that the histone writers 

regulate the germ cell integrity during the dauer stage and that their function is dependent 

on an intact 3’ UTR that possesses canonical miRNA binding sequences.  

At the onset of the dauer stage, AMPK likely phosphorylates the miRNA biogenesis 

machinery in order to lock DCR-1/RBPL-1 into a miRNA competent conformation 

(Jurczak et al, 2023). Consistent with this finding, adding additional copies of one miRNA 

increases the biogenesis of other miRNAs in the neurons, as adding extra copies of pre-

miRNA presumably stimulates the association of DCR-1 and RBPL-1. To show that this 

association is happening during the dauer stage and that the expression of histone writers 

and germline-specific genes are regulated in a concerted manner by miRNAs, we 
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expressed mir-240 in the soma of daf-2; aak(0) mutants. We selected mir-240 as it does 

not belong in a family, nor does it have any published interactions with other miRNAs. 

Thus, the phenotypes observed through adding additional copies of this miRNA can be 

attributed to the re-prioritization of the DCR-1 complex. Consistent with this hypothesis, 

daf-2; aak(0) expressing extra copies of mir-240 in the soma can suppress the post-dauer 

sterility (approximately 26%) (Jurczak et al, 2023). Next, we examined if the somatic 

expression of mir-240 can correct the expression of the histone writers as well as the 

germline gene expression. AMPK mutants expressing mir-240 in the soma can largely 

correct the expression of the histone writers and the gene expression in the germ line 

(Fig. 4F-G), despite none of the histone writers possessing mir-240 seed sequences. 

These data suggest that the activation of AMPK sets off an amplification system that 

releases a wave of miRNAs, which in turn post-transcriptionally regulate chromatin factors 

and gene expression in the germ line to adjust to novel cellular stressors. 

To show that neuronal miRNAs can directly target the 3’UTR of histone writers, we 

created a germline miRNA activity sensor for a H3K4 methyltransferase set-17. This 

histone writer set-17 was chosen because it can partially suppress the AMPK germline 

defects during the dauer stage when compromised, indicating that its expression in the 

germ line must be affected by AMPK signalling. Additionally, we found that the expression 

of members of the set family of histone modifiers to be lower in daf-2 animals compared 

to AMPK mutants (Fig. 5A). To create this sensor a transgenic strain was designed to 

carry a copy of SET-17 that was translationally fused to GFP while retaining the native 

the set-17 3’UTR and promoter (Fig. 5B) (Engert et al., 2018). This transgene was then 
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crossed into the daf-2, daf-2; aak(0), and daf-2; aak(0); tbc-7 expressing a germline 

mCherry::HIS-11 marker and expression was quantified in the resulting dauer larvae.  

We first assessed the expression of the set-17 sensor in the germ line of daf-2 and 

daf-2; aak(0) mutants in replete conditions and found that the sensor is stably expressed 

(Fig. 5C-E). The same transgene/allele was used to ensure consistency in the expression 

levels. However, when we allowed the animals to enter the dauer stage, we found that 

the expression of set-17 was greatly reduced in daf-2 mutants, but remained stably 

expressed in daf-2; aak(0) mutants (Fig. 5F-H). Altogether, these data suggest that AMPK 

can affect the expression, and therefore, presumably, the activity of histone writers in the 

germ line, which can affect the chromatin landscape and ultimately post-dauer fertility. 

 

The levels of transcription are affected in mutants lacking AMPK signalling 

Transcriptional activity is governed by the histone code, where different post-

translational modifications on the C-terminal domain of histone proteins can affect the 

expression of its target gene (Jenuwein and Allis, 2001). Our data so far suggest that the 

regulation of histones is critical to maintaining germ cell integrity, perhaps by regulating 

the accessibility of RNA polymerase II. The activity of RNA polymerase II is regulated by 

two critical phosphorylation events on the C-terminal domain (CTD) of the largest subunit 

of the polymerase (Hsin and Manley, 2012). The CTD consists of multiple heptad repeats: 

Tyr1–Ser2–Pro3–Thr4–Ser5–Pro6–Ser7. The number of repeats differs somewhat 

between species, but the presence of a minimal domain is nevertheless essential. During 

transcription initiation, CDK7 the protein kinase subunit of TFIIH, a critical general 

transcription factor, phosphorylates Ser5 of the CTD of RNA polymerase II during 
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initiation (Glover-Cutter et al., 2009). Therefore, the phosphorylation pattern of Ser5 

peaks around the transcription start site. As RNA polymerase II elongates, Ser2 is 

increasingly phosphorylated by CDK9/p-TEFb, while Ser5 phosphorylation is gradually 

removed by phosphatases (Marshall et al., 1996). Therefore, to examine if transcriptional 

activity of RNA polymerase II is affected by the aberrant deposition of chromatin marks in 

mutants lacking AMPK signalling, we first conducted western analysis on whole dauer 

larvae using antibodies against phosphorylated Ser5 of the CTD of RNA polymerase II.  

Because we have shown that neuronally-expressed miRNAs can directly affect the 

germline chromatin landscape, we wanted to assess if neuronally-expressed mir-51 can 

also affect transcriptional activity. Mutants lacking AMPK signalling had increased levels 

of Ser5 phosphorylation compared to daf-2 control animals and AMPK mutants 

expressing neuronal mir-51 (Fig. 6A-B). These data suggest that AMPK mutants have 

increased levels of transcription initiation.  

Next, we wanted to examine if the level of transcriptional elongation is affected by 

the lack of AMPK signalling. To do this, we repeated our western analysis using 

antibodies against phosphorylated Ser2 of CTD of RNA polymerase II. Our data show 

that the levels of transcriptional elongation between daf-2 control animals and AMPK 

mutants were not significantly different (Fig. 6A-B). Interestingly, the levels of transcription 

elongation were relatively lower in AMPK mutants expressing neuronal mir-51 compared 

to daf-2 animals and AMPK mutants. Altogether, our data suggests that the levels of 

transcriptional activity and the number of transcripts produced could be equal, however 

AMPK mutants may have more transcription initiation events that presumably stall at 

around the start site and do not being elongation.  
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Histone marks may affect the germline cell cycle 

When wild-type animals enter the dauer stage, all the germ cells arrest at the G2 

cell cycle stage and neither spermatogenesis nor oogenesis should occur (Wong et al., 

2023b). The germline cell cycle is misregulated in mutants that lack AMPK signalling, 

resulting in a dramatic germline hyperplasia. In wild-type animals, spermatogenesis starts 

in the L4 stage in the hermaphrodite germline (Ellis and Stanfield, 2014), but in AMPK 

mutants, sperm can be detected in the dauer larvae. Genetic analyses of crosses 

between wild-type males with AMPK hermaphrodites and AMPK males with wild-type 

hermaphrodites indicate that the sperm produced are defective (Kadekar and Roy, 2019). 

Thus, it is possible that the loss of the sperm integrity could be attributed to a 

misregulation of the cell cycle of each individual germ cell.  

To examine if the misregulation of the cell cycle is the cause of the AMPK-

dependent germline defects, we first examined the expression of known markers of the 

cell cycle through our mRNA sequencing dataset (Rashid, personal communication). We 

found that the expression of markers for G1 cell cycle were highly upregulated in daf-2 

animals compared to AMPK mutants (Table 2). This finding was expected as wild-type 

animals undergo cell cycle arrest during the dauer stage. On the contrary, AMPK mutants 

had highly upregulated levels of all cell cycle markers, while the meiotic marker HIM-3 

was the most relatively upregulated. This finding is consistent with the observation of 

spermatogenesis in AMPK dauer larvae, suggesting that the germ cells of AMPK mutants 

are not undergoing cell cycle arrest but rather progressing through the meiotic cell cycle.  

Interestingly, these findings are reversed in post-dauer animals. daf-2 animals have very 

strong expression of all cell cycle markers except for G1 stage-specific genes. Notably, 
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him-3, the meiotic marker is very highly expressed, indicating that daf-2 post-dauer 

animals are producing gametes, which is consistent with our findings that wild-type 

animals can transit through the dauer stage with no reproductive consequences. This 

finding suggests that AMPK mutants cannot adjust their cell cycle according to the needs 

of the dauer stage and is uncoupled from the energy status of the animal.  

To further explore if the misregulation of the cell cycle is the cause of the loss of 

germ cell integrity in AMPK mutants, we disrupted the proliferation of the germline stem 

cells using the auxin-inducible degradation system and assessed for AMPK germline 

defects (Zhang et al., 2015). We crossed a strain harbouring a CRISPR/Cas9 

endogenously tagged LAG-1::degron with a MosCI inserted TIR1 receptor driven by the 

gld-1p promoter into the daf-2 background (Chen et al., 2020). When these animals were 

treated with auxin, the TIR1 receptor becomes activated causing the degradation of all 

degron-tagged proteins. The loss of LAG-1 forces all the germline stem cells to enter 

meiosis (Chen et al., 2020). When these mutants were treated with auxin during their 

entry into and recovery from the dauer stage, the animals become post-dauer sterile (Fig. 

7A). Because the complete loss of lag-1 is lethal, we repeated the experiment but 

removed the animals from auxin only during their recovery from the dauer stage. These 

animals remained post-dauer sterile, suggesting that tampering with the timing of the 

germline cell cycle as the animals enter the dauer stage affects the integrity of the germ 

cells even when the germline cell cycle is undisturbed during the recovery period (Fig. 

7A). Interestingly, the germline hyperplasia observed in AMPK mutants was not seen in 

dauer larvae treated with auxin, suggesting that the germline hyperplasia and the integrity 

of each individual germ cell could be governed by different mechanisms (Fig. 7B).  
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The overall gene expression in AMPK mutant dauer larvae and post-dauer adults 

is highly misregulated, and is associated with abnormalities in the chromatin landscape 

both in the soma and in the germ cells of these animals (Kadekar and Roy, 2019). We 

therefore wanted to determine if the aberrant chromatin marks are misregulated as a 

result of disrupting the germline cell cycle. We conducted Western analysis against 

animals treated with or without auxin using antibodies against transcriptionally activating 

and repressive histone marks. Interestingly, there were no significant differences of the 

relative abundances of both types of marks (Fig. 7C-D). These data suggest that 

disrupting the germline cell cycle does not affect the germline chromatin landscape. 

However, since daf-2 animals with disrupted germline cell cycle are post-dauer sterile, 

we cannot rule out that these animals have disrupted germline gene expression that could 

be the cause of the post-dauer sterility. Thus, we propose a mechanism where the 

miRNAs regulate the histone writers during the dauer stage. These histone writers then 

modify the germline chromatin landscape and subsequent gene expression accordingly 

to halt the cell cycle at the G2 stage. The misregulation of this regulatory mechanism 

results in the loss of germ cell integrity.  

 

Discussion: 

 

Histone writers, also known as histone modifying enzymes, play a pivotal role in 

regulating gene expression and orchestrating various cellular processes (Devaskar and 

Raychaudhuri, 2007; Jenuwein and Allis, 2001; Zoghbi and Beaudet, 2016). These 

enzymes are responsible for adding and removing specific chemical marks, such as 
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acetyl groups, methyl groups, or phosphate groups, on the disordered N-terminal tails of 

histone proteins within chromatin. This process culminates in a specific "histone code" 

and serves as a dynamic and intricate mechanism for controlling chromatin structure and, 

consequently, gene expression by influencing the accessibility of regions of the DNA to 

the transcriptional machinery (Zoghbi and Beaudet, 2016). By modifying histones through 

the addition of these chemical groups, these enzymes, or "histone writers", either facilitate 

or impede the binding of regulatory proteins, thereby impacting the initiation of gene 

transcription (Di Croce and Helin, 2013; Marshall et al., 1996). This regulatory role is 

fundamental in developmental processes, cellular differentiation, and in adjusting gene 

expression in response to environmental cues. Furthermore, dysregulation of histone 

writers has been implicated in various diseases, including cancer, highlighting the critical 

nature of these enzymes in maintaining cellular homeostasis and proper genomic function 

(Zoghbi and Beaudet, 2016). In essence, histone writers are integral players in the 

epigenetic landscape, shaping the dynamic interplay between genes and their expression 

in response to internal and external signals. 

While the effects of histone modifications have been relatively well studied in 

various contexts, how histone writers are regulated have been largely unexplored. Here, 

we describe a mechanism in which exosomal-derived miRNAs directly regulate the 

expression of a subset of histone writers during the dauer stage of C. elegans. By 

inhibiting the expression of these histone writers, these miRNAs prevent the inappropriate 

deposition of chromatin marks in the germ cells of developmentally arrested animals. 

RNAi screens of histone modifying genes identified in two datasets in AMPK mutants 

revealed two histone writers that played critical roles in regulating germ cell integrity.  
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The H3K4 methyltransferase SET-17 is a critical player in maintaining germ cell 

integrity during the dauer stage. The compromise of set-17 through RNAi suppresses the 

AMPK germline defects. Therefore, the timely, and region-specific methylation of H3K4 

on genes targeted by set-17 or SET domain-containing proteins is critical. It can ultimately 

influence gene expression, either directly or indirectly, in individual germ cells, 

consequently modifying reproductive competence (Engert et al., 2018). Moreover, SET-

17 has been shown to drive the transcription of spermatocyte-specific genes and 

functions primarily in the germ line, suggesting the possibility that SET-17 may be at least 

one of the players in preventing entry into meiosis and halting the germline cell cycle 

during the dauer stage.   

Previously, our analysis showed that the distribution of the chromatin marks across 

the germ line was misregulated in AMPK mutants (Kadekar and Roy, 2019). For example, 

H3K4me3 in daf-2 and tbc-7-suppressed mutants is evenly distributed across the germ 

line. However, in the absence of AMPK signalling, there is little H3K4me3 detected in the 

distal end but an accumulation of these marks in the proximal end of the germ line (Wong 

et al., 2023b). We do not know if there is a correlation between the expression of the 

histone writers, set-17 responsible for H3K4me3 deposition, and the abnormal pattern of 

H3K4me3 in AMPK mutants. It is possible that there are factors outside of the germ line 

in addition to regulation by miRNAs that are responsible for the proper distribution of the 

histone writers across the germ line. Furthermore, the abnormal distribution of histone 

marks could contribute to the loss of germ cell integrity. Perhaps the activity of the rsd 

(RNAi spreading defective) genes are responsible for the distribution of the miRNA 
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silencing throughout the germ line in order to modify the chromatin landscape accordingly 

(Wong et al., 2023a).  

Our analysis indicates that the levels of transcription initiation are elevated in 

AMPK mutants, while the levels of transcription elongation are not significantly different 

compared to daf-2 and AMPK mutants expressing neuronal mir-51. Overall, these data 

suggest that AMPK mutants exhibit more transcription initiation events. Although the 

overall level of gene expression is suppressed during the dauer stage in wild-type 

animals, there is still transcription of some gene families related to stress, such as HSP 

proteins and genes involved in ubiquitination (Dalley and Golomb, 1992). We can 

speculate that AMPK mutants may be transcribing genes that are maladaptive for the 

dauer stage, resulting in the progression of the cell cycle and eventually causing the germ 

cells to undergo meiosis to produce gametes, in addition to transcribing stress related 

genes. 

Our work highlights the downstream effects of exosomal miRNAs in the germ line 

(Wong et al., 2023a). Through the activity of RAB-7, neuronally produced miRNAs are 

delivered to the germ line in order to affect changes in gene expression. We propose that 

these miRNAs inhibit the expression of germline histone writers, although we cannot rule 

out that these miRNAs may be also targeting other mRNAs. Because most miRNAs are 

upregulated at the onset of the dauer stage (Jurczak et al, 2023), we speculate that many 

miRNAs are delivered to the germ line through the activity of exosomes. These miRNAs 

then in turn downregulate the expression of a cohort of germline histone writers to 

establish a chromatin landscape and gene expression program suitable for arresting the 

germline cell cycle in order to preserve germ cell integrity (Fig. 7E).   
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Materials and Methods: 

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed to 

and will be fulfilled by the lead contact, Dr. Richard Roy (richard.roy@mcgill.ca). 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

C. elegans strains and maintenance 

C. elegans were grown with standard procedures and maintained at 15C on 

Nematode Growth Media (NGM) plates seeded with E. coli (OP50) (Brenner, 1974). The 

strains used in this study can be found in Table S1.  

 

METHODS DETAILS 

 

Transgenes and transgenic animals 

A full list of oligonucleotides used in this study can be found in Table S2. To create 

pie-1p driving the expression of glf-1, rba-2, set-2, and C17E4.6, primers 1-8 were used 

to amplify the cDNA sequence. Primers 9-13 were used to amplify the universal 3’UTR 

tbb-2. A vector was created using primers 14 and 15. Fragments were ligated using 

Gibson assembly (NEB E2611).  
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Synchronization  

A population of genetically identical animals were synchronized using alkaline 

hypochlorite. The resulting embryos were allowed to hatch in the absence of food in M9 

buffer on a rotating stand at 15C before they were plated on NGM plates seeded with 

OP50 (alternatively, on HT115 for RNAi experiments). The plates were incubated in 25C 

for 96 hours to induce dauer formation and to allow the animals to spend at least 48 hours 

in the dauer stage. Afterwards, the plates were switched back to 15C to allow for 

recovery and resumption of normal development.  

 

Quantification of AMPK germline defects 

A population of genetically identical animals were synchronized and plated on 

either NGM plates seeded with OP50 or HT115 expressing dsRNA according to the 

conditions specified in the figures then incubated at the restrictive temperature of 25C to 

induce dauer formation for a total of 96 hours. The dauer larvae were then separate onto 

individual plates and switched into the permissive temperature of 15C to trigger dauer 

exit. The post-dauer fertility was assessed after 7 days and animals were deemed fertile 

if they gave rise to viable progeny.  

 

RNA interference 

For RNAi experiments, a population of genetically identical animals were 

synchronized and allowed to hatch in M9 buffer. L1 larvae are then plated on NGM plates 

supplemented with 1 mM IPTG (BioShop IPT002) and 50 μg mL-1 ampicillin (Fisher 
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BioReagents BP176025) seeded with HT115 either containing an empty vector L4440 or 

expressing dsRNA against a gene of interest. RNAi constructs were obtained from the 

Ahringer RNAi library (Fraser et al., 2000). All RNAi clones were sequence verified. The 

conditions and genotypes of the animals and bacteria were not blinded. 

 

Western blot 

For whole protein lysates from C. elegans, either 500 dauer larvae or 200 post-

dauer adult animals were mixed with loading buffer (5% β-mercaptoethanol, 0.02% 

bromophenol blue, 30% glycerol, 10% sodium dodecyl sulfate, 250 mM pH 6.8 Tris-Cl) 

and subjected to multiple rounds of freeze-boiling. Protein lysates were frozen in liquid 

nitrogen and boiled on a 100C heat block for 4.5 minutes for at least 4 cycles prior to 

SDS-PAGE. The protein sample was separated using SDS-PAGE and transferred to a 

nitrocellulose membrane (Bio-Rad, 1620115) before subjected to immunoblotting.  

Western blot analysis was performed using anti-histone H3 (tri methyl K4) antibody 

(abcam, ab8580, 1:1000, RRID: AB_306649), anti-histone H3 (tri methyl K9) antibody 

(abcam, ab8898, 1:1000, RRID: AB_306848), anti-RNA polymerase II CTD repeat 

YSPTSPS (phospho S5) (abcam, ab5131, 1:1000, RRID: AB_449369), recombinant anti-

RNA polymerase II CTD repeat YSPTSPS (phospho S2) (abcam, ab193468, 1:1000, 

RRID: N/A), or anti-tubulin (Sigma-Aldrich, T6199, 1:1000, AB_477583). Membranes 

were incubated with horseradish-peroxidase-conjugated anti-rabbit (Bio-Rad, 1721019, 

1:2000, RRID: AB_11125143) or anti-mouse (SouthernBiotech, 1036-05, 1:2000, RRID: 

AB_2794348) secondary antibodies and visualized using a MicroChemi (DNR Bio 

Imaging Systems) and GelCapture software (Version 7.0.18).  
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qPCR 

For mRNA transcripts, gravid animals were synchronized and incubated at the 

restrictive temperature of 25C to induce dauer formation. Animals were harvested after 

48 hours at 25C and subjected to TRIzolTM Reagent (Invitrogen 15596026) for RNA 

isolation. The concentration of the RNA was determined with a NanoDrop™ 2000c 

Spectrophotometer (Thermo Scientific ND-2000). The quality of the RNA was determined 

with a NanoDrop™ 2000c Spectrophotometer (Thermo Scientific ND-2000) and agarose 

gel electrophoresis. 1000 ng of purified RNA was used to synthesize cDNA using a High-

Capacity RNA-to-cDNATM Kit (AppliedBiosystems, 4387406). The gene expression levels 

were determined by qPCR using a 2x SyberGreen qPCR Master-mix (ZmTech 

Scientifique, Q2100N) and a Bio-Rad CFX384 Real-Time 96-well PCR qPCR Detection 

System (Bio-Rad). 10 ng of cDNA was used for each qPCR reaction. The gene 

expression data was analyzed using CFX Maestro Software (Bio-Rad). Relative gene 

expression was calculated by normalizing to the expression of an alpha-tubulin gene, tba-

1, which as the loading control. Each relative gene expression value is an independent 

biological replicate, with each replicate corresponding to the average of a triplicate qPCR 

reaction. The primer sequences for qPCR can be found in Table S3.  

 

Auxin-inducible degradation (AID) system 

 Animals were synchronized as described above. To create petri dishes for AID, 

NGM was prepared as described above but allowed to cool to approximately 30-45C 

before auxin is added to the media to a final concentration of 1 mM. A stock solution of 

auxin was prepared by dissolving it in 70% ethanol. Auxin-containing NGM petri dishes 
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were then seeded with a thick layer of OP50, allowed to dry at room temperature, and 

always protected from light. Auxin-containing plates were used within 2 days of drying. 

NGM plates without auxin were used as a negative control.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Bar graphs and fluorescence intensity graphs were generated through GraphPad 

Prism 7. Pie charts and heat maps were generated through Microsoft Excel. Fluorescence 

intensity and relative protein abundance were measured using NIH ImageJ. Statistical 

tests were performed using GraphPad Prism 7 and XLSTAT plugin for Microsoft Excel. 

The types of statistical tests used in each experiment, n numbers, P values, and other 

related measures are indicated in each figure and the associated legend. In all figures, 

****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant. Replications were 

done by using different worms performed on different days. Replications for all imaging 

experiments were performed on different worms on different days. Representative images 

were generated from more than 10 worms in at least three independently generated lines. 

RNAi experiments were performed on independently cultured animals and bacterial 

cultures. Western blots were performed on independently isolated exosomes purifications 

or animals at least twice. For all C. elegans strain used in this study, a population of 

worms was grown together under identical conditions, and the worms were randomly 

distributed into different conditions. Worms from a population were randomly chosen for 

RNAi analyses, post-dauer fertility, Western blot analysis, and imaging experiments.  

 



 357 

Acknowledgements: The Canadian Institutes of Health Research (Project Grant, CIHR 

PJT-180267) supported this work. We acknowledge the Caenorhabditis elegans Genetics 

Center (CGC) for providing C. elegans strains. We thank Shaolin Li and Ryan Dawson 

for technical assistance.  

 

Competing interests: The authors declare no competing interests. 

 

Funding: The Canadian Institutes of Health Research Project Grant CIHR PJT-180267 

(RR) 

 

Author contributions: CW, MV, and EJ conceptualized the study, designed the 

methodology, and conducted the investigation. CW and MV analyzed the data. RR 

acquired the funding and supervised the study. CW wrote the original draft.  

 

Data and materials availability: All data are available in the main text. 

 

 

 
  



 358 

Figures and Tables 

 

Fig. 4.1. The expression levels of histone writers are downregulated in daf-2 

animals.  

 

Heat map that represents the normalized expression levels of histone writers in daf-2 and 

daf-2; aak(0) mutants during the dauer stage. Genes that are upregulated or 
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downregulated are in red or blue colour, respectively. Genes were extracted from 

Wormbook and WERAM.  
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Fig. 4.2. Histone writers act in a concerted manner to ensure quiescence and germ 

cell integrity.  

 

(A) Post-dauer fertility of daf-2; aak(0) mutants fed with bacteria expressing dsRNA 

against various histone writers.  

 

(B) Post-dauer fertility of daf-2; aak(0) and set-17; daf-2; aak(0) mutants fed with bacteria 

expressing dsRNA against various histone writers.  

 

***P < 0.001, **P < 0.01, ns, not significant using Marascuilo procedure for post-dauer 

fertility. n = 50. 
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Fig. 4.3. Histone writers that revert the suppression of AMPK defects have a wide 

range of functions.  

 

(A-C) Pie charts of the (A) expression analysis of mRNA extracted from daf-2 animals, 

(B) GO term enrichment analysis, (C) predicted function, (D) presence of any high-
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stringency miRNA binding sites on the 3’UTR, and (E) tissue-specific expression of the 

genes that revert the suppression of AMPK germline defects by tbc-7. Bioinformatics 

analysis was conducted using Wormbase (B, C, E) and TargetScanWorm6.2 (D) 

databases.  
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Gene (RNAi) daf-2 (%) daf-2; aak(0); tbc-7 (%) 

L4440 100 84 

jmjd-1.2 60 0 

prmt-5 60 0 

swsn-9 68 4 

chd-3 64 8 

lsy-12 60 16 

D1065.3 72 16 

psr-1 100 16 

jmjc-1 68 20 

utx-1 72 20 

athp-1 64 24 

pbrm-1 68 24 

lin-61 76 24 

taf-3 83 24 

rbr-2 60 28 

set-12 80 28 

set-4 82 28 

hda-6 60 32 

sir-2.2 64 32 

sea-2 68 32 

set-11 75 32 

met-1 76 32 

sir-2.3 72 40 

chd-1 80 40 

dpff-1 100 40 

jhdm-1 72 48 

baz-2 72 48 

hat-1 76 48 

hda-10 80 48 

athp-2 80 52 

gfl-1 52 34 

ssl-1 88 49 

met-2 92 49 

isw-1 88 53 

htz-1 96 58 

ubc-9 92 64 

zfp-1 80 64 

M03C11.3 92 71 

mys-1 88 78 

sop-2 88 78 

mep-1 92 84 
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Table 4.1: Post-dauer fertility of daf-2 and daf-2; aak(0); tbc-7 mutants fed with 

dsRNA targeting histone writers. 
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Fig. 4.4. Neuronally-expressed miRNAs regulate the expression of histone writers 

in the germ line to establish a dauer-specific chromatin landscape and gene 

expression.  

 

(A) qPCR was conducted on daf-2; aak(0); Ex[rgef-1p::mir-51] mutants to quantify the 

levels of histone writers during the dauer stage.  

 

(B) Western analysis of whole dauer larvae using antibodies against histone marks 

associated with active (H3K4me3) and repressive (H3K9me3) transcription in daf-2, daf-

2; aak(0), daf-2; aak(0); tbc-7, and daf-2; aak(0) mutants expressing neuronal mir-51. 
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(C) Quantification of the Western analysis against histone marks normalized to tubulin 

loading control using ImageJ software. Representative of three independent experiments. 

Quantification was generated by ImageJ. **P < 0.001, *P < 0.01 using Student’s t-test.  

 

(D) qPCR was conducted on daf-2; aak(0); Ex[rgef-1::mir-51] mutants to quantify the 

levels of germline genes that were previously shown to be differentially expressed in the 

dauer stage.  

 

(E) Post-dauer fertility of daf-2; aak(0); tbc-7 expressing extra copies of rba-2, C17E4.6, 

gfl-1, and set-2 in the germ line using a pie-1p promoter with either a universal tbb-2 

3’UTR or each respective gene’s native 3’UTR.  

 

(F-G) qPCR was conducted on daf-2; aak(0); Ex[rgef-1p::mir-240] mutants to quantify the 

levels of (F) histone writers and (G) germline-specific genes during the dauer stage. The 

expression between genotypes were normalized to tba-1 tubulin loading control.  

 

***P < 0.001, **P < 0.01, ns, not significant using two-way ANOVA. Post-dauer fertility is 

mean ± SEM. qPCR data are representative of three independent experiments. Relative 

gene expression is normalized to tba-1 loading control. Relative protein expression is 

normalized to tubulin.  
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Fig. 4.5. AMPK regulates germline gene expression during the dauer stage. 

 

(A) Heat map that represents the normalized expression levels of SET domain-containing 

genes in daf-2 and daf-2; aak(0) mutants during the dauer stage. Genes that are 

upregulated or downregulated are in red or blue colour, respectively.  

 

(B) Graphic description of the germline sensor for histone methyltransferase set-17.  

 

(C-D) Confocal images of the miRNA sensor for SET-17::GFP in (C) daf-2 and (D) daf-2; 

aak(0) adult animals.  

 

(E) Quantification of the number of SET-17 foci per germ cell in adult stage animals for 

panels C and D. 

 

(F-G) Confocal images of the miRNA sensor for SET-17::GFP in (F) daf-2 and (G) daf-2; 

aak(0) dauer larvae expressing a germline mCherry::HIS-11 marker. 

 

(H) Quantification of the number of SET-17 foci per germ cell in dauer larvae for panels 

F and G.  

 

Quantification data is representative of three independent experiments; n = 15 animals 

per condition. **P < 0.01, ns, not significant using two-way ANOVA. Solid white frame 

indicates position of the higher magnification insets (below). Dotted white lines outline the 
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gonad. Scale bars, 50 𝜇m. Representative of three independently-generated transgenic 

lines.   
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Fig. 4.6. The activity of RNA pol II is affected in AMPK mutants.  

 

(A) Western analysis of whole dauer larvae using antibodies against phosphorylated 

serine 5 and serine 2 of the C-terminal domain of RNA polymerase II in daf-2, daf-2; 

aak(0), daf-2; aak(0); tbc-7, and daf-2; aak(0) mutants expressing neuronal mir-51. 

Tubulin was used as a loading control.  

 

(B) Quantification of the Western analysis against phosphorylated serine residues of the 

CTD of RNA polymerase II normalized to tubulin loading control using ImageJ software.  

 

Representative of two independent experiments. Quantification was generated by 

ImageJ. ***P < 0.0001 using Student’s t-test. 
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Cell cycle stage Gene 
Fold Change (Log2) 

(dauer) 
Fold Change (Log2) 

(post-dauer) 

G1 
cdk-4 1.22265192 -0.63239 

cyd-1 1.0322584 0.044672 

S 
cdk-2 -1.9649896 1.824573 

cye-1 -2.0383166 2107.552681 

G2 

cdk-2 -1.9649896 1.824573 

cya-1 -1.790944 1.850527 

cya-2 -2.3421098 0.009119 

Mitosis 

cdk-1 -2.3412024 2.310474 

cyb-1 -2.5330647 3.04981 

cyb-2.1 -2.923514 4.954248 

cyb-2.2 -2.6388067 4.715299 

cyb-3 -2.1811889 3.544366 

Meiosis him-3 -3.4057900 1.795598 

Table 4.2: Expression analysis of cell cycle markers in daf-2 animals compared to 

daf-2; aak(0) mutants through mRNA sequencing. 
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 Fig. 4.7. Disrupting the cell cycle does not affect the histone marks.  

 

(A) Post-dauer fertility of daf-2 mutants expressing an endogenously-tagged LAG-

1::degron and a single-copy insertion of the TIR1 receptor in the germ line treated with 

(+) or without (-) auxin during dauer or recovery. ***P < 0.001 using Marascuilo procedure. 

n = 50.  

 

(B) A quantification of the number of germ cells in the dauer larvae of daf-2 mutants with 

(+) and without (-) the LAG-1 ligand during the dauer stage. ns, not significant using two-

way ANOVA. n = 25.  
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(C) Western analysis using antibodies against histone marks associated with active 

(H3K4me3) and repressive (H3K9me3) transcription in daf-2 mutants with (+) and without 

(-) the LAG-1 ligand during the dauer stage. Tubulin was used as a loading control.  

 

(D) Quantification of the Western analysis against histone marks normalized to tubulin 

loading control using ImageJ software. Representative of one experiment. Quantification 

was generated by ImageJ. ns, not significant using Student’s t-test.  

 

(E) Proposed model of the regulation of histone writers by miRNAs to protect germ cell 

integrity and post-dauer fertility during the dauer stage. 
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Chapter 5: General discussion 

Animals continuously navigate their ever-changing environments, requiring their 

tissues to sense and to respond to external cues (Cardoso-Moreira et al., 2019). This 

communication necessitates the transmission of signals from sensing tissues to both 

proximal and distal counterparts. Consequently, cells have evolved a repertoire of 

communication mechanisms, including surface proteins/receptors and neurotransmitter-

containing synaptic vesicles for local signalling, as well as hormones and small RNAs for 

long-range signalling to distant tissues (Nair et al., 2019).  

This work highlights a novel form of cellular communication mediated by small 

RNAs, distinct from traditional neuroendocrinological processes. These small RNAs, 

including miRNAs, are packaged into extracellular vesicles like exosomes and secreted 

by donor cells. Upon release, these vesicles travel through the organism and are taken 

up by the recipient cells, where the small RNAs can modulate gene expression. Unlike 

hormonal signaling, which relies on the bloodstream, passive diffusion, or active transport 

to distribute the chemical signals, small RNA-based communication is a direct intercellular 

transfer of genetic information. Together with traditional hormone or peptide signalling,  

these intricate communication networks enable coordinated responses across various 

cellular and physiological contexts. 

In C. elegans, the neurons are responsible for signalling to other tissues in 

response to environmental stimuli. For example, during replete conditions, animals will 

develop through four larval stages to become reproductive adults (Kenyon, 1988). 

However, if the animal encounters unfavourable growth environments, such as crowding, 

high temperatures, or starvation, at the end of the L1 stage, it can choose to enter an 



 379 

alternative life stage known as the dauer stage (Dalley and Golomb, 1992; Fielenbach 

and Antebi, 2008; Riddle et al., 1981). In its natural settings, C. elegans are most often 

found in the dauer stage due to its enhanced ability to resist environmental challenges. 

The dauer stage is marked by morphological, metabolic, and behavioural changes. The 

animal will ration its fat stores and halt reproduction for when growth conditions improve. 

Most importantly, the germline stem cells will undergo mitotic arrest at the G2 cell cycle 

stage, presumably to protect the genomic integrity of these cells and to conserve energy 

during this diapause (Fukuyama et al., 2006; Narbonne and Roy, 2006; Wong et al., 

2023b). When growing conditions improve, the animal can exit the dauer stage and 

continue development with almost no reproductive consequences, and in some cases, 

with increased reproductive capacity (Hall et al., 2010).  

Previous genetic analyses indicate that the LBK1/AMPK signalling axis is 

important for establishing germline quiescence during the dauer stage (Kadekar et al., 

2018; Narbonne et al., 2010; Narbonne and Roy, 2006, 2009). The loss of either 

LKB1/par-4 or AMPK/aak(0) results in germline hyperplasia during the dauer stage. Many 

of these mutants will die during this stage, but those that recover will exhibit a highly 

penetrant post-dauer sterility (Kadekar and Roy, 2019). This finding suggests that 

although the number of germ cells increase, these cells do not have any reproductive 

potential and cannot give rise to viable progeny. These defects correlate with an increase 

in activating and repressive histone marks. Immunofluorescence experiments indicates 

that the distribution of these histone marks throughout the germ lines of AMPK mutants 

is misregulated. This abnormal chromatin landscape is the most likely cause of the 
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aberrant germline gene expression that results in the germline hyperplasia in the dauer 

stage and the sterility in the post-dauer adult. 

Through a forward genetic screen, we identified 8 suppressors of the AMPK 

germline defect that corresponded to 5 complementation groups (Wong et al., 2023c). 

Two of the identified alleles, rr166 and rr289, corresponded to tbc-7, a RabGAP protein. 

The detection of multiple alleles affecting the same gene strongly indicates the 

thoroughness of our genetic screen, affirming its saturation. While deletions of tbc-7 are 

sterile, we were able to isolate two unique point mutations that gave rise to hypomorphic 

tbc-7 mutants, underscoring the power of genetic screens.  

These tbc-7 alleles were able to suppress the germline hyperplasia and post-dauer 

sterility typical of AMPK mutants (Wong et al., 2023c). Consistently, the compromise of 

tbc-7 activity restores the abundance and distribution of germline histone marks to near 

wild-type levels. RT-qPCR analyses also indicate that the germline gene expression is 

corrected in tbc-7 compromised mutants (Wong et al., 2023a). Intriguingly, these tbc-7-

suppressed mutants cannot suppress the reduced dauer survival typical of AMPK 

mutants (Wong et al., 2023c). Wild-type animals can survive in the dauer stage for 

months, while AMPK mutants die after seven days (Narbonne and Roy, 2009). This loss 

of dauer survival is partly due to overactive ATGL-1 activity and the premature depletion 

of lipid stores. Overall, this data suggests that TBC-7 does not regulate triglyceride 

hydrolysis, but rather it likely regulates the germ line through a separate mechanism 

during the dauer stage.  

By conducting RNAi against every predicted and known Rab protein in the C. 

elegans genome, we identified RAB-7 as one of the potential downstream Rab targets of 
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TBC-7 (Wong et al., 2023c). While we meticulously examined all Rabs and ensured 

reproducibility, the trafficking and cell biology fields require more robust, biochemical-

based assays (Barr and Lambright, 2010). For example, a yeast two-hybrid or a GFP 

protein reconstitution assay could be conducted between TBC-7 and every Rab protein 

to potentially identify additional Rab targets. However, these results would need to be 

verified in vivo in dauer larvae, perhaps through a proximity ligation assay, to claim that 

any interactions with TBC-7 are physiologically relevant.  

Consistent with the neuronal role of AMPK in maintaining quiescence, TBC-7 and 

its putative target Rab protein, RAB-7, also work in the neurons during the dauer stage 

(Wong et al., 2023a; Wong et al., 2023c). Genetic analysis indicates that the GAP activity 

of TBC-7 is regulated by two independent mechanisms; first, AMPK directly 

phosphorylates TBC-7 to presumably induce the autoinhibition of the RabGAP domain 

and second, two miRNAs, mir-1 and mir-44, repress the translation of TBC-7 (Wong et 

al., 2023c). These two mechanisms work in conjunction to ensure that RAB-7 remains 

active in the neurons at the onset of the dauer stage.  

In addition to identifying two alleles of tbc-7 in our genetic suppressor screen for 

AMPK germline defects, we also identified 6 additional unique suppressors (Wong et al., 

2023c). 5 of the remaining 6 suppressors were predicted to be primarily expressed in the 

neurons, which is consistent with the role of AMPK and TBC-7 functioning in the neurons. 

One of the six suppressors is pmk-2. PMK-2 is the p38 MAPK ortholog in C. elegans that 

is involved in regulating innate immunity and is activated by the TIR-1/NSY-1/SEK-1 

complex (C. elegans ortholog of ASK1/SARM/MKK3/6) (Pagano et al., 2015). Similarly, 

in mammalian systems, the p38 signalling pathway is activated by environmental 
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stressors, such as osmotic, redox, or radiation (Zarubin and Han, 2005). Activation of this 

pathway inhibits proliferation and activates cellular differentiation such as transcription 

factor activity and chromatin remodeling, as well as cell migration.  

In C. elegans, pmk-1, pmk-2, and pmk-3, are expressed from a single operon along 

with an upstream gene islo-1 (Pagano et al., 2015). In wild-type animals, PMK-1 is 

ubiquitously expressed, while PMK-2 is expressed primarily in the neurons. The 

expression of the pmk genes is regulated by the mir-58 family in C. elegans, wherein mir-

58, mir-80, mir-81, and mir-82 work redundantly to destabilize the pmk-2 mRNA in non-

neuronal cells, thus restricting the expression of pmk-2 to neuronal cells (Pagano et al., 

2015). Interestingly, our genetic analysis shows that pmk-2 functions in the germ line to 

cell autonomously regulate germline quiescence during the dauer stage, while the 

compromise of pmk-2 in somatic tissues does not suppress the post-dauer sterility. In 

AMPK mutants, miRNAs, including the mir-58 family are not expressed in sufficient levels, 

thus resulting in germline defects (Jurczak et al., 2023). Therefore, in the absence of 

these miRNAs, pmk-2 could be aberrantly expressed in non-neuronal tissues including 

the germ line, resulting in the abnormal regulation of the germline cell cycle. Further 

exploration into the mechanisms of pmk-2, as well as the other remaining 5 suppressors, 

could elucidate how AMPK establishes germline quiescence during the dauer stage.  

The next question that we wanted to address was how RAB-7, a conserved Rab 

GTPase in the neurons was able to regulate the germ line during the dauer stage. This 

mechanism is hinted by one of the functions of RAB-7. In endosome maturation, early 

endosomes and late endosomes are marked with RAB-5 and RAB-7, respectively 

(Kinchen and Ravichandran, 2010; Poteryaev et al., 2010; Wang et al., 2002). The late 
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endosome can undergo membrane invaginations to create intralumenal vesicles. This 

entity, now known as a multivesicular body, can fuse with the plasma membrane to 

secrete the intralumenal vesicles along with its cargo into the extracellular space. 

Consistent with the function of RAB-7, when we drove neuronal RAB-7 translationally 

fused with GFP in dauer larvae, we were able to observe GFP in the germ cells of animals 

with abrogated TBC-7 function (Wong et al., 2023a).  

We purified these GFP::RAB-7-containing vesicles to further characterize them. 

Through negative-stain transmission electron microscopy combined with immunogold-

labelling, we found that RAB-7 localized to the vesicle membrane (Wong et al., 2023a). 

These vesicles were also within the diameter range of 30-150 nm, which is consistent 

with exosomes derived from the endosomal route. Western analysis against known 

exosomal markers, such as CD63/TSP-7, Tsg101/TSG-101, and Alix/ALX-1 indicated 

that these vesicles could indeed be exosomes (Kalluri and LeBleu, 2020; Wong et al., 

2023b). Although there are no widely accepted negative markers for each class of 

extracellular vesicle, markers for other types of extracellular vesicles (eg. mitochondrial 

components and cytochrome C for large oncosomes and large EVs, or annexin A1 and 

ARF6 for microvesicles) could further support the claim that these vesicles are exosomes 

(Lötvall et al., 2014; Théry et al., 2018). Nanoparticle tracking analysis also indicated the 

presence of GFP::RAB-7 of neuronal origin and confirmed the diameter range (Wong et 

al., 2023a). 

One active area of research is understanding how these GFP::RAB-7 entities are 

targeted to the germ line. Strikingly, when GFP::RAB-7 expression was driven in all 

neurons, these vesicles were only observed in the germ line and in no other tissues 
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(Poteryaev et al., 2010). This observation suggests that there must be a specific set of 

surface receptors on the exosomal and germline membranes that allow only the germ line 

to take up these vesicles. In the C. elegans genome, there are 29 SNARE genes with 10 

t-SNARE syntaxin homologs, 3 t-SNARES SNAP-25 family, and 16 other SNARES 

including v-SNARES (Sato et al., 2014). To explore if SNARE proteins play a role in 

targeting these exosomes for fusion with the germline membrane, a RNAi screen of all 

SNARE proteins could be conducted in tbc-7-suppressed mutants. Compromising the 

required SNARE protein should reverse the suppression of AMPK germline defects. Any 

identified genes can be subjected to tissue-specific RNAi experiments to determine 

whether it is required in the neurons as a v-SNARE or in the germ line as a t-SNARE. 

Alternatively, it is possible that these RAB-7-derived exosomes do not rely on the activity 

of SNARE proteins to tether and fuse with the germline membrane. Thus, other avenues 

such as tandem mass spectrometry of the isolated RAB-7-containing exosomes should 

be explored to identify the navigator and/or the factors required for cell-type specific 

docking of these exosomes.  

Furthermore, we found that TBC-7/RAB-7 works in serotonergic neurons to 

secrete these exosomes during the dauer stage (Wong et al., 2023a). There are three 

major pairs of neurons, NSM, ADF, and HSN, that belong in the serotonergic class in 

addition to other individual neurons (Chase and Koelle, 2007). The NSM and ADF 

neurons reside in the head of the animal near the pharynx and the terminal bulb. On the 

contrary, HSN resides near the mid body of the animal and enervates the vulva muscles 

and vulval in the adult animal (Adler et al., 2006; Olsson-Carter and Slack, 2010). The 

HSN neuron does not elongate and form an axon until the late L4 larval stage, thus the 
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HSN neuron is in close proximity to the germ line during the dauer stage. Therefore, 

proximity between the neuron and the germ line could also be a reason as to why these 

RAB-7-derived exosomes only end up in the germ line.  

This hypothesis can be tested in two different ways. HSN is a hermaphrodite-

specific neuron, so the germ lines of males carrying the neuronal GFP::RAB-7 transgene 

could be examined for presence of GFP (White et al., 1986). If these males have GFP 

during the dauer stage, then the hypothesis of the compatibility between surface 

receptors or SNARE proteins on the two membranes would be strengthened, as males 

do not have HSN neurons. Conversely, if these males do not have germline GFP 

expression, it could be possible that HSN neurons are responsible for secreting the RAB-

7-containing exosomes. Furthermore, if proximity is the key for targeting these exosomes 

to the germ line, then only the HSN neurons should be capable of providing the germ line 

with exosomes, while other serotonergic neurons like NSM and ADF that reside in the 

head of the animal should not be able to. With the recent advancement of reporter gene 

technology and single-cell sequencing and mapping, there are now ADF- and HSN-

specific promoters (Fagan et al., 2018; Lloret-Fernández et al., 2018). Therefore, the 

question of proximity between the neurons and the germ line could be addressed by 

driving GFP::RAB-7 using these ADF- or HSN-specific promoters and examining the 

germ lines of dauer larvae for the presence of GFP. However, we cannot eliminate the 

possibility that multiple mechanisms are working in tandem, where the HSN neurons 

could be secreting exosomes that contain v-SNARES that target t-SNARES that are only 

found on the germline membrane.  
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In a separate study, we observed that AMPK mutants are insensitive towards 

exogenous dsRNA, regardless of how these dsRNA are introduced (Jurczak et al., 2023). 

We found that by introducing extra copies of DCR-1 in AMPK mutants, we could restore 

the sensitivity of these animals towards dsRNA, suggesting that a lack of dsRNA 

processing machinery could be the basis of the RNAi deficient phenotype. We also found 

that the introduction of extra copies of DCR-1 in somatic cells suppressed the dsRNA 

insensitivity and, surprisingly, the AMPK germline defects, suggesting a correlation 

between the RNAi defective phenotype and the germ cell integrity. Consistent with this 

hypothesis, small RNA sequencing analysis of AMPK mutants compared to daf-2 control 

animals indicates that all classes of small RNAs are upregulated while only miRNAs are 

downregulated, suggesting that there is an imbalance of RNA processing in AMPK 

mutants. Moreover, when we introduced extra copies of these downregulated miRNAs in 

these mutants, we were able to suppress the AMPK germline defects. 

Interestingly, when we conducted RNAi against the mRNA targets of these 

miRNAs, we were unable to identify any additional genes that suppressed the AMPK 

germline defects to the same degree as the tbc-7 alleles, rr166 and rr289 (Wong et al., 

2023a). Additionally, introducing extra copies of individual miRNAs that are 

downregulated in the absence of AMPK suppresses the defects (Jurczak et al., 2023; 

Wong et al., 2023a) These findings suggest that the downregulation of the mRNA targets 

of any single miRNA is not the primary factor that maintains germ cell integrity. Rather, 

the introduction of an exogenous miRNA locks DCR-1 and its binding partner RBPL-1 in 

a miRNA production competent formation establishing germline quiescence and germ cell 

integrity during the dauer stage (Jurczak et al., 2023). Overall, these findings imply that 
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AMPK mutants are transcribing sufficient levels of pri-miRNAs and that at least one cause 

of the AMPK germline defects is a lack of machinery needed for the processing of pre-

miRNA into mature miRNA. 

The small RNA sequencing data also prompted an investigation into what small 

RNAs, if any, are packaged into these RAB-7-derived exosomes. By screening all the 

small RNA biogenesis components using RNAi in tbc-7-suppressed mutants, we found 

that only the miRNA biogenesis pathway in the neurons is required to maintain germ cell 

integrity (Wong et al., 2023a). This data was complemented by the detection of mir-51 

using qPCR in purified exosomes using specialized TaqMan primers.  

One question that still remains is how do the DCR-1/RBPL-1 and TBC-7/RAB-7 

pathways fit together? We found that correcting either one of these pathways in AMPK 

mutants is sufficient to suppress the AMPK germline defects (Jurczak et al., 2023; Wong 

et al., 2023a). However, it is not clear if suppressing TBC-7 activity also corrects the 

production of miRNAs, as the incorporation of the miRISC into exosomes is required to 

maintain germ cell integrity. On the contrary, how are the mature miRNAs produced by 

DCR-1 and RBPL-1 delivered to the germ line in the absence of RAB-7 activity? These 

questions remain to be answered. It is possible that these two pathways are 

independently regulated or perhaps there is an additional link or feedback cycle that has 

yet to be uncovered. One immediate experiment would be to assess the levels of pre-

miRNAs and mature miRNAs in tbc-7-suppressed mutants. If the levels of mature 

miRNAs are similar to the levels found in wild-type control daf-2 animals, then perhaps 

there is a RAB-7 effector that stimulates the association of DCR-1 and RBPL-1. 
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We used mir-51 as a proxy for miRNAs in this work, as we assumed that many 

families of miRNAs were produced when any exogenous miRNA is introduced. We found 

that short motifs on the mature sequence of mir-51 are required for its loading into 

exosomes (Wong et al., 2023a). By scrambling these EXOmotifs, we disrupt the 

incorporation of mir-51 into exosomes and also inhibit its ability to suppress the AMPK 

germline defects. These experiments highlighted the role and significance of EXOmotifs 

in C. elegans. However, the physiological relevance of CELLmotifs, short cis-regulator 

sequences that signal the loading machinery to exclude a particular miRNA from 

exosomes, has yet to be described in C. elegans (Garcia-Martin et al., 2022). To explore 

this avenue, the EXOmotifs found on mir-51 could be converted into CELLmotifs through 

CRISPR/Cas9 genome editing. Then, the presence of mir-51 could be assessed in 

purified exosomes through TaqMan RT-qPCR. If C. elegans possessed the cellular 

machinery that can distinguish between EXOmotifs and CELLmotifs, then replacing the 

EXOmotifs with CELLmotifs should lead to the exclusion of mir-51 from the exosomes. 

Instead, through qPCR analysis, we should observe high levels of mir-51 in RNA purified 

from whole dauer larvae and a significant reduction in RNA purified from the exosomes. 

Alternatively, all miRNAs could be retained by default in C. elegans and only miRNAs 

containing EXOmotifs are directed into vesicles. 

We also showed that SID-3, SID-5, and RME-8 were required to either produce 

these exosomes in the neurons (RME-8 and SID-5) or take up these exosomes in the 

germ line (SID-3) (Wong et al., 2023a). Through tissue-specific RNAi experiments, we 

were able to pinpoint whether these genes were required in the neurons or in the germ 

line. Other works have highlighted the importance of the kinase domain of SID-3 as an 
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importer of dsRNA (Jose et al., 2012; Shen et al., 2011). By mutating the catalytic lysine 

into an adenine, we found that the kinase domain of SID-3 is required to import a 

neuronally produced miRNA into the germ line (Wong et al., 2023a). However, additional 

research must be conducted to meticulously determine the exact function of each gene 

product in this TBC-7/RAB-7 signalling pathway. While there is literature to suggest that 

SID-3 phosphorylates dynamin and other cytoskeletal components to stimulate 

endocytosis, more detailed imaging experiments are required to determine if the kinase 

activity is essential for the importing of exosomes by reshaping the germline plasma 

membrane during the dauer stage (Gao et al., 2020; Shen et al., 2011). While this 

hypothesis is probable, we cannot rule out that other phosphorylation targets of SID-3 

could be involved in the importing of exosomes or that SID-3 could be directly regulating 

the cell cycle, downstream of exosomal miRISC activity.  

In AMPK mutants, we found that the abundance and distribution of the histone 

marks in the germ line are misregulated, suggesting that the activity of the histone writers 

is maladaptive for the dauer larvae (Kadekar and Roy, 2019; Wong et al., 2023a). mRNA 

sequencing reveals that the expression of many histone writers are upregulated in AMPK 

mutants, which is consistent with the increase of histone marks. Therefore, we conducted 

RNAi against histone writers that have been previously characterized and were identified 

through WERAM, an online database for all histone writers in the C. elegans genome. To 

our surprise, we could not identify one histone writer that when compromised could 

suppress the AMPK germline defects. These data suggest that the expression of many 

histone writers must be suppressed in a concerted manner at the onset of the dauer stage 

to prevent the establishment of a reproductive program in the germ line. Therefore, we 
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examined the expression of a subset of histone writers after driving mir-51 expression in 

the neurons of AMPK mutants and found that the levels of histone writers and histone 

marks in the germ line were corrected.  

To show that the expression of one miRNA increases the expression of most 

miRNAs in AMPK mutants, we drove mir-240, a miRNA that does not have any known 

interactions with other miRNA families in C. elegans, and assessed the expression of the 

histone writers and germline-specific genes. We found that the expression of mir-240 

corrected the expression of histone writers and germline-specific genes. Overall, our data 

suggests that the miRNAs produced in the neurons are transported to the germ line 

through exosomes produced by RAB-7 activity. At the germ line, these miRISC are 

released to suppress the expression of these histone writers to maintain germline 

quiescence and germ cell integrity during the dauer stage.  

While histone writers were identified as a potential mRNA target for the exosomal 

miRISC, these exosomal miRNAs may be post-transcriptionally regulating other genes. 

Recent studies have also shown interactions between miRNAs and lncRNAs to regulate 

gene expression (López-Urrutia et al., 2019; Ratti et al., 2020). Thus, miRNAs may 

interact with other RNA populations to establish a gene expression program that is 

appropriate for the dauer stage.  

By using genetic tools like the auxin-inducible degradation system, we assessed 

the effects of altering the germline cell cycle during the dauer stage on germ cell integrity 

(Zhang et al., 2015). By reducing LAG-1 expression, we forced all the germline stem cells 

to undergo meiosis at the onset of the dauer stage (Chen et al., 2020). Consistent with 

our phenotype in AMPK mutants, disrupting the quiescence during the dauer stage 
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renders the otherwise wild-type animals post-dauer sterile (Kadekar and Roy, 2019; 

Narbonne and Roy, 2006). Using this tool, we wanted to determine if the histone marks 

were responsible for the cell cycle arrest, or alternatively, if the cell cycle arrest dictates 

the establishment of the chromatin landscape. Interestingly, forcing the germ cells to 

undergo meiosis does not phenocopy the germline hyperplasia and increased abundance 

of histone marks observed in AMPK mutants. Western analysis of activating and 

repressive histone marks in animals with reduced LAG-1 expression resembles daf-2 

control animals rather than AMPK mutants. These data suggest that the changes in 

histone marks and germline gene expression could regulate the germline cell cycle. 

However, further experiments such as examining the germline gene expression of 

animals with reduced LAG-1 expression are needed to place the regulation of the 

germline cell cycle downstream of the activity of histone writers.  

The nervous system constitutes the perfect organ system for AMPK activation. 

During unfavourable growth conditions, AMPK becomes activated in the serotonergic 

neurons to signal the germ line to enter a quiescent state and adopt a stress-resistant 

gene expression program (Wong et al., 2023a). Thus, our findings that AMPK works 

primarily in the neurons to maintain quiescence and germ cell integrity during the dauer 

stage are consistent with the evolutionary role of neurons as a bridge between external 

stimuli and physiological responses.  

Strikingly, the mechanism that we described in this work where AMPK indirectly 

activates RAB-7 activity to produce miRISC-containing exosomes is similar to the 

packaging of chemical signals in synaptic vesicles to elicit a physiological response in the 

downstream interneuron or motor neuron (Citri and Malenka, 2008). In synaptic neurons, 
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neurotransmitters are stored in vesicles that localize to the axon terminal. Upon receiving 

the appropriate signals, these vesicles are released into the synaptic cleft and taken up 

by the postsynaptic receptors to enervate the downstream neuron. Similarly, when the 

dauer cues are received by the neurons, AMPK becomes activated in the serotonergic 

neurons to stimulate the packaging and release of neuronal exosomes that contain 

miRISC (Wong et al., 2023a). Rather than exciting a downstream neuron, these miRISC-

containing exosomes target the germline stem cells where the miRISC are poised to act 

upon delivery (Ratti et al., 2020). This novel mechanism is consistent with the role of the 

amphid sensory neurons, ADF, ASI, and ASG in dauer formation (Fielenbach and Antebi, 

2008).  

 

Final Statement 

 

In this study, I have identified an AMPK-dependent signalling pathway between 

the neurons and the germ line, which is mediated by miRNAs encapsulated in exosomes. 

I showed that these exosomes are derived from the endosomal pathway and are loaded 

with active miRISC complexes (Wong et al., 2023a). Upon entry into the dauer stage, 

these exosomes are secreted from the neurons and impinge upon the germ line to affect 

gene expression. I showed that neuronal miRNAs repress the expression of germline 

histone modifying enzymes in a concerted manner. By establishing a chromatin 

landscape that is suitable for the metabolic requirements of the dauer stage, these 

neuronal exosomal miRNAs ensure that the animal can maintain their germ cell 

quiescence to preserve its reproductive capacity (Wong et al., 2023a).  
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The discovery and characterization of exosomes and extracellular vesicles in C. 

elegans particularly their RNA cargo provides an interesting avenue for the development 

of more efficient and targeted RNA-based therapies. In the wake of the COVID-19 

pandemic, mRNA-based vaccines were developed in record time and relied on the 

packaging of the RNA contents in lipid-based nanoparticles (Baden Lindsey et al., 2021; 

Polack Fernando et al., 2020). While these vaccines were sufficient to trigger an immune 

response, it is estimated that only a small percentage of these particles are taken up by 

the immune cells (Castruita et al., 2023; Sahay et al., 2013). The efficiency of these 

particles are dependent on a variety of factors including their lipid composition and 

diameter (Gilleron et al., 2013; Hou et al., 2021). Here we show that exosomes produced 

by the neurons of C. elegans are readily taken up by the germ line, resulting in the strong 

expression of fluorescently-labelled exosomal components in the recipient cells (Wong et 

al., 2023c). These data suggest that key proteins, which could enhance the uptake 

efficiency of lipid nanoparticles, may reside in the lipid and/or protein composition of these 

RAB-7-dependent neuronal exosomes. By fine-tuning the lipid bilayer composition, the 

efficiency of RNA-based therapies could be dramatically improved. Identifying these 

enhancing factors would decrease the quantity of particles required per dose, make the 

therapy more cost-effective, reduce patient toxicity risk, and potentially increase the 

availability of doses worldwide to treat a wide spectrum of diseases.  
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