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ABSTRACT

Protein aggregation causes intracellular changes in neurons, that elicit signals to
modulate proteostasis in the periphery. Beyond the nervous system, a fundamental question is
whether other organs also communicate their proteostasis status to distal tissues. Here, we
examined whether proteostasis of the germline influences somatic tissues. To this end, we
induced aggregation of germline-specific PGL-1 protein in C. elegans germline stem cells.
Notably, dysfunction of germline proteostasis triggered neuronal aggregation of distinct proteins
linked with neurodegenerative diseases such as Huntington’s and amyotrophic lateral sclerosis.
The cell non-autonomous effects induced by PGL-1 aggregation were not limited to the
nervous system, affecting other tissues such as the muscle and intestine. Importantly, PGL-1
aggregation reduced the mitochondrial network of germline cells. In turn, these cells
diminished the mitochondrial content, network and proteostasis of mitochondria in somatic
tissues through Wnt/mitokine signaling, resulting in the aggregation of disease-related proteins.
Thus, the proteostasis status of germline stem cells coordinates mitochondrial networks and

protein aggregation through the organism.



ZUSAMMENFASSUNG

Die Proteinaggregation verursacht intrazellulére Veranderungen in Neuronen, die Signale
ausldsen, um die Proteostase in der Peripherie zu modulieren. Uber das Nervensystem hinaus
ist es eine grundlegende Frage, ob andere Organe ihren Proteostasestatus auch distalen
Geweben tUbermitteln. Hier untersuchten wir, ob die Proteostase der Keimbahn das somatische
Gewebe beeinflusst. Zu diesem Zweck induzierten wir die Aggregation von
keimbahnspezifischem PGL-1-Protein in Keimbahnstammzellen von C. elegans.
Bemerkenswerterweise 10ste eine Funktionsstorung der Keimbahnproteostase eine neuronale
Aggregation verschiedener Proteine aus, die mit neurodegenerativen Erkrankungen wie
Huntington und Amyotropher Lateralsklerose verbunden sind. Die durch die PGL-1-
Aggregation induzierten nichtautonomen Effekte der Zellen waren nicht auf das Nervensystem
beschrinkt, sondern betrafen ebenfalls andere Gewebe wie Muskel und Darm. Wichtig ist, dass
die PGL-1-Aggregation das mitochondriale Netzwerk von Keimbahnzellen verringerte. Im
Gegenzug verminderten diese Zellen wiederum den Mitochondriengehalt, das Netzwerk und
die Proteostase von Mitochondrien in somatischen Geweben durch Wnt/Mitokin-
Signaliibertragung, was zur Aggregation krankheitsbedingter Proteine fiihrt. Somit koordiniert
der Proteostasestatus von Keimbahnstammzellen die mitochondrialen Netzwerke und die

Proteinaggregation durch den Organismus.



INTRODUCTION

1. The ageing process

Ageing is a time-dependent progressive decline that impairs the integrity of tissues and
physiology of living organisms, leading to the onset of age-related diseases and increasing the
risk of death. The process of ageing is characterized by nine different hallmarks, which are
further categorized in three subgroups: primary hallmarks, antagonistic hallmarks, and
integrative hallmarks (7).

The primary hallmarks share the characteristic to be always unequivocally negative.
Examples of primary hallmarks are DNA damage and telomerase loss. Contrarily, the
antagonist hallmarks are not always negative but their effects depend on their intensity. Low
intensity levels are beneficial, whereas high intensity is associated with detrimental effects.
Examples of antagonist hallmarks are mitochondrial dysfunction and cellular senescence. For
instance, low levels of reactive oxygen species (ROS) production mediates cell signaling and
survival, while high levels of ROS can cause cell damage. Similarly, senescence can be
beneficial at low level and protect from cancer, whereas it causes ageing at high levels.
Therefore, the antagonist hallmarks have the physiological function to protect organisms from
damage, however when they become chronic subvert their aim and contribute to ageing.
Finally, the integrative hallmarks affect tissue homeostasis and function. This subgroup
includes stem cell exhaustion and altered intercellular communication.

A certain hierarchy has been supposed to exist between these hallmarks (7). The first
hallmarks to appear could be the primary hallmarks, which may start the accumulation of
cellular damage. Then, the intensity of antagonist hallmarks rises, so that they become
progressively negative. Finally, the integrative hallmarks appear when the tissue homeostasis

can no longer cope with damages caused by the other hallmarks.

2. The proteostasis network

Loss of protein homeostasis (proteostasis) is a primary hallmark of ageing (/). The
cellular pathways involved in maintaining the integrity of the proteome are collectively referred
to as the proteostasis network, which includes processes such as protein synthesis and folding,

conformational maintenance and degradation.
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2.1 Chaperones

The translation process generates new polypeptides that exhibit unfolded or non-native
structure. The majority of newly synthetized proteins need to be folded in a proper specific
state (native state) to be functional (2). Many proteins consist of different domains and need to
reach a complex 3D structure; hence the process of folding requires molecular chaperones that
assist the folding process to occur efficiently. Chaperones are defined as factors that contribute
to the final folding of other proteins without being part of their final structure (2).

However, the folding protein status is only marginally stable and a partial protein
population can undergo misfolding events (2, 3). Additional destabilizing factors like mutations
and stress events can enhance protein misfolding and cause accumulation of misfolded
proteins. In addition, damaged misfolded proteins accumulate also during ageing as a
consequence of decreasing capacity to maintain functional proteasome activity and the
accumulation of proteotoxic agents such as ROS (7, 3).

Unfolded proteins, including nascent polypeptides, tend to aggregate due to the
exposure of hydrophobic amino acid residues and unpaired B- strands, which confer a high
degree of interactivity with cellular proteins and membranes. Thus, unfolded proteins can lead
to the formation of protein aggregates. Protein aggregates are potentially harmful and therefore
their formation is strictly monitored.

Protein aggregates hold dual toxicity; on one hand, protein aggregates are toxic
inclusions that can cause cellular damages, for example on lipid membranes, through gain of
new functions; on the other hand, proteins accumulate into the aggregates and therefore cannot
pursuit their biological function, causing loss of function effects. In fact, proteostasis factors,
such as chaperones, can also be sequestered into the aggregate, causing a depletion of
proteostasis components that can lead to chronic stress responses, proteostasis collapse and cell
death. Therefore, misfolded proteins need to be either correctly refolded in a native state by
chaperones or eliminated though protein clearance mechanisms. The two main strategies of
cellular protein clearance involve either the ubiquitin proteasome system (UPS) or the autophagy

pathway (3).
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2.2 The ubiquitin proteasome system

The proteasome is a complex macromolecule responsible for the clearance of proteins that
are targeted for degradation. These proteins are first targeted by the ubiquitination machinery
and then recognized, unfolded and proteolyzed into small peptides by the proteasome (3).

The proteasome is composed of several subunits, which are organized in two parts: the
core (20s) and the cap (19s) particles of the proteasome (Fig. 1). The core (20s) particle shows a
barrel-like structure, in which 28 subunits are organized in four rings. The two outer rings consist
of seven alpha subunits and control the entrance of the substrate into the inner rings. The two
inner rings consist of seven beta subunits and display proteolytic activity (caspase-like, trypsin-
like and chymotrypsin-like activities) (3). The cap (19s) particle is organized in two
substructures: a base that interacts with the 20s particle, and a lid. The lid is adjacent to the base
and is responsible for the substrate recognition (3).

Importantly, several studies have reported that proteasome activity declines with ageing.
Accordingly, a decline in proteasome efficiency and activity has been observed in many
mammalian tissues including cerebral cortex, hippocampus, spinal cord, heart, muscles and liver
(3, 4). Proteasome deregulation can occur via different mechanisms. For instance, proteasome
subunits expression decreases with ageing (3, 5), whereas proteasome disassembly (6) and
proteasome inhibition (7) increase with senescence. Moreover, knockdown of 19s and 20s
proteasome subunits shortens lifespan of adult worms, in C. elegans (8). Similarly, mutations of

the 20s proteasome subunits, that reduces chymotrypsin-like activity, shortens lifespan in mice

9).

2.3 The autophagy pathway

Autophagy is an intracellular catabolic process responsible for the elimination of
cytosolic fractions, organelles and macromolecules through lysosomes, which are single-
membrane vesicles containing catalytic enzymes such as proteases and lipases (3). Depending on
the type of cargo, autophagy can be classified in three different modalities: macroautophagy,
microautophagy and chaperone-mediated autophagy (3). Macroautophagy relies on the formation
of double membrane vesicles called autophagosomes, which transport cytoplasmic regions to
lysosomes for degradation. In microautophagy, small cytoplasmic regions, containing the cargo,

are directly sequestered by the lysosomes and degraded. Finally, in chaperone-mediated
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autophagy (CMA), specific targeted proteins are recognized by chaperones and transported to

lysosomes for degradation.
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Fig. 1 The ubiquitin—proteasome system (UPS). Adapted from Saez et al (2014).

Degradation by the UPS is initiated by the conjugation of ubiquitin, which is achieved through an enzymatic
mechanism involving three distinct classes of enzymes. First, the ubiquitin-activating enzyme (E1) activates the
carboxyl-terminal glycine residue of ubiquitin, which is next transferred to a cysteine site of a ubiquitin-
conjugating enzyme (E2). Finally, a ubiquitin ligase (E3) links ubiquitin from the E2 enzyme to a lysine residue of
the target protein. After ubiquitination, the polyubiquitylated protein is recognized and degraded by the
proteasome. Active proteasomes are formed by the interaction of proteasomal regulatory particles (19s) with a
core particle (20S), which contains the proteolytic active sites. The 19S regulatory protein recognizes the
polyubiquitylated substrate, removes the ubiquitin moieties and unfolds the substrate to translocate it into the 20S
proteolytic chamber. Finally, the substrate is cleaved into short peptides. The proteasome is involved in a variety

of cellular functions, such as quality control of the proteome, stress response or cell cycle regulation.
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Notably, autophagy is also emerging as a specific mechanism through which misfolded
proteins and protein aggregates, such as polyglutamine-expanded proteins, are degraded (/0).
Unfolded proteins are normally eliminated through the proteasome or CMA, whereas bigger
protein aggregates are instead preferentially degraded through the macroautophagy pathway. In
particular, the type of autophagy responsible for the selective degradation of protein aggregates
is denominated aggrephagy (/7). The first phase of this process is the formation of the
aggresome, which results from the packaging of several misfolded proteins. This process is
carried out by the protein p62, which recognizes and clusters together ubiquitinated proteins.
The aggresome is then transported at the MTOC (microtubule-organizing centre), residing near
to the centrosome of the cell (/2.). Subsequently, the aggresome is engulfed by a double
autophagic membrane, which forms an autophagosome that is subjected to lysosomal
degradation.

Similar to proteasome activity, autophagy efficiency also declines during ageing. For
instance, the expression of ATG genes (autophagy-related genes), which regulate the different
autophagy steps, decreases with ageing (/3), whereas lysosomes become less effective in
degrading cargos (/4). Accordingly, knockdown of several ATG genes decrease lifespan in C.
elegans (15). In Drosophila melanogaster, Atgl and Atg8 loss-of-function mutations shorten

lifespan (/6). Finally, knockout of ATG genes is lethal in mice (/7).

3. Age-related neurodegenerative diseases

Defects in proteostasis and subsequent accumulation of abnormal proteins can cause
cellular dysfunction and cell death (3). Many age-related neurodegenerative diseases are
associated to defective proteostasis and protein aggregates accumulation. Among them, age-
related neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,

Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS) (3).

3.1 Huntington’s disease

Huntington’s disease is an autosomal dominant disease that affects the striatum area of the
brain (/8), resulting in progressive cognitive decline and muscle coordination defects (/8). HD is
caused by mutations (duplication) in the amino-terminal domain of the Huntingtin (HTT) gene
(18). This region is rich in CGC codons, which codify for a polyglutamine stretch (polyQ). In

healthy condition, this area contains less than 40 CGCs, whereas a polyQ stretch with more than
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40 CGC codons triggers the development of the pathological HD phenotype (/8). The
pathological polyQ stretch causes defects in HTT protein folding. Misfolded HTT protein tends
to aggregate forming protein aggregates and inclusions. These aggregates sequester other
proteins, including proteostasis factors such as chaperones and proteasomes components (/9).
Therefore, HTT inclusions are toxic, leading to proteostasis collapse and neuronal death.
Importantly, several studies have reported that both proteasome and autophagy appear to be

affected in HD, providing a further link between proteostasis deficits and the disease (3).

3.2 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis is a late-onset fatal neurodegenerative disorder
characterized by the progressive loss of upper and lower motor neurons at the bulbar or spinal
level (20). ALS causes muscular impairment that brings to paralysis and death. Moreover, ALS
can be categorized in two different types: the most common (90-95%) sporadic form that has no
genetic origins, and the less frequent (5-10%) familial ALS form (FALS), which is inherited
genetically (20).

So far, mutations in distinct 19 genes have been associated to FALS. Among them, the
genes encoding for transactive response DNA binding protein 43 (TDP43) and fused in sarcoma
(FUS) (20). TDP43 and FUS proteins are both RNA binding proteins and are part of the
regulation process of gene expression. For instance, they play roles in transcription, RNA
splicing, RNA transport, and translation (20). TDP43 and FUS are normally both localized in the
nucleus, but can shuttle to the cytoplasm. Mutations in either TDP43 or FUS can cause mis-
localization and accumulation of these proteins in the cytosol, where they contribute to the
formation of protein aggregates. In particular, both mutant TDP43 and FUS can affect stress
granules (SGs) dynamics, inducing the generation of abnormal SGs. These abnormal granules
behave as solid aggregates and induce the formation of toxic inclusions that lead to proteostasis

collapse and cell death (21).
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4. Cell non-autonomous regulation of proteostasis

Although neurodegenerative diseases caused by misfolded proteins can lead to
degeneration of specific cell types, they appear rarely associated only to a single cell type or
tissue (22). Contrarily, mechanisms that promote disease progression rely on communication
between cells and tissues (23). Moreover, pathways that protect against these diseases and age-
associated degeneration can also act cell non-autonomously.

In addition, emerging evidence indicates that proteostasis is strongly regulated through
cell non-autonomous mechanisms. A bona-fide example of how proteostasis can be regulated
via inter-organ communication is represented by stress response pathways activated upon
proteotoxic stress. The role of stress response pathways is preserving the integrity of the
proteome under stress conditions. Although stress responses act within the cell exposed to
stress, they can also be activated in a cell non-autonomous manner. Therefore, cellular
activation of stress pathways enables the stressed tissue to communicate and activate
cytoprotective stress responses in different tissues and organs to promote survival of the whole
organism (24). To date, inter-organ communication of proteostasis has been essentially
attributed to the nervous system. Stress response pathways include heat shock response (HSR)
as well as organelle-specific unfolded protein responses (UPRs), such as the endoplasmic

reticulum UPR (UPR™®) and the mitochondria UPR (UPR™) (22, 24).

4.1 The heat-shock response

The HSR is induced as a cell autonomous response to thermal stress or the accumulation
of cytosolic misfolded proteins. In eukaryotes, the HSR relies on the induction of the master
heat shock regulator HSF1 (heat-shock transcription factor 1) (25). In absence of stress, HSF1
is inactivated though the recruitment of his monomeric form by the heat shock proteins (HSPs)
HSP40, HFP70 and HSP90 in a cytoplasmic multi-chaperone complex (25). Heat stress or
misfolded cytoplasmic proteins induce the release of HSF1 from this complex so that HSF1
oligomerizes in a trimeric form, which holds DNA-binding activity. Subsequently, HSF1
translocates into the nucleus where it binds the HSE (heat shock element) on the promoter of
target genes, inducing the transcription of HSPs (Fig. 2) (24, 25).

The HSR can also be induced in cell non-autonomous fashion. In C elegans, the thermal
response is sensed by a specialized kind of cells, the two AFD thermosensory neurons and the

ALY interneurons (22, 24). These cells influence worm behavior as a consequence of heat
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stress. On a molecular level, the heat stress induces a gcy-8 (guanylate cyclase 8)-dependent
cascade signaling, which activates the HSR and consequent HSPs expression in non-neuronal
tissues such as the gut, muscles and germline (26, 27). Moreover, the signal that mediates this
cell non-autonomous communication has been identified as serotonin (27). Accordingly,
overexpression of HSF-1 in C. elegans neurons is sufficient to increase stress resistance in
peripheral tissues, by activating transcription of heat stress genes. Moreover, neural HSF-1
overexpression enhances longevity cell non-autonomously via a signaling mechanism that
requires the activity of DAF-16 protein in intestinal cells (28). In addition, neuronal expression
of misfolding-prone proteins in C. elegans induces HSR in distant tissues.

Importantly, cell non-autonomous activation of HSF1 in distal tissues exists also in
mammals. In fact, rats exposed to persistent stress release adrenocorticotropin from the
pituitary gland that subsequently activates HSF1 in the adrenal gland, inducing HSP70
expression (29). Interestingly, immunostaining experiments revealed accumulation of
proteasomal subunits in the brain of Hsp70-treated mice, which suggests that Hsp70 promotes
proteasomal activity, inducing cell non-autonomous mechanisms that extend lifespan in
mammals. In addition, neuronal regulation of body temperature influences lifespan in mice. In
fact, decreasing body temperature, by overexpressing the uncoupling protein 2 (UCP2) in
hypocretin neurons (Hcrt), leads to cell non-autonomous lifespan extension of 12-20% in mice

(30).
4.2 The unfolded protein response of the endoplasmic reticulum

The unfolded protein response of the endoplasmic reticulum (UPR™®) represents a
further example of stress response that can be activated through either cell autonomous and
non-autonomous communication (22, 24).

The UPR™® is activated by the accumulation and the recognition of misfolded proteins
in the ER lumen. The UPR™® can be induced via the activation of three different major stress
regulators, IRE1, PERK and ATF6, which are localized in the ER membrane (3/). The most-
studied is the IRE1 pathway, which is highly conserved between species. Unfolded proteins in
the ER membrane trigger IRE1 multimerization in its active catalytic form, cleaving the XBP-1
pre-mRNA into the functional form XBP-1s. XBP-1s protein translocates into the nucleus,
where it acts as transcriptional factor and induces the expression of UPR™® genes (Fig. 2) (31).

The first cell non-autonomous mechanisms of the UPR™® were discovered in C. elegans.

In this nematode, expression of active and spliced form of XBP-1s in neurons triggers XBP-1

17



activation and UPR™® response in the intestine (32). The XBP-1s overexpressing neurons
release vesicles, though the protein UNC-13, containing potential signals able to communicate
the UPR™ response to the intestine. However, this signal has not been identified yet (32).
Moreover, expression of constitutively active form of XBP1s transcription factor in a specific
subset of astrocyte-like glia cells extends lifespan of C. elegans. Glial XBP-1s initiate a cell
non-autonomous UPR™ activation in peripheral cells that renders these transgenic worms more
resistant to proteotoxic stress and chronic ER stress (33).

Notably, UPR™ cell non-autonomous activation has also been observed in mammals.
Expression of XBP-1s in the pro-opiomelanocortin neurons of mice leads to XBP-1 splicing and
hence activation of the UPR™ in the liver (34). Moreover, a recent study reported that mice
sensory food perception is sufficient to induce rapid morphological ER remodeling in the liver,
through melanocortin-dependent cell non-autonomous activation of hepatic mTOR signaling and
Xbpl1 splicing. In particular, activation of Xbp1 splicing by food perception induces expression of

ER-stress genes and phosphatidylcholine synthesis (335).

4.3 The unfolded protein response of mitochondria

Another cellular stress response pathway is the unfolded protein response of the
mitochondria (UPR™), which can also be activated in a cell non-autonomous manner. The
mitochondrial electron transport complex (ETC) can cause formation of ROS, which perturb
protein folding. Thus, unfolded proteins can accumulate in the mitochondrial membrane, where
they are recognized and cleaved by the ATP-dependent protease ClpP (36). The resulting
peptides are released from the mitochondria matrix into the cytoplasm through the transporter
protein HAF-1. The accumulation of these peptides in the cytoplasm results in the activation of
the proteins ATFS-1, DVE-1 and UBL-5, which translocate into the nucleus. Here, DVE-1 and
UBL-5 form a transcriptionally active complex (DVE-1/UBL-5) that, together with ATPF-1,
induce the transcription of the mitochondrial chaperones HSP60 and HSP70, which in turn
trigger the UPR™ stress response activation (Fig. 2) (36).

In C. elegans, knockdown of ETC components in neurons can induce the UPR™ in non-
neuronal tissues. Indeed, neuronal-specific depletion of the Cytochrome C Oxidase CCO-1
protein (CCO-1) leads to the activation of mtHSP70 protein in the intestine and induces
lifespan extension (37). Moreover, expression of expanded polyQ proteins (polyQ40) in
neurons is sufficient to induce UPR™ activation in somatic tissues through a cell non-

autonomous communication that requires bot the serotonergic signaling and the retromer-
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dependent Wnt pathway (38). In fact, polyQ40 proteins form protein aggregates that
accumulate in the outer mitochondrial membrane of neurons, affecting mitochondrial function.
Neuronal mitochondrial dysfunction triggers the release from these cells of dense core vesicles
containing the ELG-20 mitokine. Mitokines act as cell non-autonomous signal, which induce
UPR™ response in distal tissues (38).

In mice, perturbation of mitochondria in muscles causes the release into the plasma of
FGF-21 (fibroblast growth factor). This factor induces the activation of UPR™ in distal tissues
via PERK signaling (39). In addition, brain-specific SIRT1 protein overexpression increases,
cell non-autonomously, mitochondria skeletal muscle and mitochondrial functional gene

expression. In turn, this process extends mice lifespan of 10-15% (40).

4.5 Cell non-autonomous regulation of proteostasis by non-neuronal tissues

Although the nervous system plays a central role in the cell non-autonomous regulation
of proteostasis, non-neuronal tissues can also initiate inter-organ communication pathways.
Both reduction of insulin signaling and the germline-mediated pathway (22, 24) are two
examples of inter-organ communication elicited from non-neuronal tissues that modulate

proteostasis systemically.

The insulin and IGF1-like signaling (IIS) pathway is a powerful cell non-autonomous
regulator of lifespan. It acts through the release of insulin and IGF1-like peptides and their
major downstream effectors, the FOXO transcription factors. In C. elegans, tissue-specific
intestinal inactivation of the FOXO transcription factor DAF-16 activates the expression of
target genes in muscle cells that boosts proteostasis and protects muscles from protein
aggregation-associated damage (47). Moreover, specific expression of DAF-16 in muscles,
influences gene expression in the intestine (47).

Recently, transcriptional microarray analysis identified an insulin-like peptide, ins-7, which
acts as a signaling molecule in insulin-mediated cell non-autonomous communication from the
nervous system to the intestine resultin in lifespan extension (42).

Importantly, the FOXO-dependent cell-non-autonomous effects on organismal
proteostasis are evolutionary conserved. For instance, knockout of IGF-1 receptor in adipose
tissue of mice, which controls FOXO activity, is sufficient to extend lifespan (43) and reduce

proteotoxicity of protein aggregates, as reported in murine Alzheimer’s disease models (44).
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Fig. 2. Cellular stress signaling pathways. Adapted from Daniel O Brien et al (2016).

Environmental challenges cause protein folding defects and accumulation of misfolded proteins, which in turn
activates cellular stress response pathways. The HSR is regulated by HSF1. Formation of misfolded proteins in the
cytosol leads to the release HSF1 from its inhibitory interactions with HSP90, HSP70 and HSP40. Free HSF1
multimerize and translocate into the nucleus where it activates the expression of heat-shock genes. Protein folding
stress in the ER lumen triggers the UPR™®, activating the transmembrane proteins IRE1, PERK or ATF6.
Activation of IRE1 induces XBP-1 mRNA splicing in the cytosol and translation of the active form XBP-1s in the
nucleus, where it promotes the expression of UPR-specific proteostasis components. Protein misfolding in the
mitochondrial matrix activates the UPR™, which induces to cleavage of misfolded peptides by ClpP and
subsequent transport into the cytosol by HAF-1. This results in activation of the transcriptional complex formed by

ATFS-1, DVE-1 and UBL-5, inducing transcription of mitochondria-specific chaperones

Similarly to somatic tissues, the reproductive system can also elicit cell non-
autonomous mechanisms to control somatic proteostasis. The theory of the disposable soma
theory of ageing hypothesizes that the only presence of germline is sufficient to cause somatic
deterioration and lifespan reduction (45). This theory was formulated by Kirkwood in 1977 and
it has been supported by many experimental studies (46). In nature, the amount of external
resources is limited and living organisms have to distribute the available energy between the
germline and the soma. According to this theory, living organisms preferentially reallocate
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resources to the reproductive system, in order to prevent, repair or eliminate damage in the
germline, and thus ensuring a healthy and fit progeny. Therefore, a lower fraction of resources
is used for the maintenance of the soma, which inevitably undergoes a progressive deterioration
and ageing (45, 46). Accordingly, germline removal leads to lifespan extension in different
animals. For example, gonad ablation in C. elegans prolongs lifespan (47). In particular,
lifespan extension is not induced by sterilization itself but it takes effect through the removal of
proliferating germline stem cells (GSCs), which are responsible for the generation of the signal
that modulates longevity (47). Germline ablation not only increases lifespan but also improves
proteostasis through the regulation of DAF-16 (45, 48). In presence of germline, the IIS
signaling pathway triggers the insulin/IGF-1 receptor that activates the PI3-kinase/PDK/ATK
signaling cascade, which induces the phosphorylation of DAF-16 transcriptional factor,
preventing its nuclear localization. Upon germline removal, IIS signaling is downregulated and
DAF-16 can translocate into the nucleus, where it promotes the expression of genes that extend
lifespan and increase stress resistance (Fig. 3) (43, 48). Thus, gonad ablation enhances cell non-
autonomously proteostasis in somatic tissues via DAF-16 activation. Notably, IIS pathway
downregulation is sufficient to delay polyglutamine aggregation toxicity in C. elegans, (49).
Moreover, the enhanced somatic proteostasis that occurs in the germline-lacking worms it is
explained by the upregulation of both the ubiquitin proteasome system and autophagy.
Consistently, germline lacking-worms show higher proteasome activity in somatic tissues (50).
A consequence of DAF-16 activation is the somatic upregulation of the 19s proteasome subunit
RPN-6. RPN-6 subunit stabilizes the interaction between the 20s and the 19s, thus improving
proteasome activity (Fig. 3) (57). Accordingly, somatic RPN-6 overexpression is sufficient to
protect from protein aggregates toxicity in Huntington's disease models (50, 57). In addition,
germline-lacking worms exhibit increased autophagy. In fact, these worms display upregulation
of the autophagy transcription factor HLH-30/TFEB, which modulates the expression of many
ATGs, thus enhancing autophagy upon gonad removal (Fig. 3) (52, 53). Finally, somatic
proteostasis could also be enhanced by an increase in chaperones levels and by stress response
pathways induction (45).

Moreover, gonad removal not only increases somatic proteostasis but also remodels
organismal metabolism. In fact, the absence of GSC signaling leads to the cell non-autonomous
activation of intestinal transcription factors like skn-1/Nrf2 (54). In particular, GCS ablation
contributes to increase circulating fatty acids (FAs) that are normally accumulated in the
intestine. Increased circulating FAs may lead to skn-1 nuclear translocation that, in turn,

controls lipid metabolism and enhances lifespan.
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The ‘germline DNA-damage-induced systemic stress resistance’ (GDISR) pathway
represents another example of germline-induced cell non-autonomous communication in C.
elegans (55). When DNA damage occurs in germ cells, the ERK MAP kinase MPK-1 pathway
is induced. This event triggers the activation of the innate immune response, which leads to the
secretion of putative signal peptides from germ cells. This signal communicates the germline
DNA damage to the somatic tissues, where the ubiquitin proteasome system is upregulated and
proteostasis enhanced (55). Thus, germline DNA damage in the germline induces a systemic
stress resistance improvement triggered by a cell non-autonomous mechanism.

Finally, the link between low temperature, germline fitness and organismal longevity
represents another example of how germline influences somatic tissues via cell non-
autonomous communication in C. elegans. Although extreme cold-shock has a detrimental
effect on living organisms, a moderate decrease in body temperature induces a remarkable
lifespan extension (56). A recent study, where I participated, reports that low temperature
ameliorates the exhaustion of the GSC pool in C. elegans, which normally diminishes with
ageing (56). Concomitantly, GSC robust proliferation upon mild cold shock induces the release
of prostaglandin E2 (PGE2) signal from the germline. PGE2 induces the expression of the
CBS-1 protein in somatic tissues, such as the intestine. Subsequently, CBS-1 increases the
somatic production of hydrogen sulfide, a gaseous signaling molecule that induces lifespan

extension (56).
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Fig. 3. Germline ablation extends lifespan . Adapted from Khodakarami et al (2015)

Ablation of proliferating germ cells, but not somatic cells, promotes lifespan extension in C. elegans. Germline
ablation induces a signaling pathway that culminates with the activation of FOXO transcription factor DAF-16.
Active DAF-16 translocates into the nucleus where it regulates expression of genes that increase stress resistance,
proteasome activity and autophagy, thus inducing lifespan extension. DAF-16 is negatively regulated by the daf-
2/insulin/insulin-like growth factor (IGF) signaling (IIS) pathway.

5. P granules

An intrinsic characteristic of germline cells is the assembly of germ granules, specific
membrane-less ribonucleoprotein organelles (MLOs), which are constitutively found in the
germline cytoplasm of all animals (Fig. 4) (57, 58). Although germ granules have a precise
cytoplasmic localization, other MLOs can be found in both the nucleus and cytoplasm. Indeed,
MLOs contribute to modulate gene expression, controlling for instance transcription, post-
transcriptional events, translation and post-translational events such as splicing and degradation
(59). Examples of other MLOs are P-bodies, stress granules (SGs), Paraspeckles, nucleolus and
Cajal bodies (59).

Germ granules represent the first MLOs discovered and most of the knowledge about

this organelle has emerged from studies in C. elegans. Indeed, the strong conservation of
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germline granules among species and the relatively simplicity to edit the nematode genome,
render C. elegans as a perfect model to study germline granules. Germline granules are also
called P granules (PGs) in C. elegans. The structure and localization of PGs is conserved from
invertebrates to mammals (49). PGs are composed of a heterogeneous mix of proteins and
RNAs and reside in the cytoplasm of germ cells (57, 58). Particularly, P granules localize in

close proximity of the nucleus periphery.

5.1 Function of P granules

P granules carry out several functions critical for germline differentiation, identity or
maintenance and, thus, for organismal fertility. For instance, loss of function mutations in
single PG components, such as desp-1, pgl-1 and glh-1, cause temperature-sensitive sterility
with defects in germ cells proliferation and gametogenesis (60). Moreover, simultaneous
knockdown of four main PGs components (PGL-1, PGL-3, GLH-1, GLH-4), results in a
germline that lacks PGs (67). In this model, germ line cells proliferate normally through larval
stages but fail to initiate oogenesis during larval-adult transition, resulting in sterile adult
worms, which do not generate oocytes (6/). Thus, P granules are essential to secure germline
fertility of adult animals. Furthermore, PG-lacking germlines show aberrant expression of
somatic genes in germ cells. Transcriptomic analyses of PG-lacking germline revealed
thousands of misregulated genes (62). In addition, some germ cells differentiate into a neuron-
like cell type. Therefore, PGs control the gene expression landscape of germ cells during their
development, preventing somatic gene expression and ensuring the proper germ cell identity
fate.

In addition, PGs are a site for RNA biogenesis. Silencing of somatic genes could take
effect through small RNA pathways in the germline (63). Small RNA may recognize unwanted
transcripts and target them for degradation. Furthermoe, enzymes required for small RNA
biogenesis co-localize to PGs (63). Although many PG factors are associated to RNA
destabilization and degradation, recent studies revealed that other PG components protect and
stabilize transcripts to assure translation of specific mRNAs only at a precise moment during
development of the germline (64). Consistent with a role in mRNA surveillance, several
members of the RNA regulator Argonaute family are enriched in P granules. As such, the
newly synthetized transcripts are captured by PGs prior diffusing into the cytosol. Thus, PGs
can select which transcripts should be translated and which ones should be silenced. For

example, PGs deliver maternal mRNAs to germline blastomers during early development,

24



enabling the correct gene expression and protecting germline blastomeres from adopting
somatic fates (57, 65). Finally, PGs can also control the translation process by retaining protein
translation components. For instance, the sequestration into PGs of IFE-1, a germline-enriched

isoform of eukaryotic initiation factor 4E (elF4E), causes translation inhibition (57).

5.2 Generation of P granules

PGs take their name from the P lineage, which gives raise to the germ cells (57). In the
arrested oocytes, PGs are semi circular structures surrounding the nuclei. After fertilization,
PGs became highly dynamic and diffuse to the cytoplasm. Subsequently, PGs segregate
asymmetrically in the posterior part of the primordial one-cell zygote (P0). The PO cell divides
progressively four times (66). Every time the P cell divides, it generates two daughter cells.
One is the P cell that contains all the PGs, which always segregate asymmetrically into the P
cells after every division (67). The other cell is the precursor of somatic line and generally does
not receive PGs from the mother P cell.

In the P2 cell, PGs change their localization, moving from the cytoplasm to the nuclear
periphery. After the four divisions, P4 cell nuclei are completely surrounded by large PGs.
Then, the P4 cell divides into the two primordial germ cells (PGS) Z2 and Z3, which both
receive PGs. Then, the Z2 and Z3 cells divide symmetrically to eventually produce about 1500
germ cells that constitute the adult gonad. PGs remain associated to the nuclear envelope
during all germ cell development into gametes and diffuse back to the cytoplasm only upon

oocyte fertilization (Fig. 4) (58, 68).

5.3 Composition of P granules

Most of PGs components are rich in intrinsically disordered regions (IDR). IDRs
contain low complexity and repetitive regions, rich in aminoacids as glycine, serine, and
arginine (68, 69). Proteins harboring these IDRs are named intrinsically disordered proteins
(IDPs). The abundance of such IDPs confers to PGs the ability to be extremely dynamic, being
able to switch back and forth between liquid, gel and solid state (70, 7I). In addition, P
granules occasionally could fuse with one another and exchange mobile components with the

cytoplasm.
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Fig. 4. P granules. Adapted from Updike and Strome (2010).

The 2 primordial germ cells (Z2/Z3) start to proliferate at the end of the first larval stage (L1). In the following
larval stages, the primordial germ cells continue dividing, giving rise to the mature germline in the adult worm.
After fertilization (PO zygote), P granules segregate to the germ line blastomeres P1 to P4. Then, the primordial
germ cell P4 divides into the daughter cells (Z2/Z3).

To date, over 40 different proteins have been reported to be part of PGs (57, 58). Many
of these PG components are RNA-binding proteins. Some are constitutively part of PGs, while
others only associate to the granules at precise stages of germline development. The list of
components includes proteins that have roles in translation initiation and RNA metabolism like
splicing, deadenylation and decapping. However, the defining components of P granules that
associate to PGs throughout all germline life are two classes of RNA-binding proteins: the

DEAD-box proteins GLH-1-4 and the RGG-domain proteins, PGL-1 and PGL-3 (57, 58).
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5.4 The germline helicases protein family

The first PG component identified was the Drosophila DEAD-box RNA helicase Vasa
(57). Vasa proteins are highly conserved though species and play import roles in germline
development and fertility in all animals. C. elegans has four VASA proteins, which are named
germline helicases (GLH): GLH-1, 2, 3 and 4 (72). Among them, GLH-1 plays a predominate
role in PGs, compared to the other GLH members.

GLH proteins contain a FGG region, which consists of a sequence rich in glycine,
where arginine residues are interspersed in regularly spaced intervals (68). The FGG domain is
responsible for the association of PGs to the nuclear periphery, through an interaction with
nuclear pore proteins. In C. elegans, the 75% of all nuclear pores of germline cells interact with
PGs (73). Thus, GLH proteins play a central role in localizing PGs at the nuclear periphery.
Accordingly, depletion of GLH-1 and GLH-2 causes partial PG detachment from nuclear pores
(74). Furthermore, another essential function of GLH-1 is the recruitment of all PGL proteins to
P granules (75). In fact, GLH-1 deficiency causes PGL-1 diffusion in the cytosol.

GLH-1 is important to assure germline fertility. In fact, g/h-I null mutants show
temperature-dependent sterility due to defects in proliferation and gametogenesis at 25°C. On
the contrary, glh-2, glh-3 and glh-4 single null mutants do not show sterility at any temperature
(60, 75).

5.5 The PGL protein family

The PGL family of proteins includes three paralogs proteins: PGL-1, 2 and 3 (65). All
PGL proteins are able to interact with each other in vitro. However, PGL-1 and PGL-3 have
77% amino acid similarity and can interact directly with each other in vivo (65). Moreover,
PGL-2 is absent in PGs during embryogenesis (68), whereas PGL-1 and PGL-3 associate to
PGs throughout all germ cell life.

PGL-1 and PGL-3 proteins have a RGG domain in the C-terminal region, whereas PGL-
2 lacks this part. The RGG domain, a type of IDR, is a region rich in glycine, while arginine
residues are interspersed in regularly spaced intervals (68). The RRG domain enables PGL
proteins to interact with RNAs, through polyvalent interactions between arginine residues and
RNA molecules. This interaction is essential for the P granule core formation (76, 77). In

addition, the RGG boxes have been shown to bind RNA with low sequence preference.
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Therefore, PGL proteins are likely to bind via the RGG box to diverse mRNAs and mRNA
protein complexes (mRNPs) that contain other protein components of P granules (76).

Interestingly, it has been proposed a model to explain how PGs form, which consists of
two steps (76). First, PGL proteins interact, though the RGG domain, with various mRNAs and
mRNPs, subsequently PGL proteins interact with each other, through the self-interaction
domains, thus forming the globular structure that characterizes P granules (76). Therefore, PGL
proteins act as a scaffold during the assembly of PGs.

PGL-1 plays a predominant role in PG assembly, compared to the other PGL proteins.
Accordingly, pgl-1 null mutant shows defects in germ cell proliferation and gametogenesis that
causes temperature-dependent sterility (60, 65). On the contrary, deletions of single pg/-2 and
pgl-3 do not cause germline defects but enhances the sterility when depleted together with pgl-
1. In addition, PGL-1 is the only PGL protein that binds IFE-1, which is essential for

spermatogenesis (65).

5.6 P granule association to mitochondria

In adult animals, germ granules exhibit a perinuclear distribution. Interestingly, PGs
also reside close to mitochondria, forming complexes with germline-specific structures such as
the mitochondrial cloud and intermitochondrial cement (57, 78, 79). For example, germ
granules are associated to mitochondria at different development stages in Drosophila (78). In
insects, the polar granule represents a certain type of germ granule that gives rise to the
primordial germ cells. In Drosophila immigrans, polar granules are attached to mitochondria
during the early stages of the embryo, whereas during oogenesis and immediately after
fertilization, polar granules are attached to mitochondria in every Drosophila species studied
except in D. hydei (78).

The biological reason of this close proximity is not clear yet, but it has been suggested
that mitochondria could serve as extra energy source for the germ granule (78). Furthermore,
PGs can also contain cytoplasmic components, such as microtubules and centrioles. When the
P granule grows, it can randomly engulf cytoplasmic elements or other neighbor P granules as
well (57). However, this event happens infrequently during P granule growth. In addition, PG

proteins are also prone to aggregation and can lead to aberrant granules (59, 80, 81).
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5.7 P granule phase transition

Formation of PGs, as well as of other MLOs, occurs through a process called phase

transition. During phase transition macromolecules separate in a dense phase, rich in proteins
and nucleic acids, and in a diffuse phase, where molecules are less concentrated (82). Hence,
this event gives rise to new cellular sub-compartments: a cytoplasmic area poor in molecules
and the MLO that remains separated from the surrounding environment. High energy is
required to obtain phase transition, resulting in entropy decrease (59).
In physiological conditions, MLOs are highly dynamic structures due to their composition
abundant in RNA-binding proteins. Indeed, RNA-binding proteins are rich in IDRs and low
complexity sequences that contribute to form electrostatic and hydrophobic interactions (68,
59). Thus, reversible multivalent interactions allow MLOs to transit among diffuse, liquid, or
solid states (supramolecular levels).

Importantly, MLOs can polymerize into solid structures and induce toxic protein
aggregation (59, 81, 83). When MLOs assume a solid structure they could cause
neurodegenerative disorders, such as ALS and frontotemporal dementia. Therefore, the
supramolecular level of MLOs needs to be strictly controlled by mRNP regulators or cellular
control pathways (59). Accordingly, the PGs supramolecular level appears to be rigorously
monitored also in the C. elegans germline. Thousands of reversible interactions render PGs
highly dynamic, so PGs assume different structures, compositions and morphologies during the
distinct phases of germ cell development (87).

For instance, PGs undergo phase transition from viscoelastic semiliquid structures to
more dynamic liquid droplets upon oocyte fertilization. Furthermore, it appears that specific
RNA-binding proteins (RBPs) modulate this phase transition (87). In arrested oocytes, PGs are
highly viscous perinuclear structures that contain RBPs such as CGH-1, the Lms protein CAR-
1, as the mRNA-binding translational repressors PUF-5 and MEX-3, which contribute to retain
specific subsets of mRNAs within the granule (87).

Upon oocyte fertilization, RBPs form new interactions while others are lost. Thus, new
subsets of mRNA are free to diffuse into the cytosol, where they are translated, whereas other
new mRNAs are captured in the granule and repressed (87). These changes cause a germ
granule remodeling that leads to PGs phase transition from viscous to more dynamic liquid-like
structures. This phenomenon represents also a strategy to modulate mRNA expression, which
finely controls cell identity specification. Therefore, phase transition depends on RBPs that are

responsible for the formation of new interactions. In particular, RBPs, such as PUF protein and
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CAR-1, determine which mRNAs are retained in the granules and which are released into the
cytosol (81).

Importantly, CGH-1 helicase prevents germ granules phase transition into solid
polymers and maintain semiliquid subdomains. Accordingly, loss of CGH-1 lead to abnormal
structures that accumulate into large sheet-like granules (87). Sheet size vary up to ~10 um and
all sheets retain a square geometry. Their precise geometry strongly suggests that these arrays
result from specific interactions and not random aggregation. Therefore, CGH-1 modulates
granule fluidity and organization. On the contrary, depletion of specific PUF proteins (PUF-3, 5
and 11) in cgh-I mutant worms prevents the formation of these abnormal squared sheet-like
granules. These findings suggest that PUF proteins could be required for mRNPs to co-
assemble into either semiliquid droplets or solid polymers, while the CGH-1 could act to
prevent a nondynamic solid state (87). Another group of proteins that control PGs dynamics
and prevent germline granules aggregation is the C. elegans Y-box binding protein (CEY)

family (84).

6. The C. elegans Y-box binding protein family

The C. elegans Y-box binding protein (YBX) family includes four members CEY-1, 2,
3 and 4 (84). CEYs are relatively small proteins: CEY-1 consists of around 200 aminoacids,
CEY-4 of approximately 300 aminoacids, whereas CEY-2 and CEY-3 are both composed of
around 270 aminoacids (84). Importantly, these four members share in common a high
conserved region of about 70 aminoacids called cold shock domain (CSD) (Fig. 5).

The CSD is highly conserved among species, sharing more that 40% similarity and 60%
identity from bacteria to vertebrates (85). The CSD takes its name from the bacterial cold shock
protein (Csps), which consists only of the CSD sequence. Csps are believed to act as
chaperones, which are activated in response to cold shock and prevent potential toxic folding
events (86). Moreover, the CSD consists of five antiparallel B-strands that form a B-barrel
structure, which enables interactions with single stranded DNA and RNA molecules (87). The
two motifs RNP1 and RNP2, located respectively in the B-strands 2 and 3 of the CDS, are
responsible for this interaction with nucleic acid molecules (88).

Although CEYs share identical CSDs, the rest of their protein structure presents
differences. For instance, CEY-1 and CEY-4 show arginine rich RG/RGG regions, whereas
both CEY-2 and CEY-3 lack this domain (84). However, CEY-2 and CEY-3 share a 70% of
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homology and, since their expression pattern overlaps, they probably display redundant
functions (Fig. 5) (84).

Although the CSD enables interactions with RNA and DNA molecules, CEYs are also
capable to interact with other proteins through other domains present at the N and C-terminal
protein regions. Furthermore, except for CEY-2 and CEY-3, CEY proteins exhibit different
localization patterns. Importantly, all four CEYs are expressed in germline, however CEY-1
and CEY-4 localize also in the soma, whereas CEY-2 and CEY-3 are absent in somatic tissues
(84). In somatic tissues, CEY-1 is highly expressed in neurons, while CEY-4 in the intestine
(Fig. 5).

In addition, CEY-2 and CEY-3 germline expression pattern shows a gradient that
coincides with oocyte maturation; it increases from the distal to the proximal part of germline

and disappears with oocyte fertilization and embryo development (84).

6.1 Function of YBX proteins

In contrast to YBX proteins of other organisms, which localize to both cytosol and nucleus,
CEY proteins appear to be located only in the cytoplasm (84). Therefore, whereas YBX
proteins act at both transcriptional and post-transcriptional levels, CEYs are supposed to
operate exclusively at post-transcriptional levels. In the nucleus, YBXs are involved in the
transcription process as well as in DNA repair and pre-mRNA splicing, whereas YBXs control
RNA stability and regulate protein translation in the cytosol.

The best-studied Y-Box protein is YBX-1, which represents a bona fide example to
understand how YBX proteins act. Besides the CSD, YBX-1 holds a domain rich in
alanine/proline at the N-terminal region, whereas the C-terminal consists of positively and
negatively charged clusters that enable YBX-1 to oligomerize. Contrarily to the CDS, both N-
terminal and C-terminal regions are intrinsically disordered sequences, which confer to YBX-1
the ability to play multiple diverse functions (89). In the nucleus, YBX-1 is involved in gene
transcription, DNA repair and mRNA splicing, whereas in the cytoplasm YBX-1 is essential to
control mRNA translation and stability, but it is also a major polysome component.
Furthermore, YBX-1 can either induce or repress mRNA translation and these events depend
on the ratio mRNA/YBX-1. At low mRNA/YBX-1 ratios, individual YBX-1 proteins interact,
through the CDS domain, with free mRNA molecules leading to their unwinding and

subsequently exposing these transcripts to either translation or decay machineries (90).
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Fig. 5. The C. elegans Y-box binding protein family (CEY). Adapted from Arnold et all (2014).

(A) The YBX protein family is highly conserved among species and the closest CEY ortholog is the Yps protein
of Drosophila melanogaster. (B) All CEY's share the CSD. However, CEY-1 and CEY-4 contain RG/RGG repeats,
which are absent in CEY-2 and CEY-3. (D) Transgenic worms expressing reporter constructs for each of the cey
genes reveal that all four CEY factors are expressed in germline. Here, whereas cey-1 and cey-4 are highly
expressed in the distal most region of the gonad, cey-2 and cey-3 are very lowly expressed distally but become
strongly upregulated more proximally. In the soma, although cey-1 and cey-4 are expressed in all tissues, cey-/
reporter is expression is higher in neurons and muscles, whereas cey-4 reporter is strongly expressed in the
intestinal cells. (E) Transgenic worms expressing GFP-tagged CEY-2 and CEY-3 confirm that GFP-CEY-2 and

CEY-3-GFP are exclusively expressed in the germline.
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However, at high mRNA/YBX-1 ratios, YBX-1 still interact with mRNAs but its C-
terminal promotes YBX-1 multimerization and leads to mRNPs packaging, protecting mRNAs
from translation (90). However, other studies show that YBX-1 can also recognize specific
protein sequences and modulate translation of individual mRNA targets (89). Thus, YBX-1
plays roles in several different cellular processes (89). For instance, YBX-1 regulates cell
proliferation, through its control on cyclins translation. Moreover, YBX-1 has roles in
apoptosis and cell differentiation. For these reasons, YBX-1 has often been associated to
cancer, acting as an oncogene. Finally, YBX-1 is involved in stress responses and plays

important functions in controlling the formation of SGs (91, 92).

6.2 Role of YBX proteins on germ granules

YBX proteins localize prevalently to the reproductive system of many animals, where
they play a pleiotropic role. Accordingly, several studies reveal that YBX proteins are
associated to germline granules (93). In fact, YBXs package maternal mRNA in cytoplasmatic
mRNPs, where transcripts are stored and kept translationally silent until they are needed. Thus,
YBXSs orchestrate, post-translationally, the correct gene expression pattern necessary for the
precise cell identity specification of germ cells. For instance, the Yps Drosophila YBX variant
controls the localization and translation of the maternal oskar transcript, which is essential for
correct development (94). In Xenopus, the FRGY-2 ortholog has the important function to bind
newly transcribed maternal mRNAs and repress their translation (95). In mouse, MSY-2
controls maternal mRNAs stability (96). Finally, YBX-1 regulates the sqt]1 mRNA translation
in zebrafish (97).

Similarly, CEY proteins are involved in many aspects of germline function in C.
elegans. CEYs display a central role in controlling the spatial and temporal maternal mRNA
translation during oogenesis in C. elegans. Moreover, as their YBX orthologs, CEYs do not
interact with specific subsets of mRNA, on the contrary the binding occurs in a more unspecific
fashion (84).

Furthermore, it has emerged that CEYs are not only PG component but they are also
crucial for germ granules organization and dynamics. Accordingly, co-immunoprecipitation
experiments reveal that CEY's interact in a RNA-dependent fashion with many PGs component,
such as GLH-1, GLD-1, CAR-1 and PAB-1 (84). Importantly, CEY proteins seem to prevent
PG aggregation. In fact, the germline of quadruple cey-1, 2, 3 and 4 null mutant worms show

formation of aberrant aggregate-like P granules, which colocalize with PGs components such

33



as CGH-1, CAR-1 and GLD-1 (84). Therefore, CEYs act as guardian factors that avoid phase
transition of germ granule and protect germline proteostasis from collapse.

Moreover, cgh-1 depletion also induces formation of abnormal PGs that aggregate into
squared-sheet solid structures (81, 84). These aberrant germ granule aggregates colocalize with
CEY-3, supporting the idea that CEYs are also PGs components (84). Interestingly, the
mammalian ortholog YBX-1 is also part of SGs and it can protect from abnormal mRNPs
aggregation (91).

Under normal conditions, the population of mRNA not associated to polysomes is lower
compared to the polysomal transcripts (97). The non-polysomal mRNA is associated with
specific cytoplasmic proteins, as YBX-1, which prevents SG formation (98). Under stress
conditions, translation is inhibited and polysomal mRNAs are released into the cytoplasm.
Thus, the amount of free non-polysome mRNA increases and the mRNA-stabilizing proteins,
like YBX-1 that prevent mRNA aggregation, result to be outnumbered. This event triggers SG
formation. However, when aggregation-prone proteins or misfolded proteins form, they can
gain access to mRNA and induce mRNA aggregation and abnormal SG formation (91).
Therefore, YBX-1 acts as guardian to protect from abnormal SG formation. Accordingly,
YBX-1 overexpression prevents SG induction (97).

Another study revealed that YBX-1 competes with TDP-43 and FUS in binding mRNA
molecules in vitro (99). As previously discussed, TDP-43 and FUS are RBPs that can cause
neurodegenerative diseases like ALS and frontotemporal lobar degeneration (FTLD). Both
TDP-43 and FUS have long self-attractive low complexity domains (LCD), which confer a
prion-like behavior to these RBPs. Therefore, TDP-43 and FUS can be responsible for the
formation of abnormal aggregate-like SGs. In vitro, TDP-43 and FUS are able to interact to
free mRNA molecules and multimerize, resulting in mRNPs aggregation (99). However, YBX-
1 is capable to compete with TDP43 and FUS in binding mRNAs, and replace them from
mRNPs. In fact, the only addition of YBX-1 molecules to these mRNPs is sufficient to cause
the dissociation of TDP-43 and FUS proteins from the mRNAs (99).

6.3 Functions of CEY proteins in the C. elegans germline

Through controlling mRNA translation, CEY proteins indirectly regulate many aspects
of germline development. In addition, CEY-2 and CEY-3 seem to play a major role in the
germline compared with CEY-1 and CEY-4. Accordingly, the double loss of cey-/ and cey-4
does not disturb fertility, whereas the loss of both cey-2 and cey-2 partially affects worm
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fertility, causing a reduction in the progeny number (84). In fact, cey-2 and cey-3 double mutant
worms present premature oocytes maturation. Finally, the quadruple CEYs mutant causes total
sterility (84). Furthermore, double cey-2 and cey-3 mutant worms have a significant reduction
in proliferating mitotic germ cells in the distal region of germline and increased germ cell
apoptosis (84). In contrast, CEY-1 and CEY-4 are also expressed in the soma, where they
appear to regulate the formation of large polysomes (84). The double cey-1 and cey-4 knockout
results in a dramatic loss of large polysomes with a concomitant increase in monosomes and
disomes. However, this difference in polysomes organization does not affect the global
translation rate levels. In fact, the cey-/ and cey-4 double mutant worms have neither

development defects nor shorten in lifespan (84).
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OBJECTIVES OF THIS WORK

1. Determine if CEY proteins influence germline proteostasis.

2. Investigate if germline proteostasis status can be communicated to the soma via

cell non-autonomous mechanisms.

3. Unravel the mechanism behind a novel inter-organ communication

between germline and soma.

4. Discover the signal molecule responsible for the germline-soma

communication.
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RESULTS

Aggregation-prone mutations challenge the integrity of the cellular proteome, leading to
protein aggregates that cause malfunction and death of post-mitotic cells such as neurons (2, 3).
This demise in protein homeostasis (proteostasis) contributes to the onset of distinct disorders,
including Alzheimer’s disease, Huntington’s disease (HD) and amyotrophic lateral sclerosis
(ALS) (2, 3). Besides intracellular deficits in proteostasis, growing evidence indicates that the
proteostasis status can be communicated between somatic tissues (32, 38). Since the germline
can influence somatic function (47, 55, 56), we asked whether proteostasis alteration in germline

cells affects somatic tissues such as the nervous system.

1. Depletion of cey-2 and cey-3 proteins induces PGL-1 aggregation.

To assess whether perturbation of germline proteostasis induces cell non-autonomous
mechanisms, we targeted Y-box binding proteins (YBX), which have been reported to prevent
aberrant aggregation of germ granules (84, 91, 92). The C. elegans genome encodes four YBX
proteins, i.e. CEY1-4 (84). Whereas CEY-1 and CEY-4 are present in both the soma and the
germline (27), CEY-2 and CEY-3 are only expressed in the germline similar to PGL-1 (84).

To further confirm these findings, we performed quantitative PCR (qPCR) on RNA
samples isolated from either wild-type strain or temperature-sensitive g/p-4 mutant, which
lacks germline when grown at 25°C. Accordingly to previous results, we observed that cey-2
and cey-3 expression, similarly to pgl/-1, was not detectable in glp-4 mutant (Fig. 6). This result
confirms that CEY-2 and CEY-3 factors are exclusively present in germline and their
expression is totally undetectable in the soma. Contrarily, cey-/ and cey-4 expression, similarly
to act-2, was unchanged in germline-lacking mutant compared to wild-type strain (Fig. 6). This
result corroborates the finding that CEY-1 and CEY-4 are expressed in both soma and germline
of C. elegans. Thus, we focused on CEY-2 and CEY-3 to circumvent direct effects of CEY

proteins on somatic tissues.
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Fig. 6. cey-2 and cey-3 are only expressed in the germline. qPCR analysis of germline-specific cey-2, cey-3,
and pgl-1 as well as ubiquitously-expressed cey-1, cey-4, and act-2 (B-actin) normalized by the geometric mean
of the housekeeping genes cdc-42 and Y45F10D.4 in germline-lacking worms (glp-4(bn2)). Graph represents
the mean + s.e.m. of the relative mRNA levels to wild-type worms (n= 6 independent experiments). Statistical
comparisons were made by two-tailed Student’s t-test for unpaired samples, ****(P< 0.0001). NS= not

significant (P> 0.05).

Remarkably, qPCR experiments revealed that RNAi knockdown of either cey-2 or cey-3
was specific for the respective CEY target and did not cause depletion of other unspecific CEY
factors. Notably, knockdown of either cey-2 or cey-3 was extremely efficient, resulting in a
approximately 100% reduction of their expression level (Fig. 7). Furthermore, single depletion

of both cey-2 and cey-3 did not affect the expression level of any other CEY factors.

2.0 mm Vector RNAI
B cey-2 RNAI
15- ° m cey-3 RNAI

Relative mRNA levels

Fig. 7. Knockdown efficiency and specificity of cey-2 and cey-3 RNAi. qPCR analysis of day 3-adult wild-type
worms upon either cey-2 or cey-3 RNAI treatment. Graph represents the relative expression to Vector RNAi
control (mean £ s.e.m., n= 4). Statistical comparisons were made by two-tailed Student’s t-test for unpaired

samples. P-value: ****(P<(0.0001).
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To validate the role that CEY proteins exert on P granule dynamics, we targeted PGL-1
protein, as it represents one of the main PG regulators (76, 77). Importantly, PGL-1
immunostaining experiments revealed that single knockdown of either cey-2 or cey-3 was
sufficient to trigger the accumulation of PGL-1 into aberrant foci in the germline, particularly
in the mitotic region where germline stem cells (GSCs) are located (Fig. 8A). Likewise, we
observed a similar phenotype in cey-2 functional null mutant worms (Fig. 8B). Moreover, filter
trap assays, of GFP-tagged PGL-1 reporter strain, showed accumulation of PGL-1 aggregates
upon germline-specific CEYs depletion, without affecting the total amounts of PGL-1::GFP
protein (Fig. 9). This result confirmed that PGL-1 aberrant foci display an insoluble aggregate

behavior.

A
PGL-1\ DAPI
Vector RNAI cey-2 RNAI cey-3 RNAI
B
PGL-1\ DAPI
Wild-type cey-2 (0k902)

Fig. 8 PGL-1 aggregation upon cey-2 and cey-3 knockdown. (A) Immunostaining of germlines with antibody
to PGL-1 and DAPI (nuclei). Knockdown of germline-specific CEY proteins triggers aggregation of
endogenous PGL-1 in GSCs of the germline mitotic region (that is, the first 20 rows of cells in the most distal
part of the germline). Scale bar, 20 pm. Images are representative of three independent experiments. (B)
Immunostaining with antibody to PGL-1. cey-2 functional null mutant worms exhibit PGL-1 aggregates in

germline stem cells (GSCs). Cell nuclei were stained with DAPI. Scale bar, 20 pm. Images are representative of

two independent experiments.
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Fig. 9 Filter trap assay of cey-2 and cey-3 knockdown worms shows increased PGL-1 aggregation.
Knockdown of germline-specific CEY proteins triggers aggregation of PGL-1::GFP (detected by anti-GFP
antibody) expressed under germline-specific promoter pie-1. Right panel: SDS-PAGE analysis with

antibodies to GFP and o-tubulin loading control. The images are representative of three independent

experiments.
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2. Depletion of cey-2 and cey-3 does not affect organismal lifespan and fecundity

Since PGL-1 aggregates localize in the mitotic region of germline, we asked if such

aberrant PGL-1 foci could affect germ stem cells. However, we did not detect changes neither

in the proliferation nor in the total number of GSCs in germline of single CEY-2 and CEY-3
depleted worms (Fig. 10A, B, C).
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Fig. 10 cey-2 and cey-3 knockdown does not impair proliferation of GSCs. (A) 5 bromodeoxyuridine (BrdU)
staining of proliferating GSCs in the mitotic region. The mitotic region consists of the first 20 rows of cells in the
most distal part of the germline. C. elegans germlines were extruded after 2 h of BrdU treatment at day 3 of
adulthood. Cell nuclei were stained with DAPI. Scale bar, 20 um. The images are representative of two
independent experiments. (B) Percentage of BrdU-positive cells per total nuclei within the mitotic region
(mean +s.e.m., n= 16 germlines scored per condition from two independent experiments). (C) Total number of
germ cells within the mitotic region (mean + s.e.m., n= 16 germlines scored per condition from two independent

experiments).

Subsequently, we asked if formation of abnormal PGL-1 aggregates could affect germline
by altering fecundity. However, single depletion of cey-2 and cey-3 did not alter either the
number of eggs laid or the number of eggs etched (Fig. 11A, B, C). Therefore, the
accumulation of PGL-1 aggregates did not diminish GSC proliferation and fecundity rates,

indicating that these worms conserve a functional germline.
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Fig. 11. cey-2 and cey-3 knockdown does not impair fecundity. (A) Number of eggs laid per wild-type
hermaphrodite every 24 h during the first 6 days of adulthood (mean + s.e.m., n= 10 worms scored per condition

from 3 independent experiments). (B) Total number of eggs laid per wild-type hermaphrodite (mean + s.e.m., n=
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10 worms scored per condition from 3 independent experiments). (C) Percentage of hatched eggs (mean + s.e.m.,
n= 10 worms scored per condition from 3 independent experiments). All the statistical comparisons were made by

two-tailed Student’s t-test for unpaired samples, NS= not significant (P > 0.05).

Finally, we investigated if either cey-2 or cey-3 depletion could affect worm lifespan.
Importantly, loss of germline-specific CEYs did not shorten lifespan, suggesting that PGL-1
aggregates do not induce organismal sickness or mortality (Fig. 12). Thus, single knockdown
of either cey-2 or cey-3 did not impair features such as organismal viability, reproduction and
GSC self-renewal, providing a mean to examine whether the proteostasis status of GSCs

modulates protein aggregation in the soma.
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Fig. 12. Single knockdown of germline-specific CEYs does not shorten lifespan. Lifespan analysis of wild-

type worms on either cey-2 or cey-3 RNAIi (log-rank test, n= 96 worms/condition). See Supplementary Data 1

for statistical analysis and replicate data.

3. Depletion of germline-specific CEYs induces protein aggregation in the nervous system.

In order to determine if single depletion of cey-2 and cey-3 could affect somatic
proteostasis, we used C. elegans that express expanded polyglutamine repeats (polyQ)
throughout the nervous system, a bona fide model of neuronal protein aggregation (/00-101).
In these worms, neurotoxicity and protein aggregation correlate with increased length of the
polyQ peptide, with a pathogenic threshold of 40 repeats (/00). Notably, knockdown of
germline-specific CEYs triggered a pronounced increase of polyQ67 aggregation in neurons,
without affecting the total amounts of polyQ peptides (Fig. 13A). We further confirmed
neuronal polyQ67 aggregation in single cey-2 and double cey-2, -3 functional null mutant
worms (Fig. 13C). On the contrary, loss of CEY proteins did not induce aggregation of control
polyQ19-peptides (Fig. 13B).
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Fig. 13. Either knockdown or loss-of-function mutation of CEY factors increases protein aggregation in
neurons. (A) Loss of germline-specific CEYs induces aggregation of polyQ67::YFP (detected by anti-GFP
antibody) expressed under neuronal-specific F25B3.3 promoter. Worms were analysed at day 3 of adulthood. The
images are representative of 4 independent experiments. (B) Filter trap analysis with anti-GFP antibody of
neuronal polyQ19 and polyQ67-expressing models. The images are representative of 3 independent experiments.
(C) Loss-of-function mutations in germline-specific CEY's induces aggregation of polyQ67 in neurons (detected
by anti-GFP antibody). Right panel: SDS-PAGE analysis with antibodies to GFP and a-tubulin loading control.

The images are representative of two independent experiments.

Since the neurotoxic effects of expanded-polyQ aggregation correlate with impairment of
coordinated movement (/00), we performed motility assays and found that loss of germline-
specific CEY proteins hasten the motility defects induced by polyQ67 expression (Fig. 14).
However, loss of cey-2 or cey-3 did not affect the motility of control polyQ19-expressing

worms (Fig. 14).
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Therefore, we deducted that single depletion of CEY-2 and CEY-3 is sufficient to affect

somatic proteostasis via a cell non-autonomous mechanism.

*kkk

Bends/30s

Fig. 14. Knockdown of cey-2 and cey-3 reduces motility of polyQ expressing worms. Loss of germline-specific
CEYs hastens the motility defects of neuronal polyQ67-expressing worms, but does not affect control polyQ19
worms. Bar graphs represent average (+s.e.m.) thrashing movements over a 30 s period on day 3 of adulthood
(n=160 worms per condition from three independent experiments). Statistical comparisons were made by two-

tailed Student’s t-test for unpaired samples, P values: ****(P<0.0001).

4. Depletion of cey-1 induces protein aggregation in the nervous system via a cell non-

autonomous mechanism.

Similarly to the germline-specific CEYs, RNAi against cey-/ also impared germline
proteostasis (Fig. 15A), displaying formation of PGL-1 aggregates. Moreover, CEY-1
deficiency also triggers polyQ67 aggregation in neurons (Fig. 15B). However, CEY-1 factor is
expressed in both germline cells and nervous system. Therefore, in order to discern if the effect
of CEY-1 deficiency on somatic proteostasis was induced cell autonomously or cell non-
autonomously, we utilized a neuronal-specific RNAIi strain, which permits CEY-1 knockdown
exclusively in neurons. Thus, we crossed the polyQ67-expressing strain with the TU340 strain
that carries the sid-/ null mutation, which is rescued only in neurons by SID-1 neuronal-
specific overexpression. SID-1 protein is essential for RNA import into the cell (/02). Thus, in
the TU3401 strain RNAi molecules reach exclusively neuronal cells, rendering this strain
sensitive to RNAI specifically in neurons. As further confirmation, neuronal RNA1 specificity
was corroborated by qPCR analysis. In fact, whereas in control worms (polyQ67) RNAi
efficiently depleted cey-1, cey-2 and cey-3 (Fig. 16A), it failed to knockdown cey-2 and cey-3
in the neuronal-sensitive strain (Neuronal-specific RNAi; polyQ67), confirming that CEY-2
and CEY-3 are not expressed in neurons (Fig. 16B). Contrarily, accordingly with the finding
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that CEY-1 is also expressed in the nervous system, cey-/ resulted partially depleted in the
neuronal-sensitive strain (Fig. 16B), similar to the TRiC/CCT chaperonin complex (Fig. 16C),
a direct regulator of expanded-polyQ proteostasis (/01).
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Fig. 15. Knockdown of cey-1 induces PGL-1 aggregation in germline and enhances protein aggregation in
the soma. (A) Immunostaining of germlines in polyQ67-expressing worms with antibody to PGL-1 and DAPI
(nuclei). On the left, knockdown of cey-1 induces aggregation of PGL-1 in the germline. On the right, neuronal-
specific RNAi against CEY factors does not impair proteostasis of PGL-1 in the germline. Scale bar, 20 pm.
Images are representative of three independent experiments. (B) Knockdown of cey-1 increases polyQ67

aggregation in neurons (detected by anti-GFP antibody). The images are representative of four independent

experiments.
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Fig. 16. RNAi knockdown efficiency in polyQ67 and Neuronal-specific RNAi;polyQ67 strains.

(A) qPCR analysis of day 3-adult worms expressing Q67::YFP under neuronal F25B3.3 promoter. Graph
represents the relative expression to Vector RNAi control (mean + s.e.m., n=4). (B) qPCR after neuronal-specific
RNAI treatment in day 3-adult worms expressing Q67::YFP in neurons (mean + s.e.m., cey-1 (n= 6), cey-2 (n=15),
cey-3 (n= 6)). RNAIi rescued in the neurons of RNAi-deficient worms (sid-1(pk3321); unc-119p::sid-1;
F25B3.3p::Q67::YFP). (C) gPCR to quantify knockdown efficiency after neuronal-specific RNAi against cct-8 in
day 3-adult worms expressing Q67::YFP (mean + s.e.m., n= 3). All statistical comparisons were made by two-
tailed Student’s t-test for unpaired samples. P-value: * (P<0.05), ** (P<0.01), ****(P<0.0001), NS= not
significant (P > 0.05).

However, neuronal-specific knockdown of cey-/ not only failed to impair proteostasis of
PGL-1 in the germline (Fig. 15A), but also polyQ67 aggregation in neurons (Fig. 17A). In
contrast, neuronal-specific downregulation of the TRiC/CCT chaperonin complex, was
sufficient to promote polyQ67 aggregation in neurons (Fig. 17A). Likewise, loss of TRiC/CCT
function induced polyQ67 aggregation in glp-4 germline-lacking mutants, whereas RNAi
against CEY factors did not alter neuronal proteostasis in these worms (Fig. 17B). Therefore,
we concluded that CEY-1 deficiency, similarly to either cey-2 or cey-3 knockdown, induces
PGL-1 aggregation in germline and this, in turn, affects proteostasis of nervous system via a

cell non-autonomous mechanism.
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Fig. 17. Knockdown of cey-I in neurons does not increase protein aggregation. (A) Neuronal-specific
knockdown of cey-1 does not induce polyQ67 aggregation in neurons. In contrast, neuronal-specific knockdown
of cct-8, a subunit of the TRiC/CCT chaperonin complex, promotes polyQ67 aggregation in neurons. The images
are representative of four independent experiments. (B) RNAi against CEY factors does not induce polyQ67
aggregation in neurons of germline-lacking worms (glp-4(bn2)). In contrast, knockdown of cct-8 promotes

neuronal polyQ67 aggregation. The images are representative of three independent experiments.

5. PGL-1 aggregation in germline causes disruption of somatic proteostasis.

To assess if PGL-1 aggregation in germline is responsible for somatic proteostasis
disruption, we performed rescue experiments using pgl-1 RNAi. Given that germline-specific
PGL proteins have redundant roles, loss of PGL-1 alone does not impair the formation of germ
granules or germline function (75). Notably, knockdown of aggregation-prone PGL-1 was
sufficient to ameliorate neuronal polyQ67 dysregulation in cey-2 mutants. In fact, filter trap
assays showed a significant reduction of CEY-2-dependent protein aggregation, upon pgl-1
depletion (Fig. 18). This result further supports a role of cell non-autonomous signals triggered

by defects in germline proteostasis.
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Fig. 18. PGL-1 knockdown rescues CEY-2-dependent protein aggregation. Knockdown of germline-specific
pgl-1 rescues the increased polyQ67 aggregation phenotype in neurons of cey-2 mutants. The images are

representative of three independent experiments.

6. Depletion of either cey-2 or cey-3 induces an overall somatic proteostasis disruption.

In order to determine if somatic proteostasis imbalance, induced by germline-specific
CEY factors deficiency, was restricted to the nervous system or it was extended to other
somatic tissues, we utilize C. elegans strains expressing expanded-polyQ peptides in other
somatic tissues, such as muscle and intestine. Importantly, filter trap assays revealed that loss
of either cey-2 or cey-3 also triggered increased aggregation in both intestine and muscle strains
(Fig. 19A, B). Therefore, we concluded that the effect of PGL-1 aggregation on somatic
proteostasis is not limited to the nervous system, but it also affects proteostasis of other somatic
tissues.

Moreover, we asked if somatic proteostasis imbalance, occurring upon germline-specific
CEYs knockdown, was specific for expanded-polyQ peptides or it was the result of an overall
proteostasis disruption. To answer this question, we studied the effect of CEYs knockdown on
proteostasis in other neurodegenerative diseases, such as ALS. Therefore, we utilized ALS
model strains expressing human mutant FUS (P525L, R522G) and TDP43 proteins (M331V),
in the nervous system. Importantly, besides expanded-polyQ peptides, knockdown of germline-
specific CEYs induced aggregation of ALS-related mutant variants of FUS and TDP-43 in
neurons (Fig. 20A, B, C). Thus, we concluded that knockdown of either cey-2 or cey-3 induces
an overall proteostasis collapse in the soma of C. elegans. Altogether, our results indicate that
the proteostasis status of the germline determines aggregation of disease-related proteins in the
soma, a process impaired by the accumulation of PGL-1 aggregates in germline cells upon loss

of CEY proteins.
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Fig. 19. Knockdown of cey-2 and cey-3 enhances protein aggregation in muscle and intestine.

(A) Knockdown of germline-specific CEY's increases polyQ aggregation in C. elegans that express polyQ40::YFP

in the muscle (detected by anti-GFP antibody). Right panel: SDS-PAGE analysis with antibodies to GFP and a-

tubulin loading control. The images are representative of three independent experiments. (B) Knockdown of

germline-specific CEY's increases polyQ aggregation in C. elegans that express polyQ44::YFP in the intestine

(detected by anti-GFP antibody). Right panel: SDS—PAGE analysis with antibodies to GFP and a-tubulin loading

control. The images are representative of three independent experiments.
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Fig. 20 Knockdown of cey-2 and cey-3 enhances protein aggregation in ALS models. (A) Knockdown of
germline-specific CEYs increases aggregation of ALS-related mutant FUSP525L variant in C. elegans neurons
(detected by anti-FUS antibody). Right panel: SDS—-PAGE analysis with antibodies to FUS and a-tubulin loading
control. The images are representative of two independent experiments. (B) Loss of germline-specific CEYs
triggers aggregation of ALS-related mutant FUSR522G variant in neurons. Knockdown of either cey-2 or cey-3
promotes aggregation of mutant FUSR522G variant in C. elegans neurons (detected by anti-FUS antibody). Right
panel: SDS-PAGE analysis with antibodies to FUS and a-tubulin loading control. The images are representative
of two independent experiments. (C) Knockdown of germline-specific CEYs increases aggregation of ALS-related
mutant TDP43M331V variant in C. elegans neurons (detected by anti-TDP43 antibody). Right panel: SDS-PAGE
analysis with antibodies to TDP43 and o-tubulin loading control. The images are representative of two

independent experiments.

7. Depletion of either cey-2 or cey-3 causes mitochondria perturbation in germline.

To determine how proteostasis defects in the germline influence somatic tissues, we first
assessed the intracellular changes induced by PGL-1 aggregation in germline cells. For this
purpose, we examined the proteome of isolated germlines from C. elegans following cey-
3 knockdown. Besides CEY-3 levels, quantitative proteomics analysis revealed that another 73
proteins were significantly downregulated on cey-3 knockdown. Remarkably, Gene Ontology
Cellular Component (GOCC) analysis of downregulated proteins indicated strong enrichment
for numerous mitochondrial components required for mitochondrion organization and function
(Fig. 21). Among them, we found factors involved in the mitochondrial electron transport chain
(ETC) such as components of complex [/NADH-ubiquinone oxidoreductase (NUO-5, NDUF-9,
NDUF-2.2, C33A12.1, Y63D3A.7, Y94H6A.8, YS54F10AM.5), complex Ill/ubiquinol-
cytochrome ¢ reductase (ISP-1, UCR-1), complex IV/cytochrome c oxidase (COX-6A, COX-
7C) and complex V/proton-transporting ATP synthase complex (ATP-4, ASB-1, HPO-18,
ASG-1, Y69A2AR.18) (Fig. 21). In addition, we observed a decrease in components of
complexes that regulate mitochondrial biogenesis and morphology, such as prohibitin (PHB-1),
mitochondrial ribosomes (MRPL-44) or translocases of the outer (TOMM-20) and inner
mitochondrial membrane (TIM-16) (Fig. 21).

To confirm that cey-3 deficiency induces downregulation of mitochondria components,
we performed qPCR experiments. Notably, we observed that the reduction in protein level of
several mitochondria components, detected by proteomics analysis, correlated with a decrease

of the mRNA levels in the cey-3 depleted germline (Fig. 22).
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Fig. 21. Proteomics analysis of cey-3 knockdown worms show downregulation of several mitochondria
proteins. Gene Ontology Cellular Component (GOCC) analysis of downregulated proteins in extruded germlines
from C. elegans following cey-3 knockdown (false discovery rate (FDR) <0.05). 10 of the most enriched GOCC

terms are shown. Please see Supplementary Data 3 for the complete list of enriched GOCC terms.
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Fig. 22. qPCR analysis confirms downregulation of mitochondria proteins in cey-3 depleted germline. gPCR
analysis of mitochondrial components in isolated germlines. Graphs represent the relative expression to Vector
RNAI control (mean+s.e.m. of 8 independent experiments). statistical comparisons were made by two-tailed
Student’s t test for unpaired samples. P values: *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001, NS= not
significant (P> 0.05).
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To further study the effect of single CEY-2 and CEY-3 deficiency on mitochondria, we
performed germline immunostaining of the mitochondria ATP-1 protein. Of note, in line with
proteomics results, we also found changes in the morphology of mitochondrial networks that
became more diffused through the cytoplasm of germline cells upon either knockdown (Fig.

23A, B) or loss-of-function mutation (Fig. 24A, B) of CEY factors.

Mitochondrial morphology

A B mm Normal
O Intermediate
ATP-1\ DAPI (germline) Germline = Diffused
Vector RNAI cey-2 RNAI cey-3 RNAI 120 *
100{ === —— i

0]
o

-

Percentage
S D
o o

*%k

N
o

0 | e

Vector RNAiI cey-2 RNAi  cey-3 RNAI

Fig. 23. Single cey.2 and cey-3 knockdown induces mitochondria morphological defects in germline. (A)
Immunostaining of germline cells with antibody to mitochondrial marker ATP-1. Cell nuclei were stained with
DAPI. Scale bar, 20 um. Images are representative of 3 independent experiments. (B) Percentage of germlines
with normal, intermediate or diffused mitochondrial network morphology (mean+s.e.m. of 3 independent
experiments, Vector RNAi= 50 germlines, cey-2 RNAi= 43 germlines, cey-3 RNAi= 52 germlines). statistical
comparisons were made by two-tailed Student’s t test for unpaired samples. P values: *P <0.05, **P <0.01,

*#*P <0.001, ****P <0.0001, NS= not significant (P> 0.05).
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Fig. 24. The germline cells of cey-2 functional null mutant animals exhibit changes in the morphology of
mitochondrial networks. (A) Immunostaining of germline cells with antibody to mitochondrial marker ATP-
1. Cell nuclei were stained with DAPI. Scale bar, 20 um. (B) percentage of germlines with normal, intermediate
or diffused mitochondrial network morphology (mean=s.e.m. of 3 independent experiments, wild-type= 14
germlines, cey-2(0k902)= 18 germlines). Statistical comparisons were made by two-tailed Student’s t test for

unpaired samples. P-values: **P <0.01.
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Importantly, loss of pgl-1 rescued the low levels of mtDNA content in cey-2 mutants
(Fig. 25), supporting that aggregation of PGL-1 impinges on the mitochondrial network of

germline cells.
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Fig. 25. PGL-1 knockdown rescues the low mDNA content in the germline of cey-2 null mutant. Relative
DNA (mtDNA)/genomic DNA (gDNA) ratio in isolated germlines to wild-type + Vector RNAi (mean+s.e.m.,
wild-type + Vector RNAi (n= 15 biological replicates from three independent experiments), wild-type + pgl-1
RNAi (n= 13), cey-2(0k902) + Vector RNAi (n= 14), cey-2(0k902) + pgl-1 RNAi (n= 19)). Statistical
comparisons were made by two-tailed Student’s t test for unpaired samples. P values: *P <0.05, **P <0.01,

*#%p <0.001, ****P <0.0001, NS= not significant (P> 0.05).

8. Depletion of either cey-2 or cey-3 induces a cell non-autonomous disruption of

mitochondria in the soma.

Remarkably, single CEY-2 and CEY-3 depletion not only cause mitochondria
perturbation in germline but also in the soma. In fact, worms with PGL-1 aggregates in the
germline also exhibited changes in the mitochondrial network of distal somatic tissues,
suggesting a cell non-autonomous process mediated by the germline. Accordingly, ATP-1
immunostaining experiments showed increased mitochondria fragmentation in the intestine of
germline-specific CEY's depleted worms (Fig. 26A, B).

Moreover, imaging analysis of the transgenic myo-3p::GFP(mit) reporter strain, which
expresses, GFP fused to a mitochondria targeting sequence (MTS) in muscle, confirmed
increased fragmentation of somatic mitochondria, upon either cey-2 or cey-3 knockdown
(Fig. 27A, B). Thus, mitochondria formed more fragmented structures in muscle and intestinal
cells upon knockdown of germline-specific CEY proteins, through a cell non-autonomous

mechanism.
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Fig. 26. Single knockdown of cey-2 and cey-3 induces mitochondria fragmentation in intestine. (A)
Immunostaining of the intestine with antibody to mitochondrial marker ATP-1. Cell nuclei were stained with
DAPI. Scale bar, 20 um. On the right, higher magnification of intestinal cells. Images are representative of
three independent experiments. (B) Percentage of animals with normal, intermediate or fragmented
mitochondrial network morphology in the intestine (mean+s.e.m. of 3 independent experiments, Vector

RNAi= 34 animals, cey-2 RNAi= 20 animals, cey-3 RNAi= 32 animals).
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Fig. 27. Single knockdown of cey-2 and cey-3 induces mitochondria fragmentation in muscles. (A)
Representative images of mitochondrial morphology in muscle cells marked by myo-3p::GFP(mit) upon
knockdown of germline-specific CEYs. Scale bar, 20 um. Images are representative of 3 independent
experiments. (B) Percentage of animals with normal, intermediate or fragmented mitochondrial network
morphology in the muscle (mean=+s.e.m. of 3 independent experiments, Vector RNAi= 30 animals, cey-2

RNAi= 45 animals, cey-3 RNAi= 41 animals).

54



Similar to the intracellular effects caused by PGL-1 aggregation in the germline, we also
observed reduced expression of mitochondrial components (Fig. 28, Fig. 29) and lower
mtDNA content in somatic tissues (Fig. 30).

Importantly, knockdown of PGL-1 in the germline was sufficient to rescue low mtDNA
levels (Fig. 30) and mitochondrial morphology (Fig. 31) alterations in the soma of cey-2

mutant worms.
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Fig. 28. Knockdown of germline-specific cey-3 results in decreased expression of mitochondrial components
in the soma. qPCR analysis of mitochondrial components in somatic tissues (isolated intestines + heads). Graphs

represent the relative expression to Vector RNAI control (mean + s.e.m. of 8 independent experiments).
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Fig. 29. Knockdown of germline-specific cey-2 results in decreased expression of mitochondrial components

in the soma. qPCR analysis of mitochondrial components in somatic tissues (isolated intestines + heads). Graphs

represent the relative expression to Vector RNAi (mean=+s.e.m. of 3 independent experiments). Statistical

comparisons were made by two-tailed Student’s t test for unpaired samples. P values: *P <0.05, **P <0.01,

*#*p <0.001.
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Fig. 30. PGL-1 knockdown rescues the low mDNA content in the soma of cey-2 null mutant. Relative DNA

(mtDNA)/genomic DNA (gDNA) ratio in somatic tissues to wild-type + Vector RNAi (mean + s.e.m., wild-type +

Vector RNAi (n= 13 biological replicates from three independent experiments), wild-type + pgl-1 RNAi (n= 11),
cey-2(0k902) + Vector RNAI (n= 14), cey-2(0k902) + pgl-1 RNAi (n= 19)).
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Fig. 31. PGL-1 knockdown rescues the mitochondria fragmentation in muscles of cey-2 null functional
mutant. (A) Knockdown of pgl-1 partially rescues changes in muscle mitochondrial morphology induced by loss
of cey-2 function. Scale bar, 20 um. Images are representative of 3 independent experiments. (B) Percentage of
animals with normal, intermediate or fragmented mitochondrial network morphology in the muscle (mean + s.e.m.
of 3 independent experiments, wild-type + Vector RNAi= 44 worms, wild-type + pgl-1 RNAi= 38 worms, cey-
2(0k902) + Vector RNAi= 62 worms, cey-2(0k902) + pgl-1 RNAi= 78 worms).

Despite the systemic mitochondrial changes induced by loss of germline-specific CEY
factors, the animals maintained similar basal mitochondrial oxygen consumption rates when
compared with control worms (Fig. 32A, B).

Likewise, cey-2 mutant worms did not exhibit decreased levels of nicotinamide adenine
dinucleotide (NAD") and ATP compared with wild-type worms (Fig. 33A, B).

Thus, these results suggest an upregulation of the basal activity of mitochondria to compensate
for the lower mitochondrial content, a process that could challenge the integrity of the

mitochondrial proteome and activate proteostasis responses in the organelle.

57



pmol O,/min per worm

+

Relative NAD levels

Wild-type + Vector RNAI
Wild-type + pgl-1 RNAI
cey-2(0k902) + Vector RNAI
cey-2(0k902) + pgl-1 RNAI

1.5,

1.0

0.5

0.0

Hl Wild-type + Vector RNAI

Bl Wild-type + pgl-1 RNAI

Bl cey-2(0k902) + Vector RNAI
[ cey-2(0k902) + pgl-1 RNAI

1.5,

1.0

0.5

Relative ATP levels

0.0-

Fig. 31. Loss of germline-specific CEY factors does not impair basal mitochondrial oxygen consumption

rates, NAD+ levels and ATP levels. (A) Relative NAD" levels to wild-type + Vector RNAi (mean + s.e.m., n=

3 independent experiments). (B) Relative ATP levels to wild-type + Vector RNAi (mean + s.e.m., n= 3

independent experiments). In all the experiments, we assessed day 3-adult worms. Statistical comparisons were

made by two-tailed Student’s t-test for unpaired samples. P values: **P < 0.01, NS= not significant (P> 0.05).
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Fig. 33. Loss of germline-specific CEY factors does not impair basal mitochondrial oxygen consumption
rates, NAD+ levels and ATP levels. (A) Graph shows a representative experiment of basal oxygen consumption
rates from day 3 adult worms treated with the indicated RNAis (mean =+ s.e.m., n= 5-6 technical replicates). We
added sodium azide, an inhibitor of complex IV, to fully block mitochondrial respiration and measure non-
mitochondrial oxygen consumption. Each measurement loop represents 4.5 min (mix for 2 min, wait for 0.5 min,

measure for 2 min). The graph is representative of four independent experiments. (B) Bar graphs represent the
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9. Depletion of either cey-2 or cey-3 induces UPR™ in the soma via a cell non-autonomous

mechanism.

To assess this hypothesis, we used transgenic worms that express in somatic tissues Asp-
6p::GFP, a specific reporter of the activation of the mitochondrial unfolded protein response
(UPR™) (103, 104). Notably, knockdown of germline-specific cey-2 or cey-3 induced the
expression Asp-6p::GFP in the soma (Fig. 34).

Besides induction of Asp-6p::GFP, knockdown of either cey-2 or cey-3 also increased the
somatic expression of hsp-60p::GFP (Fig. 35), a distinct specific reporter of UPR™ (103, 104).

On the contrary, knockdown of germline-specific CEY factors did not induce the UPR of

the endoplasmic reticulum (/05) or the cytosolic heat shock response (/06) (Fig. 36),

indicating specific activation of the UPR™.
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Fig. 34. Loss of germline-specific CEY factors induces Asp-6 expression in the soma. (A) Knockdown of
germline-specific CEY factors induces somatic Asp-6p::GFP expression. Scale bar, 200 pm. (B) Quantification
of hsp-6p::GFP fluorescence relative to vector RNAi (mean = s.e.m., vector RNAi (n= 128 worms), cey-2 RNAi
(n= 122 worms), cey-3 RNAi (n= 114 worms) from four independent experiments). (C) Western blot analysis
of hsp-6p::GFP worms with antibodies to GFP and o-tubulin loading control. The images are representative of

three independent experiments.
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Fig. 35. Loss of germline-specific CEY factors induces Asp-6 expression in the soma. (A) Knockdown of
germline-specific CEY factors induces somatic hsp-60p::GFP expression. Scale bar, 200 um. (B)
Quantification of hsp-60p::GFP fluorescence relative to vector RNAi (mean +s.e.m., vector RNAi (n= 93
worms), cey-2 RNAi (n= 103 worms), cey-3 RNAi (n= 83 worms) from four independent experiments). (C)
Western blot analysis of hsp-60p::GFP worms with antibodies to GFP and a-tubulin loading control. The
images are representative of three independent experiments. Statistical comparisons were made by two-tailed

Student’s t test for unpaired samples. P-values: *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001, NS= not

significant (P> 0.05).
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Fig. 36. Knockdown of germline-specific CEY factors does not induce either the UPR®® or the cytosolic heat
shock response in somatic tissues. (A) Representative images of hsp-4p::GFP worms at day 3 of adulthood.
Knockdown of cey-2 or cey-3 does not trigger the UPR of the endoplasmic reticulum. As a positive control,
worms were treated with 20 uM tunicamycin for 24 h to induce the UPR"®. Scale bar, 200 um. The images are
representative of six independent experiments. (B) Representative images of hsp-16.2p::GFP worms at day 3
of adulthood. Knockdown of cey-2 or cey-3 does not induce the cytosolic heat shock response reporter /sp-
16.2p::GFP. As a positive control, worms were placed at 34 °C for 3 h to induce the cytosolic heat shock

response. Scale bar, 200 um. The images are representative of five independent experiments.

10. The Wnt/ELG-20 signaling is responsible for the cell non-autonomous communication

induced by CEYs depletion.

The Wnt signaling pathway acts as a mitokine signal to communicate information about
mitochondrial changes between tissues (/07). In C. elegans, EGL-20 is the only Wnt ligand
that can induce long-range, cell non-autonomous events (/07, 108). While knockdown of eg/-
20 did not prevent the intracellular reduction of mitochondria content induced by PGL-1
aggregation in the germline (Fig. 37A), it was sufficient to rescue the lower mitochondrial
content in somatic tissues (Fig. 37B).

Likewise, loss of either eg/-20 Wnt ligand or its receptor mig-I rescued changes in the

mitochondrial morphology of somatic tissues triggered by PGL-1 aggregation in the germline
(Fig. 38).
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Fig. 37. Knockdown of elg-20 rescues the low mtDNA content in the soma but not in the germline of cey-2
null functional mutant. (A) Relative DNA (mtDNA)/genomic DNA (gDNA) ratio in isolated germlines to wild-
type + Vector RNAi (mean + s.e.m., n= 6 biological replicates from three independent experiments). (B) Relative
mtDNA/gDNA ratio in somatic tissues (isolated intestines + heads) to wild-type + Vector RNAi (mean £s.e.m.,

n= 5 biological replicates from three independent experiments).
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Fig. 38. Knockdown of elg-20 and mig-1 rescues the mitochondria fragmentation in muscles of cey-2 null
functional mutant. (A) Knockdown of either Wnt/mitokine signal egl-20 or its receptor mig-1 ameliorates
changes in the mitochondrial morphology of the muscle induced by loss of cey-2 function. Scale bar, 20 pum.
Images are representative of 3 independent experiments. (B) Percentage of animal with normal, intermediate or
fragmented mitochondrial network morphology in the muscle (mean + s.e.m. of 3 independent experiments, wild-
type + Vector RNAi= 40 worms, wild-type + mig-1 RNAi= 35 worms, wild-type + egl-20 RNAi= 41 worms, cey-
2(0k902) + Vector RNAi= 75 worms, cey-2(0k902) + mig-1 RNAi= 73 worms, cey-2(0k902) + egl-20 RNAi= 89

worms).

Since growing evidence links mitochondrial alterations with the accumulation of protein
aggregates in neurodegenerative diseases (38, 110, 111), we asked whether systemic
mitochondrial changes induced by loss of proteostasis in the germline promote the aggregation
of disease-related proteins in neurons. Remarkably, knockdown of either egl-20 or mig-1
ameliorated polyQ67 aggregation in the neurons of cey-2 mutant worms (Fig. 39), indicating
that the Wnt/mitokine signaling pathway communicates proteostasis deficits from germline
cells to somatic tissues.

Taken together, we find that depletion of germline-specific CEY proteins induces
aggregation of the germ granule component PGL-1, which, in turn, causes germline
mitochondria perturbation. This process triggers the Wnt/ELG-20 signaling pathway that
affects mitochondria of somatic tissues. Somatic mitochondria perturbation, in turn, triggers

protein aggregation, contributing to somatic proteoastasis collapse. Thus, ELG-20 acts as signal
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molecule of a cell non-autonomous mechanism, mediated by mitochondria alteration, which

permit to communicate the germline proteostasis status to somatic tissues.
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Fig. 39. Knockdown of elg-20 rescues the neuronal protein aggregation of cey-2 null functional mutant.
Knockdown of either egl-20 or mig-1 ameliorates increased polyQ67 aggregation phenotype in the neurons of cey-
2 mutants. The images are representative of three independent experiments. Analysis by two-tailed Student’s t-test

for unpaired samples: *P <0.05, **P <0.01, ***P <0.001, NS= not significant (P> 0.05).

63



DISCUSSION

To date, extensive evidence demonstrates that proteostasis can be regulated through cell
non-autonomously mechanisms (22, 23, 24). This process has been reported in different model
organisms, demonstrating that this phenomenon is conserved among species, from nematodes
to mammals. However, many of these studies were performed in C. elegans, as it represents a
simple model to study tissue communication. Moreover, although the nervous system has been
considered the main tissue capable to orchestrate distant proteostasis regulation, also other
somatic tissues, such as muscle and intestine, can play a similar role (22, 23, 24).

Similarly to the soma, the reproductive system has also been reported to be capable to
modulate cell non-autonomously proteostasis of distant somatic tissues. In fact, germline
ablation, DNA damage and GSC pool diminution affect the soma, leading for instance to
lifespan extension and improved stress resistance (47, 51, 55, 56).

Moreover, whereas the effects of somatic proteostasis imbalance on other somatic peripheral
tissues are partially known and subject of study, no research was so far conducted to study the
effect on somatic proteostasis induced by germline proteostasis perturbation.

Thus, we asked whether proteostasis deficits in germline cells impinge on distal tissues
such as the nervous system. To answer this question, we targeted the C. elegans Y-box binding
proteins (CEYs), a typical component of ribonucleoprotein granules that prevents aberrant
aggregation of self-interacting proteins. Accordingly, germline of quadruple CEYs mutant
worms displays PGs aggregation in abnormal foci structures. However, these abnormal
granules differ from the squared sheet structures previously observed upon depletion of cgh-1
(81, 84), which is a DEAD-box RNA helicase that controls mRNPs to prevent phase transition
to nondynamic solids. Moreover, cey-2 knockdown accelerates PGs aggregates formation in the
germline of cgh-1 mutant worms (87).

Similarly, we observed formation of analogues PGs foci aggregates upon depletion of
either cey-2 or cey-3 proteins, showing that single knockdown of germline-specific CEYs is
sufficient to trigger abnormal PGs formation. These abnormal granules showed a bigger size
than regular PGs and colocalized with PGL-1 protein.

Formation of abnormal granules induced by CEYs depletion is in agreement with the role that
these proteins play on PG organization. The role that CEYs exert on mRNP granules is
conserved among species, as CEY orthologs control mRNP organization in many different
animals (84, 94, 95, 96, 97). Therefore, it is not surprising that PGs structure and dynamics

results affected in absence of CEY proteins.
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Furthermore, CEY proteins control both positively and negatively protein translation,
therefore CEY deficiency may affect the protein level of essential PG components, causing
indirectly consequences on PGs structure. For instance, knockdown of either cey-2 or cey-3
could alter the protein abundance of PGL-1 protein. Due to PGL-1 capacity to self-associate
and recruit other mRNPs, PGL-1 may act as a nucleating factor for the aggregation of other PG
components (60, 75, 76). Therefore, increased PGL-1 protein levels could lead to formation of
bigger and abnormal structures. Accordingly with this hypothesis, depletion of PGL-1 protein
from early C. elegans embryos causes dispersal of other germ granule components in the
cytoplasm (76). Germline-specific PGL-1 overexpression experiments could shed light on this
hypothesis. In the case PGL-1 overexpression would be sufficient to trigger PGs aggregation, it
would signify that PGL-1 concentration plays a critical role on PGs dynamics regulation.

Alternatively, CEYs depletion could affect translation of PG modulators, which are
known to modulate and control PG dynamics. Examples of PG modulators are the PUF
proteins, which have been identified as suppressors of PG aggregation. Accordingly, puf-3 and
puf-11 depletion transforms square sheets aggregates to small, rounded granules, in cgh-1
mutant (81). Therefore, reduced levels of PUF proteins could enhance PGs capacity to
aggregate into bigger aberrant foci.

Finally, CEY proteins may be involved in recruiting RBPs to PGs, as CEY's are supposed
to interact directly or indirectly with other PGs components. Accordingly, CEYs have been
shown to interact, in a RNA-dependent fashion, with other PGs factors such as CAR-1 and
PAB-1 (84). Depletion of CAR-1 and PAB-1 proteins prevents PGs aggregation in cgh-1
mutant worms (87). Therefore, CEYs depletion may alter the recruitment of such proteins to
granules and indirectly cause PG aggregation.

Interestingly, we observed that knockdown of CEYs induce abnormal PG foci
exclusively in the tip of the distal germline region, where the GSC pool is located. Importantly,
whereas double cey-2 and cey-3 mutant worms display reduced total number and proliferation
of GSCs, single cey-2 and cey-3 depletion did not alter either the total number or the
proliferation rate of GSC cells, ruling out perturbation of GSC niche as a cause of abnormal
PGs formation upon CEY's deficiency.

Moreover, contrarily to double mutant CEY-2 and CEY-3 worms that show reduction in
egg laid (84), single cey-2 and cey-3 did not cause fertility defects. Therefore, either cey-2 or
cey-3 depleted worms conserve a functional germline.

CEY-2 and CEY-3 are supposed to carry out redundant functions, as they hold 70%

identity and present similar localization (84). Moreover, CEY-2 and CEY-3 protein levels show
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an expression pattern that increases from the distal to the proximal region of the germline.
Therefore, the tip of the distant germline is the region displaying the lowest amount of CEY-2
and CEY-3 protein levels. Thus, depletion of either cey-2 or cey-3 could have a stronger effect
in this region, since the amount of the not depleted CEY could not be sufficient to compensate
the effect of the lacking CEY. Therefore, the tip of the distal germline may be more susceptible
to single CEY's knockdown and this could explain the presence of abnormal PGs exclusively in
this area. An alternative explanation could be that the distal germline, being the region where
the mitosis takes place, hold a different gene expression pattern. Thus, the presence of some
proteins rather than others could render this region more susceptible to form aberrant granules.

Importantly, we observed that PGL-1 abnormal foci display an insoluble aggregate
behavior, as these PGL-1 granules were SDS resistant and could be isolated by filer trap assay.
For this reason, single depletion of cey-2 and cey-3 is sufficient to induce PG solid phase
transition and challenge germline proteostasis. Phase separation events can be prompted by
interactions between the RGG/RG domains, often present in RBPs, and mRNA molecules (59).
Thus, alteration in PG composition could be a critical event that triggers phase transition of
PGs into solid aggregates. For instance, an increase in PGL-1 protein, which carries a RGG
domain, could cause an increment in the recruitment of mRNA molecules, and indirectly of
other proteins bound to mRNAs, to the granule triggering PG condensation and formation of
less dynamic structure. Therefore, depletion of either cey-2 or cey-3 affects PG dynamics,
causing PG phase transition, which leads to the formation of solid insoluble structures. Future
experiments could be carried out in order to further confirm the proteostasis impairment
observed in CEYs depleted germline. For instance, it could be important to determine if the
cellular clearance mechanisms, such as the proteasome and the autophagy pathway, would be
compromised upon knockdown of CEY factors. An additional experiment could be directed to
analyze the overall proteome aggregation status of germline using the Proteostast kit, which
permits the detection of endogenous protein aggregates (//2). Finally, to confirm the aggregate
behavior of aberrant PGL-1 aggregates, FRAP experiments could be performed to evaluate the
compromise dynamics of such abnormal granules.

Importantly, depletion of either cey-2 or cey-3 challenge proteostasis not only in germline
but also in somatic tissues such as nervous system, muscles and intestine. Therefore, since
CEY-2 and CEY-3 proteins are expressed exclusively in germline, a cell non-autonomous
mechanism should be responsible for such somatic proteostasis disruption. In fact, upon single
cey-2 and cey-3 depletion, we observed increased protein aggregation and neurodegeneration,

as indicated by animal decreased motility in HD model worms.
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Remakably, somatic proteostasis defects were observable not only in HD models but also
in ALS models. Since HD and ALS are caused by different kind of protein aggregates, we
deduced that somatic proteostasis, caused by germline CEYs depletion, results overall
challenged and it does not fail to cope only with a specific subtype of protein aggregate.
Therefore, this increased susceptibility of soma to form protein aggregates must be linked to a
general proteostasis disruption. For instance, downregulation of chaperones could trigger
misfolding events and accelerate the formation of protein aggregates. Alternatively, a
disruption of protein clearance mechanisms could lead to protein aggregates accumulation (2,
3, 4). For example, defective proteasome activity, caused by decreased expression or
inactivation of proteasome subunits, as well as autophagy downregulation could contribute to
increase the accumulation of protein aggregates. It will be fascinating to perform further
experiments to shed light on this regard. For instance, specific kits, that permit to measure
proteasome activity, could be utilized to assess if CEYs depletion affects the proteasome. In
addition, autophagy activity could be monitored by using GFP-fused LGG-1 and LGG-2
reporter strains, which allow to examine the autophagosomes formation (71/3).

Of note, single knockdown of CEY factors did not induce HSR in the intestine,
demonstrating that, although somatic proteostasis is perturbed, heat shock response is not
activated. This event is in line with recent evidence showing that overexpression of various
aggregation-prone proteins do not induce HSR activation in neuronal-like mammalian cells
(114). This failure of HSR activation is explained by the capacity of such pathogenic protein in
either evading detection or impairing induction of the HSR. Therefore, defective HSR
induction may be a further explanation for the increased protein aggregation observed in the
soma of CEY's depleted worms.

Importantly, somatic proteostasis disruption was rescued upon pgl-1 knockdown. This
data suggest that the effect of germline-specific CEYs deficiency on somatic proteostasis is
mediated by PGL-1 and that PGL-1 acts downstream cey-2 and cey-3 depletion. To note, PGL-
1 protein is exclusively express in the germline, thus, its knockdown does not directly impact
on other tissues. Therefore, we speculate that PGL-1 germline aggregates, and subsequent
germline proteostasis perturbation, could be responsible to induce a cell non-autonomous
mechanism that affects somatic proteostasis, causing its disruption.

Remarkably, cell non-autonomous disruption of somatic proteostasis is not only induced
by deficiency of germline-specific cey-2 and cey-3 but also by cey-1 depletion. Although,
CEY-1 is expressed in both soma and germline, a CEY-1 cell autonomous effect was ruled out

using HD model strains that do not permit cey-1 knockdown in germline. In fact, in these
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models, we did not observed increased aggregation upon neuronal-specific cey-1 depletion.
Thus, similarly to germline-specific CEYs, also cey-1 deficiency affects somatic proteostasis
through a cell non-autonomous mechanism originated from the germline.

Notably, quantitative proteomics analysis of isolated germlines revealed that single CEY
factors depletion induces mitochondria defects in germline. Several components of different
mitochondria respiratory chain complexes were downregulated upon knockdown of germline-
specific CEY factors. This difference in mitochondrial protein expression correlates with
mitochondrial structural defects, as mitochondria appear to be more disorganized, showing
disruption in functional mitochondrial networks. Finally, we observed a reduction in the total
amount of mitochondria.

This decrease in mitochondria abundance could be the consequence of prohibitin
downregulation, which occurs upon CEY depletion. In fact, a reduction of prohibitin has been
shown to influence mitochondrial proliferation (/15).

Mitochondria have also been described to hold capacity in controlling programmed cell
death in mammals (//6). In accordance with our observation, a previous publication reports
that double CEY-2 and CEY-3 mutant worms display increased germ cells apoptosis (84),
which could be the consequence of defective germline mitochondria.

Importantly, we show that these mitochondria defects are linked to germline proteostasis
collapse mediated by PGL-1 aggregates. In fact, pg/-1 knockdown rescued the reduction in the
amount of germline mitochondria, showing that PGL-1 acts downstream CEYs depletion and
upstream mitochondria perturbation. Therefore, in the germline of single cey-2 and cey-3
depleted worms, PGL-1 forms aggregates that affect proteostasis, which subsequently causes
mitochondria alterations.

Accordingly, several evidences link proteostasis and mitochondria disruption. In fact, it
has been reported that proteostasis imbalance affects mitochondrial function with dramatic
consequences for organismal health (//7). Moreover, in neurodegenerative disease models,
mitochondrial dysfunction shows various parameters that include a decline in energy
production, impaired tricarboxylic acid cycle activity, decreased electron chain function, and
aberrant mitochondrial dynamics (//8, [119). Furthermore, similarly to our results,
mitochondria from HD patients have reduced levels of complex II and III (/20). In addition,
polyQ40 proteins accumulate in the outer mitochondrial membrane and thus impact
mitochondrial import and membrane potential in C. elegans. In mammalian cells, toxic polyQ
proteins interact with the mitochondrial membrane and perturb membrane potential (/21.).

Finally, protein aggregates have been also associated with excessive production of ROS and
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accumulation of mtDNA mutations (/22). Therefore, germline proteostasis imbalance appears
to be the cause of germline mitochondria defects.

Since PGs and mitochondria reside close to each other in germline (47, 78, 79), additional
experiments could be carried out to study if PG aggregates colocalize with mitochondria, as
protein aggregates may cause mitochondria disruption by interacting and accumulating in the
mitochondria membrane, thus perturbing membrane potential. Moreover, some PGs regulators,
like CGH-1, are known to affect PGs dynamics and cause aggregation, thus depletion of these
proteins could provide evidences to confirm the link between germline proteostasis imbalance
and mitochondria perturbation. Alternatively, mitochondria defects could be an indirect
consequence of PGL-1 aggregates formation. As previously described, PGs sequester mRNAs
and, by controlling translation, assure a correct spatiotemporal gene expression pattern. For
instance, aberrant PGs aggregates could sequester and/or retain mRNAs essential for correct
mitochondrial functionality. Thus, these sequestered transcripts may not be translated and cause
mitochondria dysregulation. Accordingly with this hypothesis, proteomics analysis of cey-3
depleted germline revealed several downregulated mitochondria components. This depletion
could be the consequence of the sequestration, by PGL-1 aggregates, of the respective mRNAs
of mitochondria depleted-components, with subsequent protein downregulation.

Surprisingly, these mitochondria defects were not only limited to germline but were also
observed in somatic tissues. Similarly to germline, the soma also displayed downregulation of
several respiratory complexes components, mitochondria fragmentation and reduction of total
mitochondria number. As for defective somatic proteostasis, our results indicate that somatic
mitochondria dysregulation is also a consequence of cell non-autonomous effect mediated by
depletion of either cey-2 or cey-3 in germline. Moreover, these somatic mitochondrial defects
were dependent on PGL-1 aggregation. Indeed, pg/-1 depletion could rescue not only the
morphological and structural defects but also the total mitochondria number decrease in the
soma. Therefore, PGL-1 aggregates impinge not only cell autonomously germline mitochondria
but also cell non-autonomously mitochondria of somatic tissues. Again, PGL-1 is a germline-
specific protein and its knockdown only takes place in the reproductive system. Thus, PGL-1
acts downstream single cey-2 and cey-3 depletion and upstream mitochondria dysregulation.

This mitochondria imbalance could represent another explanation for the previously
described proteostasis collapse observed in the soma. In fact, not only proteostasis imbalance
affects mitochondria but also mitochondria defects can contribute to proteostasis disruption.
For instance, Asp-6 depletion enhances cytoplasmic polyQ aggregation, indicating that the

mitochondrial protein quality control system contributes to proteostasis balance (/23).
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Reduction in the levels of Asp-6 abolishes mitochondrial import and lead to an accumulation of
mitochondrial pre-proteins in the cytosol, thus enhancing the potential risk of protein
aggregation. Accordingly, the overloading of mitochondrial membrane carriers is able to
induce cytosolic protein aggregation of unimported mitochondrial proteins (/24). Therefore,
downregulation of mitochondria protein import machinery can cause cytosolic protein
aggregation and proteostasis disruption. Accordingly with this hypothesis, we observed
reduction of mitochondria import components such as TOMM-20 and TIN-44. Thus,
downregulation of these proteins could increase protein aggregation and aggravate proteostasis
disruption in neurodegenerative diseases, as we observed in HD and ALS worm models upon
single CEY deficiency. In order to test this hypothesis, restoring the protein import machinery
could represent a strategy to rescue somatic proteostasis collapse in CEY depleted worms.
Import restoration could takes effect by overexpressing for instance TOMM-20 or TIN-44.
Surprisingly, although the somatic mitochondria defects of CEYs deplete worms, we did
not detect alterations in either oxygen consumption or ATP and NAD production. A potential
explanation for these results may be the limitation of the assays we have performed. In fact,
these assays permit measurements of the entire worms. However, although we show that both
germline and soma display mitochondria imbalance, some tissues could be more affected that
others or not be affected at all, thus hiding to our measurements potential mitochondria
alterations. Moreover, the lack of differences in oxygen consumption and ATP/NAD
production could be explained by mitochondria compensatory mechanisms, taking place in
order to balance CEY-dependent mitochondria defects. For instance, in Barth syndrome
lymphoblastoid cells, a compensatory increase in the number of mitochondria prevents the loss
of mitochondrial respiration and ATP synthesis (/25). Interestingly, we have observed a
decrease in the total mitochondria number. Therefore, the basal activity of mitochondria could
be upregulated to compensate for the lower mitochondrial content. Increased ATP production
could lead to increased ROS generation, which may contribute to protein aggregates formation
and proteostasis imbalance. This event could be a potential explanation for the increased
protein aggregation and somatic proteostasis disruption observed in CEYs depleted HD and
ALS worm models. Thus, compensatory effects could challenge the integrity of the
mitochondrial proteome and activate proteostasis responses in the organelle. Accordingly, we
detected that the UPR™ response was activated in the soma of either cey-2 or cey-3 depleted
worms. We observed increased activation of HSP-6 and HSP-60 in the intestine. This somatic
activation represents a further confirmation of the cell non-autonomous effect of germline

CEYs depletion.
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The UPR™ activation could be the direct effect in response to somatic mitochondrial
defects, such as the downregulation of mitochondria complexes components. Accordingly, the
UPR™ is upregulated in response to RNAi against cco-1, which is an essential component of
the complex IV of the respiratory chain. (/04). However, the somatic UPR™ activation could
also be the result of mitochondria dysfunction in germline, induced by a cell non-autonomous
mechanism. Accordingly to this hypothesis, perturbation of cco-I in the nervous system and
muscles induce the UPR™ activation in the intestine, via cell non-autonomous communication
(33).

Alternatively, the UPR™ activation may result from cytoplasmic protein aggregates
accumulation in the soma of CEYs depleted worms. Accordingly, it has been reported that the
UPR™ activates in response to polyQ accumulation in the mitochondria outer membrane in
both C. elegans and in mice (/26). Therefore, increased ROS production or protein import
dysregulation could contribute to the formation of cytoplasmic endogenous aggregates that
could interfere with mitochondria and eventually causing UPR™ activation. To test this
hypothesis, the ROS production could be measured using specific kits. Moreover, also the
somatic presence of endogenous protein aggregates could be studied using the Proteostat assay
kit, which allows for aggresome detection. Of note, other cellular stress response pathways as
UPR™ and HSR did not result to be activated in the soma of either cey-2 or cey-3 depleted
worms, showing the specificity of mitochondria involvement in the cell non-autonomous CEY-
dependent pathway.

Importantly, it has been recently discovered that mitochondria can communicate their
status, through molecules called mitokines, and thus influence mitochondria in other tissues.
Accordingly, we found that the Wnt/ELG-20 mitokine is the responsible signal that permits
mitochondria communication from the germline to the soma. In fact, we observed that
downregulation of elg-20 and its receptor mig-1 rescued either mitochondria structural defects or
decreasing mitochondria number in the soma but not in germline. These results confirm that
EGL-20 is the signal required for the cell non-autonomous communication that triggers
mitochondria defects in somatic tissues. On the other hand, these results suggest that germline
must be the sender tissue of this signal, as it does not result affected by the rescue mediated by
elg-20 deficiency. Thus, EGL-20 must act downstream germline mitochondria perturbation but
upstream somatic mitochondria alteration. In support to our results, it has been reported that
neuronal expressed Q40 associates with mitochondria, causing local activation of the UPR™ that
is further communicated extracellularly across the animal to promote UPR™ activation in non-

neuronal tissues (38). The signal responsible for such UPR™ communication has been identified
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as the Wnt/EGL-20 mitokine. In fact, neuronal-specific expression of ELG-20 is sufficient to
trigger UPR™ in the distant intestine (107). Therefore, the UPR™ somatic activation, observed in
CEYs depleted worms, may be triggered by ELG-20 signal. In order to test this hypothesis, HSP-
6 and HSP-60 expression levels could be monitored upon knockdown of elg-20 or mig-1 in CEYs
depleted worms, to observe potential rescue effects. Moreover, we found that blocking the cell
non-autonomous communication, through ELG-20 or MIG-1 knockdown, was sufficient to
reduce protein aggregation in CEYs-depleted HD model worms. Thus, this result reveals that
ELG-20 signaling acts upstream somatic proteostasis collapse. Therefore, we speculate that
somatic proteostasis disruption, caused by either cey-2 or cey-3 deficiency, is a consequence of
somatic mitochondria dysfunction.

Previous studies have connected the Wnt signaling to neurodegenerative disease. In fact,
Wnt signaling dysfunction has been implicated in a number of human diseases, including
Alzheimer’s and Parkinson’s disease (/27). Accordingly, it has also been proposed that Wnt
signaling functions in a protective role against neurodegenerative diseases (/28). In contrast
with a protective role of the Wnt signal, we report that this signal is not protective but
deleterious and it is responsible for a communication that affects mitochondria in distant
tissues, and indirectly cause somatic proteostasis collapse. To confirm our results, further
experiments could consist in overexpressing ELG-20 protein and monitor subsequent

proteostasis status.
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CONCLUSION

Taken together, we find that dysregulation of germline-specific, non-mitochondrial CEY
proteins induces aggregation of the germ granule component PGL-1 followed by intracellular
changes in the mitochondrial network of germline cells. In turn, this process triggers a
Wnt/mitokine signaling pathway that influences mitochondrial networks of somatic tissues.
Thus, we identify a cell non-autonomous process that coordinates the proteostasis status of
germline cells with systemic mitochondrial function, a capacity previously ascribed only to the
nervous system. This cell non-autonomous mechanism originated in the germline can trigger
protein aggregation in somatic tissues depending on the proteostasis status of germline cells,
establishing a regulatory link between the fitness of the reproductive system with systemic
mitochondrial function and proteostasis. Environmental and metabolic conditions such as stress
or aging that impinge on proteostasis are tightly correlated with a decline of germline integrity
in animals (45). Thus, we speculate that proteostasis deficits in germline cells ensued from
stress conditions or aging could contribute to the dysregulation of mitochondrial function and
aggregation of disease-related proteins that often appear in post-mitotic tissues such as muscle

or nervous system with age.
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FUTURE PERSPECTIVE

Cell non-autonomous effects have been observed in different neurodegenerative diseases
such as Huntington’s disease, amyotrophic lateral sclerosis and Parkinson’s disease. In fact, the
phenotypes associated to these pathologies are not confined to the brain but they frequently
involve non-neuronal peripheral tissues in ways that we are only starting to understand (23,
129). Unraveling the mechanisms behind cell non-autonomous control of proteostasis promises
to shed light on both pathogenic mechanisms and future strategies for disease treatments. For
instance, recent evidence from invertebrate models have demonstrated that stimulating somatic
cells in the absence of stress can protect peripheral tissues that are affected by misfolded
protein diseases through improving their folding capacity (27, 130) .

Moreover, discovering the signal molecules and pathways involved in such interorgan

communication represents a crucial aspect to better understand neurodegenerative diseases and
shed light on new therapeutic approaches.
C. elegans, due to its simplicity, represents a perfect model to unravel the yet unknown
signaling that controls cell-non-autonomous regulation of proteostasis. In fact, in this study we
show a new cell non-autonomous mechanism that connects the reproductive system to the
somatic periphery of C. elegans. In order to assess the significance of our findings, it would be
important to verify if the here-reported cell non-autonomous communication is conserved in
other model organisms and define whether this pathway contributes to aggravate the
neurodegenerative phenotype of disease mammalian models.

Moreover, we found that Wnt/ELG-20 signal is the responsible molecule for the
communication between germline and soma. Signal molecules, involved in inter-cellular
communication, could represent targets for future innovative therapies. Thus, the Wnt signaling
could represent a novel possible therapeutic approach. Blocking this signal may be a strategy to
intervene in stopping the potential deleterious cell non-autonomous communication that affects
the soma, thus preventing peripheral proteostasis disruption.

However, the signal that controls cell non-autonomous regulation of proteostasis may not
be only one but an intricate network, consisting of a variety of molecules, such as secreted
peptides, metabolites, and hormones, which could control distinct components of the
organismal proteostasis network (24).

Accordingly, the ELG-20 mitokine could not be the only molecule responsible for here-
described communication between germline and soma. In fact, e/g-20 deficiency only partially

rescues the somatic mitochondrial structural defects observed in the soma of either cey-2 or
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cey-3 depleted worms. More likely, ELG-20 acts in parallel with other molecules in
orchestrating the interorgan communication started from germline mitochondria disruption.
Therefore, further proteomics-based experiments could shed light on novel potential signal
molecules and signaling pathways involved in the germline-soma communication and thus
facilitate development of future treatments.

Moreover, contrarily to our findings, previous publications have shown that the Wnt/ELG-20
signaling holds a protective role, as it induces UPR™ activation in distant tissues (107). A
possible explanation for such contradictory results could be related to the difference in the
tissue inducing the Wnt/ELG-20 signaling. In fact, whereas we show that ELG-20 signaling is
triggered by the reproductive system, previous studies report that the Wnt/ELG-20 signaling
originates from somatic tissues. Thus, distinct tissues could induce differential ELG-20
mediated cell non-autonomous responses. However, future experiments would be required to
better understand the role of ELG-20 in the cell non-autonomous regulation of proteostasis.

Furthermore, we show that the Wnt signaling is induced by germline mitochondria
perturbation. Extensive evidence from model organisms and clinical studies suggests that
mitochondria play a critical role in neurodegenerative diseases, such as Huntington's disease,
Alzheimer's disease and Parkinson's disease. Mitochondria alterations, such as reduced
mitochondrial fusion and increased mitochondrial fragmentation, are associated with
mitochondrial dysfunction and cell death in age-related diseases.

However, most of the attention has focused on studying the cell autonomous effect of
mitochondria dynsfunction within the affected tissue. However only recently, the importance of
cell non-autonomous mitochondria communication is emerging, as it contributes to control
proteostasis of distant tissues. Therefore, investigating the mitochondria status not only in the
affected tissue of disease models, but also in distant peripheral tissues could improve our
knowledge on age-related diseases. Thus, acting on distant mitochondria and preventing their
disruption, could be a new therapeutic strategy to ameliorate, cell non-autonomously, somatic
proteostasis collapse.

Importantly, our results point out a novel role for the reproductive system in the context
of neurodegenerative diseases, as germline proteostasis defects aggravate distant somatic
proteostasis collapse that occurs in protein aggregation-related diseases. To date, no studies
have taken in account the potential role of germline as sender of signal molecules, which could
take part in the interorgan communication involved in age-related diseases. Thus, the
reproductive system may represent a future target of study to deepen our knowledge on cell

non-autonomous mechanisms that control neurodegenerative diseases.
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In fact, we show that germ granule phase transition is the first event that triggers the cell
non-autonomous mechanism, which culminates with somatic proteostasis collapse. Phase
transition of mRNP complexes has been reported to display a crucial role in neurogenerative
diseases. Development of therapeutic strategies to control cellular phase transition is a powerful
instrument to treat human diseases caused by protein aggregates. To date, like for
mitochondria, the focus on phase transition events has been essentially on the tissue affected by
the pathological phenotype, whereas we show that also distant tissues could be affected by
phase transition events. Therefore, monitoring mRNPs status in distant tissues could be an
innovative approach to study neurodegenerative diseases. As such, controlling mRNP phase
transition in distant tissue could represent an alternative novel strategy to block potential cell

non-autonomous communication responsible for the aggravation of diseases phenotype.
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METHODS

C. elegans strains and maintenance

C. elegans strains were grown and maintained on standard nematode growth media
(NGM) seeded with E. coli (OP50) bacteria (44). Wild-type (N2), SS104 (glp-4(bn2)1), SS747
(bnlsl[pie-1p::GFP::pgl-1 + wunc-119(+)]), SJ4103 (zclsi14[myo-3p::GFP(mit)], AMI141
(rmls133[unc-54p::Q40::YFP]), SJ4100 (zclsi3[hsp-6p::GFP]), SJ4058 (zcls9[hsp-60p::GFP +
lin-15(+)]), SJ4005 (zcls4[hsp-4p::GFP]) and CL2070 (dvis70[hsp-16.2p::GFP) + rol-
6(sul006)] were provided by the Caenorhabditis Genetics Center (CGC) (University of
Minnesota), which is supported by the NIH Office of Research Infrastructure Programs (P40
0D010440). RAF291 (cey-2(0k902)1) was provided by R. Ciosk and was generated by
outcrossing the RB988 strain (cey-2(0k902)1) four times to wild-type N2 (/9). RB988 (cey-
2(0k902)1) was made by the C. elegans Gene Knockout Project at the Oklahoma Medical
Research Foundation (Oklahoma, USA). RAF4 (cey-3(rrrii);cey-2(0k902)1) outcrossed twice
to wild-type N2 was also a gift from R. Ciosk (7/9). AM23 (rmls298[F25B3.3p::Q19::CFP])
and AM716 (rmls284[F25B3.3p::Q67::YFP]) strains were provided by R. I. Morimoto (25).
MAHG602 (sqls61[vha-6p::Q44::YFP + rol-6(sul006)]) was provided by M. Hansen (45).
ZM5844 (hpls233[rgef-1p::FUS"**"::GFP]) and ZM5842 (hpls228[rgef-
Ip::FUS®*2%::GFP]) were a kind gift from P. St George-Hyslop (46). IW46 (Psnb-1::TDP-
43-YFP M337V(iwEx28)) was kindly provided by J. Wang (47). For neuronal-specific RNAi
experiments, we used the TU3401 strain (sid-1(pk3321)V;uls69[pCFJ90(myo-2p::mCherry)
+ unc-119p::sid-1]) provided by the CGC, in which RNAIi treatment is only effective in
neurons (48). DVG196 (rmls284[F25B3.3p::Q67::YFP]; sid-1(pk3321)V;uls69[pCFI90(myo-
2p::mCherry) + unc-119p::sid-1]) was generated by crossing AM716 to TU3401. Screening
of sid-1(pk3321) homozygote worms was done by PCR using the following primers:
GTGCATACACCGTCACGTC and TTCGGGAAATGGCGCTTAAC. Screening of unc-
119p::sid-1 was performed by using the following primers:
TATAGGATCCTCATTTTTCCAGGTTCACAATG and
ATATAAGCGGCCGCAGAAAGGTGTCATGGTCTAGT. DVG195 strain
(rmls284[F25B3.3p::Q67::YFP]; glp-4(bn2)) was generated by crossing AM716 to SS104.
For the generation of DVG180 (rmls284[F25B3.3p::Q67::YFP]; cey-2(0k902)) and DVG183
(rmls284[F25B3.3p::Q67::YFP]; cey-3(rrril); cey-2(0k902)), AMT16 was crossed to
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RAF291 and RAF4, respectively. To generate DVG199 (zclsi4[myo-3p::GFP(mit)]; cey-
2(0k902)), we crossed SJ4103 to RAF291. Screening of cey-2(0k902) and cey-3(rrril);cey-
2(0k902) homozygote worms was done by PCR wusing the following primers:
TGGGAAGAAGAGCAGAAGTCGAA, TTTTCACACTTTCCATCACGACACAT,
GATCTCTCCATCGGCAAGAAAAGA , and ACCAAGGCCAGCATCGTCG.

RNAI constructs

RNAi-treated worms were fed E. coli (HT115) containing an empty control vector
(L4440) or expressing double-stranded RNAI. pgl-1, cct-8, egl-20 and mig-1 RNAIi constructs
were obtained from the Vidal RNAI library. cey-1, cey-2, and cey-3 RNAI constructs were
obtained from the Ahringer RNAI library. All RNAI constructs were sequence verified.

Lifespan studies

Synchronized animals were fed from hatching on HT115 E. coli carrying empty
vector or RNAI constructs. 96 adult animals were used per condition and scored every day
or every other day (27). From the initial adult population, we censored the worms that are
lost or burrow into the media as well as those that undergo bagging or exhibit ‘protruding
vulva’  phenotypes. n= total number of uncensored animals/total number
(uncensored+censored) of animals in each independent experiment. We used PRISM 6
software to determine median lifespan and generate lifespan graphs. To determine mean
lifespan, we used OASIS software (49). P values were calculated using the log-rank
(Mantel-Cox) method. The P values refer to experimental and control animals in a single
experiment. In the main text, each graph presents a representative experiment.

See Supplementary Data 1 for statistical analysis and replicate data.

GSC proliferation assays

Worms were incubated with 33 mM solution of 5-bromodeoxyuridine (BrdU) (Sigma-
Aldrich) in S medium for 2 h at 20 °C. Worms were washed with EBT buffer (1X egg buffer,
0.2 % Tween 20, 20 mM sodium azide). Then, worms were decapitated to extract the germline

on a coverslip and covered with a poly-lysine-coated microscope slide. The coverslip was
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removed and the slide was fast frozen on dry ice. Then, the slide was fixed in methanol for 2
min at -20 °C and washed with PBST (1X PBS, 0.1% Tween 20). DNA was denatured in 2M
HCI for 45 min at room temperature followed by washing using PBST. After blocking for
30 min in PBST containing 10% donkey serum, anti-BrdU antibody (Abcam, ab6326, 1:250)
was added followed by overnight incubation in a humid chamber. Anti-Rat IgG secondary
antibody (Life Technologies 1744742, 1:500) was added for 2 h at room temperature. Finally,
slides were mounted with Precision coverslip (Roth) using DAPI fluoromount-G (Southern

Biotech 0100-20).

Egg counting and percentage of viable eggs

Synchronized L1 larvae were raised on HT115 E. coli carrying empty vector, cey-2
RNAi or cey-3 RNAI constructs. The number of eggs during the self-reproductive period was
measured by singly plating late L4 worms and culturing them on the corresponding RNAi
treatment. Each adult worm was then transferred to a new plate every 24 h and the previous
plate was kept for another 24 h, when the number of alive progeny (that is, visible as L1
larvae) was scored to assess percentage of viable eggs. This procedure was repeated until no

live progeny were counted.

Western blot

Worms were lysed in protein lysis buffer (50 mM Tris-HCI, pH 7.8, 150 mM NaCl, 1%
sodium deoxycholate, 1 mM EDTA, 0.1% SDS, 1% Triton X-100 and protease inhibitor
(Roche)) using a Precellys 24 homogenizer. Worm lysates were centrifuged at 10,000 rpm for
10 min at 4 °C and the supernatant was collected. Protein concentrations were determined with
standard BCA protein assay (Thermoscientific). 20 ug of total protein was separated by SDS-
PAGE, transferred to nitrocellulose membranes (Millipore) and subjected to immunoblotting.
Western blot analysis was performed with anti-GFP antibody (AMSBIO, TP401 1:5,000), FUS
(Abcam, ab154141, 1:1000), TDP43 (Abcam, ab225710, 1:1000) and o-tubulin (Sigma,
T6199, 1:20,000).
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C. elegans germline and gut immunostaining

Day 3 adult worms were washed using EBT buffer (1X egg buffer, 20 mM sodium
azide, 0.2 % Tween 20), decapitated to extract the germline and intestine on a coverslip and
covered with a poly-lysine-treated slide. The microscope slide was then fast frozen on dry ice,
fixed in methanol for 2 min at -20 °C and washed with PBST (1X PBS and 0.1 % Tween 20)
followed by blocking with 10 % donkey serum in PBST for 30 min. Samples were incubated
overnight with anti-PGL-1 antibody (DSHB, K76, 1:33) or anti-ATP5A (Abcam, ab14748,
1:100) at room temperature. Alexa Fluor 546 goat anti-Mouse IgM (Life Technologies,
2105681, 1:500) and Alexa Fluor 546 goat anti-Mouse IgG (Life Technologies, 1904466,
1:500) was added for 2 h. Slides were mounted with DAPI fluoromount-G (Southern Biotech
0100-20).

Imaging of myo-3p::GFP(mit) reporter

For imaging of myo-3p::GFP(mit) reporter strain, day 3 adult worms were immobilized
using 0.1% Azide in M9 buffer and covered with a coverslip. Images of worms were acquired
with a Zeiss ApoTome Axio Imager Z.1 fluorescence microscope. Qualitative assessment of
mitochondrial morphology was made by scoring animals based on three categories: normal
(interconnected mitochondrial network), intermediate (combination of interconnected
mitochondrial network and isolated smaller mitochondria) or fragmented (mostly fragmented

mitochondria).

hsp-6, hsp-60, hsp-4, hsp-16.2 transcriptional reporter experiments and imaging

SJ4100 (zclsi3[hsp-6p::GFP]), SJ4058 (zcls9[hsp-60p::GFP + lin-15(+)]), SJ4005
(zcIs4[hsp-4p::GFP]) and CL2070 (dvis70[hsp-16.2p::GFP) + rol-6(sul006)] worms were
cultured until day 3 of adulthood. For imaging, adult worms were immobilized using 0.1%
Azide in M9 buffer and covered with a coverslip. Images of whole worms were acquired with a
Zeiss Axio Zoom.V16 fluorescence microscope. To quantify GFP fluorescence, worms were

outlined and quantified using ImagelJ software.
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NAD"' and ATP detection

200 age-synchronized day 3 adult worms were collected and washed with M9 buffer.
For NAD" detection, we used a commercial colorimetric kit (NAD/NADH Assay Kit,
#ab65348) following the manufacturer’s instructions. Briefly, the animals were homogenized in
NAD/NADH extraction buffer. Enzymes that may consume NADH were removed by filtering
the samples through a 10 kD spin column (ab93349) before performing the assay.
Decomposition of NAD" for NADH detection in samples was done by heating the samples to
60 °C for 30 min. Quantification of NAD total and NADH was performed by colorimetric
method (OD 450 nm) using standard curve derived from known NADH concentrations. For
ATP quantification, we used a colorimetric/fluorometric ATP assay kit (Abcam, ab83355)
following the manufacturer’s instructions. First, worms were homogenized in ATP assay buffer
followed by deproteinization using 4M Perchloric acid (Sigma-Aldrich, 244252) and 2M KOH
(Sigma-Aldrich, P-1767) method. Then, pH was adjusted to 6.8-8. Samples were centrifuged at
13,000 g for 15 min at 4 °C and the supernatant was collected. Quantification of ATP content
was measured by fluorometric (Ex/Em = 535/587 nm) method. ATP concentrations were
determined using standard curve derived from fluorescence of known ATP concentrations.
Levels of fluorescence were measured using multimode plate reader EnSpire (PerkinElmer).
For both NAD" and ATP detection, protein levels were normalized by BCA protein assay kit

(Pierce, Thermo Scientific).

Oxygen consumption rates

Oxygen consumption rates (OCR) were measured and analyzed using the Seahorse
XFe96 Analyzer (Agilent) using the protocol described in ref. (50). Briefly, synchronized
worms at day 3 of adulthood were washed in M9 buffer three times to remove residual bacteria
and then transferred into the Seahorse plate wells at around 20 worms/well with at least 5
technical replicates per condition. Oxygen consumption was measured at room temperature 20

°C. Sodium azide treatment (Sigma-Aldrich) was used at 40 mM.
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Filter trap assay

C. elegans strains were grown from hatching on HT115 E. coli carrying either empty
vector or RNAIi clones. At day 3 of adulthood, worms were collected with M9 buffer and
worm pellets were frozen with liquid N2. Frozen worm pellets were thawed on ice and worm
extracts were generated by glass bead disruption on ice in non-denaturing lysis buffer (50 mM
Hepes pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% Triton X100) supplemented with EDTA-free
protease inhibitor cocktail (Roche). Worm debris was removed with 8,000g spin for 5 min. 100
pg of protein extract was supplemented with SDS at a final concentration of 0.5% and loaded
onto a cellulose acetate membrane assembled in a slot blot apparatus (BioRad). Then, the
membrane was washed with 0.2% SDS and SDS-resistant protein aggregates were assessed by
immunoblotting using antibodies against GFP (AMSBIO, TP401 1:5,000), FUS (Abcam,
ab154141, 1:1000) and TDP43 (Abcam, ab225710, 1:1000). Extracts were also analyzed by
SDS-PAGE/Western blot with anti-GFP, anti-FUS, anti-TDP43 and anti-o-tubulin (Sigma,
T6199, 1:20,000).

Motility assay

Animals were grown on HT115 E. coli containing empty control vector or the indicated
RNAI. At day 3 of adulthood, worms were transferred to a drop of M9 buffer. After 30 s of
adaptation, the number of body bends was counted for 30 s. A body bend was defined as
change in direction of the bend at the mid-body (25).

Sample preparation for label-free quantitative proteomics and analysis

Extruded germlines of synchronized worms at day 3 of adulthood were lysed in urea
buffer (8 M urea, 2 M Thiourea, 10 mM HEPES, pH 7.6) by sonication and cleared using
centrifugation (13,000 rpm, 10 min). Supernatants were reduced (1 mM DTT, 30 min),
alkylated (5 mM iodoacetamide, 45 min) and digested with trypsin at a 1:100 w/w ratio after
diluting urea concentration to 2 M. One day later, samples were cleared (16,000g, 20 min) and
the supernatant was acidified. Peptides were cleaned up using stage tip extraction (5/). The
liquid chromatography tandem mass spectrometry (LC-MS/MS) equipment consisted of an
EASY nLC 1000 coupled to the quadrupole based QExactive instrument (Thermo Scientific)

via a nano-spray electroionization source. Peptides were separated on an in-house packed 50
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cm column (1.9 um C18 beads, Dr. Maisch) using a binary buffer system: A) 0.1% formic acid
and B) 0.1% formic acid in acetonitrile. The content of buffer B was raised from 7% to 23%
within 120 min and followed by an increase to 45% within 10 min. Then, within 5 min buffer B
fraction was raised to 80% and held for further 5 min after which it was decreased to 5% within
2 min and held there for further 3 min before the next sample was loaded on the column.
Eluting peptides were ionized by an applied voltage of 2.2 kV. The capillary temperature was
275 °C and the S-lens RF level was set to 60. MS1 spectra were acquired using a resolution of
70,000 (at 200 m/z), an Automatic Gain Control (AGC) target of 3e6 and a maximum injection
time of 20 ms in a scan range of 300-1750 Th. In a data dependent mode, the 10 most intense
peaks were selected for isolation and fragmentation in the HCD cell using a normalized
collision energy of 25 at an isolation window of 2.1 Th. Dynamic exclusion was enabled and
set to 20 s. The MS/MS scan properties were 17.500 resolution at 200 m/z, an AGC target of
5e5 and a maximum injection time of 60 ms. All label-free proteomics data sets were analyzed
with the MaxQuant software (version 1.5.3.8) (52). We employed the label-free quantitative
(LFQ) mode (53) and used MaxQuant default settings for protein identification and LFQ
quantification. All downstream analyses were carried out on LFQ values with Perseus (version
1.5.2.4) (54). Statistically significant differences were determined with Perseus software after
correction for multiple testing following the Benjamini—-Hochberg procedure, which calculates

false discovery rate (FDR) adjusted P values.

Quantitative RT-PCR

Total RNA of whole animals was isolated from approximately 200 synchronized day 3
adult worms using RNAbee (Tel-Test Inc.). For analysis of mitochondrial components in
germline, RNA of isolated germlines from 50 synchronized day 3 adult worms was extracted
using RNAbee. In parallel, isolated intestines and heads were combined to extract RNA and
examine expression of mitochondrial components in somatic tissues. cDNA was generated
using qScript Flex cDNA synthesis kit (Quantabio). SybrGreen real-time qPCR experiments
were performed with a 1:20 dilution of cDNA using a CFC384 Real-Time System (Bio-Rad).
Data were analysed with the comparative 2AAC; method using the geometric mean of cdc-42
and Y45F10D.4 as housekeeping genes (55). See Supplementary Data 4 for details about the

primers used for this assay.
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Mitochondrial DNA/genomic DNA ratio

Isolated germlines or somatic tissues (intestines + heads) from 100 synchronized day 3
adult worms were incubated in lysis buffer (30 mM Tris-HCI, pH 8, 8 mM EDTA, 100 mM
NacCl, 0.7% Nonidet P-40, 0.7% Tween 20, 100 mg/ml proteinase K) for 1 h at 65°C (56).
Then, proteinase K was inactivated at 95°C for 15 min. The product was diluted 1:500 and 4 ul
were loaded to quantify mitochondrial DNA (mtDNA) by SybrGreen real-time qPCR assay
using the following primers for NADH dehydrogenase subunit 1 (nd-1): 5°-
AGCGTCATTTATTGGGAAGAAGAC-3’ and 5’-AAGCTTGTGCTAATCCCATAAATGT-
3. The results were normalized to genomic DNA (gDNA) using the following primers for cox-
4: 5’-GCCGACTGGAAGAACTTGTC-3’ and 5’-GCGGAGATCACCTTCCAGTA-3’. qPCR
experiments were performed using a CFC384 Real-Time System (Bio-Rad) and data were

analysed with the comparative 2AAC; method.
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