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Abstract

The effects of mitochondrial stress on organismal health in C. elegans
By
Hope Rosalind Henderson
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Andrew Dillin, Chair

Mitochondria are an essential organelle, serving as a key site of energy production in
metazoans. Animals have complex systems for monitoring the health and proteostasis of
mitochondria, and activate multiple quality control mechanisms in response to dysfunction.
Using the nematode Caenorhabditis elegans, we investigated mitochondrial health, dysfunction,
and stress signaling in two different systems.

Dysfunction of mitochondrial DNA replication machinery is a common cause of
mitochondrial diseases. The minimal mammalian replisome is made up of DNA polymerase
gamma, replicative helicase Twinkle, and single-stranded DNA binding protein. Recently, a
sequence homolog of Twinkle was uncovered in the nematode C. elegans. Here, we
characterized this homolog, twnk-1, and report that while twnk-1 does not appear function as the
primary mitochondrial DNA replicative helicase in this species, as loss of twnk-1 does not result
in reduce mitochondrial DNA levels, or result in other expected mitochondrial dysfunctions such
as reduced oxygen consumption rates, increased sensitivity to metabolic perturbations, or
reduced muscle function. However, twnk-1 mutants exhibit phenotypes associated with
mitochondrial stress, including reduced fecundity, an activation of the mitochondrial unfolded
protein response (UPR™), and mitochondrial fragmentation. Our results suggest that in C.
elegans, twnk-1 does not function as the mitochondrial DNA replicative helicase, but has an
alternative function in regulating mitochondrial function.

In a second project, we focused on the UPR™, a transcriptional program initiated when
mitochondrial proteostasis is challenged. Previous work from our lab shows that when
mitochondrial health is challenged in neurons alone, they signal to distal tissues, activating the
UPR™ in the intestine. This causes hormesis as shown through extended lifespan. We found that
when the UPR™ component and chromatin modifier PHF8/jmjd-1.2a is overexpressed in a
second neural cell type, astrocyte-like cephalic sheath glia, they signal the UPR™ to distal tissues
as well. We used two UPR™ reporters to investigate this effect, and to dissect the details of the
two branches of UPR™ signaling. Glial UPR™ induced hormesis as shown through extended
lifespan, as well as resistance to the mitochondrial stressor paraquat. This work contributes to the
growing field of glia biology and supports the hypothesis that glia are actively involved in
information processing and signaling.
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Chapter 1: Introduction

In my graduate work, I used C. elegans to model and investigate mitochondrial
dysfunction and stress responses. As introduced here and detailed in chapter 3, in my first
project, I investigated a putative mitochondrial DNA replisome protein, the helicase Twinkle,
and characterized organismal response to knockdown and knockout of this protein, which is
essential in other invertebrate and mammalian models. In my second project, detailed in chapter
4, I investigated the ability of glia cells are able to perceive mitochondrial stress and activate a
hormetic response via cell non-autonomous signaling of the mitochondrial unfolded protein
response.

1.1 Mitochondria, mitochondrial dysfunction, and quality control

Mitochondria are essential organelles, responsible for cellular energy production and the
synthesis of metabolites in metazoa. They are the site of f-oxidation of fatty acids and oxidative
phosphorylation, have essential roles in calcium homeostasis and apoptosis, and drive anabolic
biosynthesis events that support cellular growth. Mitochondrial function is crucial to healthspan
and lifespan. Aberrant mitochondrial function can trigger a wide range of metabolic
consequences, and mitochondrial dysfunction is associated with numerous genetic and age-onset
diseases (1).

Mitochondria evolved from archaeabacteria, and became obligate symbionts in many
eukaryotic cells. They retain remnants of their evolutionary history; notably, a double membrane
and their own circular genome (2). Over time, most genes from the original bacterial genome
have either been transferred to the nuclear genome, or lost. In metazoans, mitochondria maintain
a small genome (~15 kb), which contains 12-13 crucial genes encoding subunits of the
multimeric electron transport chain (ETC) protein complexes, while the rest of the ETC proteins
are encoded by the nuclear genome. Additionally, the mitochondrial genome contains the
sequences to make mitochondrial tRNAs and rRNAs. All other mitochondrial proteins are
transcribed from the nuclear genome, and then imported into the organelle by designated protein
import mechanisms (3,4) in the outer mitochondrial membrane (OMM) and inner mitochondrial
membrane (IMM).

The OMM is made of phospholipid bilayer studded with proteins involved in fission and
fusion, lipid processing, and protein import. The IMM is also a phospholipid bilayer, and it
contains protein import components, proteases, and crucially, houses all complexes of the
electron transport chain (ETC) and ATP synthase. The inner-most compartment of the
mitochondria, the matrix, contains enzymes for the TCA cycle and fatty acid metabolism, as well
as machinery for mitochondrial DNA (mtDNA) replication, transcription, and translation
machinery. The mtDNA nucleoid itself is also in the matrix, closely associated with the matrix-
facing side of the IMM.

Mitochondrial function declines in normal aging. In aging in various model organisms,
we see an increase in mtDNA deletions and mutations, and increased production of reactive
oxygen species (ROS). There is decreased expression of nuclear-encoded mitochondrial genes,
decreased oxygen consumption rate (OCR), and decreased production of ATP (5). Mitochondrial
membrane potential decreases, presumably decreasing the capacity for protein import (6), which



is also speculated to cause an increase in protein mistargeting to subcellular locations during
aging.

Mitochondria face several unique challenges to their maintaining their health in the
cellular environment. First, because most mitochondrial proteins are transcribed from the nucleus
and translated in the cytoplasm, the overwhelming majority of mitochondrial proteins must be
imported into the organelle. This requires cytosolic chaperones, healthy OMM and IMM import
complexes, high mitochondrial membrane potential, and faithful targeting to the correct
organelle. Another challenge is that the vital mitochondrial protein complexes responsible for
oxidative phosphorylation (OXPHOS) contain protein subunits encoded by both the nuclear and
mitochondrial genomes. Expression of these subunits must be coordinated across the two
genomes, and failure in this coordination leads to stoichiometric imbalances in the protein
complexes which cause stress to the organelle. A third unique challenge is that oxidative
phosphorylation creates reactive oxygen species (ROS) as a byproduct. ROS can harm the
OXPHOS machinery, mtDNA, and other mitochondrial proteins and lipids.

Over the past several decades, research has increasingly suggested a causative link
between mitochondrial dysfunction, aging, and late-onset disease. Aberrant mitochondrial
function can trigger a wide range of metabolic consequences, and mitochondrial dysfunction is
associated with numerous neurodegenerative diseases of aging. Hundreds of genetic variants in
mitochondrial proteins have been associated with pathological changes in mitochondrial
function, many of which manifest only later in life.

Cells orchestrate and coordinate a handful of known stress-response mechanisms that are
induced by various mitochondrial perturbations caused by these and other challenges.
Mitochondria are constantly undergoing fission and fusion events, which dilute the effects of
damage in any individual organelle. In C. elegans, mitochondrial fragmentation—that is, the
appearance hyperfused, oversized mitochondrial foci—is a stereotyped response to stress,
presumably working to join together compromised organelles to get a full compliment of
working machinery, proteins, and intact nucleoids (7,8). Another mechanism is autophagy of
mitochondria (mitophagy), in which E3 ligase Parkin and kinase PINK1 work together to
ubiquitinate the surface of damaged organelles, targeting them for degradation (9). Recently,
there have been descriptions of mitochondrial-derived vesicles pinched off the organelle and
bound for degradation (10,11). Apoptosis may be initiated is when the load of mitochondrial
stress is insurmountable (12—14).

Our work focuses on the final known quality control mechanism: the mitochondrial
unfolded protein response (UPR™), a protective transcriptional regulation program activated
upon mitochondrial stress. In this response, mitochondria signal stress to the nucleus, which
reduces global transcription, but increases transcription of mitochondrial protein chaperones and
proteases to restore proteostasis in the organelle. Over the last decade, our and other labs have
uncovered many of the key molecular players in this process. The initial signal from the
mitochondria relies on the protease CLPP-1 (15) and the peptide exporter HAF-1 (16). Under
healthy conditions, the transcription factor ATFS-1, which is unique for having both
mitochondrial and nuclear targeting sequences, is transported into mitochondria and rapidly
degraded. Under conditions of mitochondrial stress, perhaps because membrane potential and
thus the efficiency of protein import into mitochondria are reduced, ATFS-1 is translocated to
the nucleus (17,18). This change in ATFS-1 localization is a primary activator of the UPR™.
Mitochondrial stress also causes the translocation of the transcription factors DVE-1 into the
nucleus. In the nucleus, ATFS-1 works to increase transcription of aforementioned mitochondrial

2



quality control genes, as does DVE-1 in conjunction with UBL-5 (15,19,20). The activity of
DVE-1 and UBL-5 are related to H3K9 dimethylation by MET-2 and its cofactor LIN-65 (20).
Some results suggest that ATFS-1 and DVE-1/UBL-5/MET-2 are two separate branches of the
UPR™ (20), but how distinct they are, or whether some stressors activate one signaling branch
but not the other, is unknown. Suppression of global transcription and selective upregulation of
transcription of mitochondrial quality control genes also depends on histone demethylase JMJD-
1.2 (20,21). The UPR™ is best understood in C. elegans. Work in murine models, human cell
culture lines, and patient samples from humans with mitochondrial genetic diseases are being
used to investigate similar mechanisms in mammals (22,23).

Crucial mitochondrial quality control proteins including key chaperones HSP-60 and
HSP-70, and proteases are conserved across species. ATFS-1 orthologs are upregulated upon
mitochondrial challenges in mammals, as is FGF21, a secreted protein with roles in
mitochondrial biogenesis and health, and is proposed component of the putative mammalian
UPR™ (24,25).

A growing body of work from our lab and others has shown hormesis from mitochondrial
stress and the resulting activation of the UPR™. That is, while too great an amount of stress on
mitochondria kills organisms prematurely, stress in a lower dosage range actually provides
benefit to the organism by activating protective responses. Work in our lab has showed that in C.
elegans, mitochondrial stress during the final stage of larval development turns on the UPR™,
and increases the lifespan of the organism in a UPR™-dependent manner (26). This result has
been replicated using a variety of mitochondrial stressors (20,21,27,28).

We have also shown that when neurons alone are subject to mitochondrial stress that
activates the UPR™, they communicate this signal to distal tissues, activating the UPR™ in a cell
non-autonomous manner (20,21,26,27). Specifically, they signal to the intestine, which has
liver-like metabolic functions in C. elegans. Mitochondrial stress to neurons and the resultant
cell non-autonomous signaling replicates the hormetic effect of whole-animal stress, increasing
the organism’s lifespan (26). Additionally, work from our lab has shown that overexpression of
the homolog of chromatin modifier PHF8 alone in neurons is sufficient to signal UPR™ to distal
tissues and recapitulate the hormetic effect as shown through lifespan extension (20,21).

C. elegans neurons have two main signaling routes: one is small clear vesicles (SCVs),
which signal through classic neurotransmitters and biogenic amines, and the other is dense core
vesicles (DCVs), which signal through neuropeptides (29). In a model using polyglutamate
repeat overexpression to induce mitochondrial stress, cell non-autonomous signaling of the
UPR™ relied on the serotonin production gene tph-1 and dense core vesicle signaling. It is
unknown whether other types of mitochondrial stress in neurons signal through these same
components, or if stress-signaling components vary with type of stressor.

1.2 Mitochondrial DNA replication and related pathologies

When mitochondrial function is sufficiently compromised, an organism may develop a
mitochondrial disease. Mitochondrial diseases in humans and mammal models often show
striking tissue-specificity, even when they are the result of genetic mutations that exist in all cells
in the organism. Post-mitotic tissues with high energy demands—that is, the nervous system and
skeletal muscle—are often the most effected. These diseases frequently manifest as peripheral
neuropathy and related hearing loss; epilepsy; severe, intractable depression; muscle-wasting;
and sudden cardiac arrest. Liver failure and infertility are also frequently noted in the literature
(24,30-38).



A common cause of mitochondrial genetic diseases is mutations in proteins affecting
mitochondrial DNA (mtDNA) replication. Three proteins encoded in the nuclear genome act in
concert to make the functional unit of the mtDNA replisome (Fig S1A): (i) DNA polymerase
gamma (POLG in humans; polg-1 in C. elegans), which elongates mtDNA; (ii) mitochondrial
single-stranded binding protein (mtSSB in humans; mtss-1 in C. elegans), a protein that binds the
lagging strand and stimulates the activity of PolG; and (iii) Twinkle (7TWNK in humans; twnk-1
in C. elegans), the mtDNA replicative helicase. Twinkle is a recA/DnaB superfamily helicase,
similar to the T7 phage replicative helicase, gp4 (39,40). In many metazoan species including C.
elegans, Twinkle homologs lack the ancestral DNA binding and nucleotide hydrolysis domains
necessary to the primase function. The ancestral N-terminal primase domain is connected by a
linker region to the C-terminal helicase domain (40,41). In vivo, Twinkle monomers form a
hexamer, making it a ring helicase, visible in electron micrographs (42—45). Human Twinkle
unwinds DNA in a 5’ to 3’ direction, hydrolyzing dNTPs at the subunit interface, and leading the
replisome complex (41). Mutations in PolG and Twinkle cause a variety of disease syndromes,
which most often affect the nervous system and muscle, as previously noted (46).

Dominant mutations in PolG and in the Twinkle linker region lead to the accumulation of
multiple mtDNA deletions in the muscle, heart, and brain, manifesting as progressive
mitochondrial myopathy known as progressive external ophthalmoplegia (PEO)
(31,33,34,36,44,47). This sometimes involves sensory neuropathy and parkinsonism (40,48).
Molecular analyses reveal that in muscle and brain, PEO patients have an accumulation of large
deletions in the mitochondrial genome. Breakpoints are often in regions that are thought to be
difficult for polymerases, such as nucleotide runs and repeats (49). PEO, thus, exhibits the
previously mentioned strikingly tissue-specific phenotypes.

Recessive mutations in PolG and Twinkle, as well as in proteins regulating dNTP pools,
result in depletion of mtDNA, often in a tissue-specific manner. Recessive mutations in the
Twinkle helicase region lead to infantile-onset spinocerebellar ataxia (IOSCA), which causes
severe disability and is fatal within the first two decades of life (35,36,50). Our incomplete
understanding of the mechanisms of these mitochondrial disease syndromes prevents the
development of targeted therapies. In fact, there are no treatments for mitochondrial genetic
diseases at this time. In order to further understand the molecular basis of these dysfunctions,
animal models of genetically-induced mtDNA replication dysfunction are needed.

Over the last decade and a half, there has been an accumulation of evidence suggesting
functional conservation of PolG and mtSSB in invertebrate models, including D. melanogaster
(51-55) and C. elegans (56-59). There is also evidence supporting the role of Twinkle as a
replicative helicase in D. melanogaster (60,61). While a Twinkle homolog with 36% identity to
the human ortholog has been identified in the C. elegans genome (57,62), whether it functions as
the mitochondrial DNA replicative helicase is unknown.

C. elegans possess a mitochondrial genome that is similar in size and structure to the
mammalian mitochondrial genome, and shares most of the same genes (63). Additionally, major
metabolic pathways and the major mitochondrial biogenesis pathway relying on PGC-1a are
conserved, and similar age-related dysfunctions are observed in mammalian and nematode
mitochondria. These include respiratory chain dysfunction, structural abnormalities, decreased
oxygen consumption and ATP production, protein aggregation, and accumulation of mtDNA
deletions, especially at repetitive sites (59,64—67). The conservation of replisome proteins and
metabolic aging phenotypes, as well the genetic toolkit and ease of genetic and drug screening in
this organism, makes C. elegans an appealing organism to model mtDNA diseases and to screen
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for potential drug targets. Thus, I set out to investigate the role of the C. elegans Twinkle
homolog. In chapter 3, I describe a project in which we used the model organism C. elegans to
look at Twinkle homolog function in C. elegans, and the effects on mitochondrial health and
stress when this protein is knocked out or knocked down. We hoped to eventually create a PEO
disease model that we could use to interrogate tissue-specific differences in mitochondria
induced by the mutation, screen for genes that protect mitochondrial health, and screen for drugs
that suppress disease PEO disease phenotypes.

1.3 Mitochondrial stress and the C. elegans nervous system

The nervous system is comprised of two cell types: neurons and glia. Neurons are well
known for their functions in receiving, synthesizing, and transmitting information. Glia were
long overlooked by the neuroscience community who presumed they served only as metabolic
support cells for neurons. Over the last decade and a half, new research has begun to illuminate
the varied and essential roles of glial cells.

As the complexity of an organism increases, the ratio of glia to neurons increases. In the
relatively simple animal C. elegans, the nervous system is comprised of 302 neurons and 56 glia
(68). In, humans the ratio of neurons to glia is roughly one-to-one (69). In vertebrates, there
many types of glial cells, of which astrocytes are the most numerous in the central nervous
system (CNS) (69). Astrocytes are heavily processed cells, named for the star-like appearance
their processes give them. A given astrocytes makes contact with multiple neurons and as many
as tens of thousands of synapses (70). Their processes surround and contact neurons, especially
at synapses. The functional unit of axon terminal, dendrite, and abutting astrocyte process is
known as a tripartite synapse (71-73). Astrocytes are involved in synapse development, growth,
and pruning, and modulate synaptic activity (71,74,75). They contribute to learning, cognition,
and memory (75-80). They express neurotransmitter receptors, and release of neurotransmitters
can regulate astrocyte function (81). Astrocyte inflammatory responses and dysfunction are
features of, and may have causative roles in, CNS diseases such as Alzheimer’s disease,
amyotrophic lateral sclerosis (ALS), epilepsy, stroke, and traumatic brain injury (82—85).

While we are only at the beginning of understanding the roles of glia in C. elegans, some
important insights have been gained in recent years, pioneered in large part by the Shiham lab
(68,86-91). Similar to vertebrate neuronal development, C. elegans neurons and glia form from
asymmetric cell divisions of neuroepithelial precursors. C. elegans glia are secretory and have
essential roles in neuronal morphogenesis, structure, and function (87,90,92-94). C. elegans glia
support neurogenesis, neuron process exploration and growth, and synaptogenesis, further
supporting the hypothesis that the developmental relationship between glia and neurons is
conserved between C. elegans and vertebrate models (68,87,91,92,95).

The nerve ring in C. elegans serves as the central neuropil and has the majority of the
synapses in the animal. Four cephalic sheath (CEPsh) glial cells tile the nerve ring in a manner
stereotypical to astrocytes. Similar in developmental process to vertebrate astrocytes, CEPsh glia
start as simple bipolar cells and becoming highly branched, resembling the transition from radial
glia to astrocytes (87,96,97). RNA sequencing experiments show that CEPsh glia are enriched
for gene transcripts that are also enriched in mammalian astrocytes, including a homolog of the
conserved astrocyte glutamate transporter GLT1 (g/t-1 in C. elegans) (89,91,98,99). CEPsh glia
also express dopamine receptor and transporter homologs (89,100). The ensheathment of the
nerve ring by CEPsh glia may serve as a sort of proto-blood-brain barrier, mediating contact
between coelemic fluid and the neurons of the nerve ring (68,73,101). Fine processes of CEPsh
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glia extend into the nerve ring, forming tripartite synapses (89). Amphid neurons run from the
nerve ring to the most anterior part of the worm where they form the amphid sensillum, a sensory
organ with roles in chemotaxis, mechanosensation, osmotaxis, and pheromone sensing (102). In
addition to extensive contact with the nerve ring, CEPsh glia ensheath amphid neurons along
their entire length, perhaps positioning glia to respond to the external world (103).

One of the technical challenges of uncovering glia function and distinguishing it from
neuronal function is that they are so closely entwined, physically and functionally: glia in many
regions of the brain in vertebrate model organisms provide crucial metabolic and trophic factors,
without which neurons are not viable. While glia in C. elegans share many functions with
mammalian glia, they are not necessary for neuronal survival (68,88,90,97). Thus, C. elegans
provides unique opportunities to explore and dissect glia and neuron function.

As previously mentioned, our lab has shown that neurons play a special role in stress
signaling in C. elegans: they are able to relay subcellular compartment-specific stress signals to
distal tissues, activating stress response pathways—the UPR™, the endoplasmic reticulum
unfolded protein response (UPR™), and heat shock response (HSR)—in a cell non-autonomous
manner (20,26,27,50,104—106). Recently, our lab found that glia were able to activate the UPR™®
and transmit this signal to distal tissues (A. Frakes et al, manuscript forthcoming). In chapter 4, I
describe the second major project of my thesis work. In this project, I examined the potential of
glia to signal mitochondrial stress, the effects of this cell non-autonomous signaling on lifespan
and stress resistance, and the signaling mechanisms of the pathway.



Chapter 2: Materials and Methods

Strains

The Bristol strain (N2) was used as wild type. The following worm strains used

in this study were obtained from the Caenorhabditis Genetics Center (University of Minnesota)
unless otherwise noted: VC2626 (F46G11.1(0k3198)X), VC1224 (Y57A10A4.15(0k1548)/mT1 II;
+/mT1 [dpy-10(el28)] II), MQS887 (isp-1(gm150)IV), TK22 (mev-1(knl III)), CE512 (rrf-3(b26)
II; fem-1(hcl7) 1V), SJ4005 (zcls4(hsp-4p::GFP)V), CL2070 (dvIn70[pCL25(hsp-16.2p::GFP,
pRF4(ro0l-6))]), SJ4100 (zcls13 V{hsp-6::GFP)), and SJ410(zcls14[myo-3::GFP(mit)]). We
crossed SJ4005 (zcls4(hsp-4p::GFP)V), CL2070 (dvin70[pCL25(hsp-16.2p::GFP, pRF4(rol-
6))]), and SJ4100 (zcls13 V]hsp-6::GFP)) with the hlh-17p::jmjd-1.2a strain, whose generation is
described below. We crossed VC2626 (F46G11.1(0k3198)X) with SJ4103 (zcls14[myo-
3::GFP(mit)]) to create the homozygozed line used in Chapter 3, Figure 6. Backcross of
V(2626 (F46G11.1(0k3198)X) and cross with SJ4103(zcls14[myo-3::GFP(mit)]) were
confirmed with forward primer 5'-CCTTCTCCAAGACTTGACGC-3’ and reverse primer 5'-
TACCCAGCGTATTGCACAAG-3’. We also used strains generated in the lab and previously
published: AGD1505 (uthls404[myo-2p::tdTomato, sur-Sp:;jmjd-1.2a::3"UTR unc-54]),
AGD1510 (uthls409[myo-2p::tdTomato, rgef-1p::jmjd-1.2a::3'UTR unc-54]). We also generated
strains, as described below. Strains are available upon request.

Strain generation

For generation of ptr-10p::jmjd-1.2a animals, the 0.3kb upstream of the ptr-10 start codon was
amplified from genomic DNA. For generation fig-1p::jmjd-1.2a animals, a 1264bp fragment
upstream of fig-1 start codon was amplified from genomic DNA. For constructs with the hlh-17
promoter, a 3.0kb fragment upstream of the hlh-17 start codon was amplified from. For
generation of mir-228p:;jmjd-1.2a animals, a 2225bp fragment upstream of the mir-228 start
codon was amplified from genomic DNA (68,88). The jmjd-1.2a ORF was amplified from wild-
type C. elegans cDNA. Full length DNA plasmid constructs were injected at 50 ng/ul along with
a coinjection marker (myo-2p::tdTomato) at 2.5 ng/ul into SJ4100 (zcls13 V[hsp-6::GFP]) to
generate transgenic overexpression nematodes. For integrated strains, animals with extra-
chromosomal arrays were integrated by gamma irradiation and backcrossed 7x. Strains are
available upon request.

Worm maintenance and RNAi

Worms were grown on solid agar nematode growth media (NGM) plates at 20°C on OP50 E.
coli bacteria. For RNAi1 experiments, worms were fed HT115 E. coli bacteria carrying an RNAi
construct or an empty construct, L4440, as empty vector control. Synchronized eggs were
harvested by timed egg-lay (2 hours) or by bleaching worms with a solution of 1.8% sodium
hypochlorite and 0.375 M KOH and grown on RNAi from hatch or L1 arrest. Bacterial feeding
in RNAI experiments was conducted from hatch or L1 arrest, as indicated. RN strains were
taken from the Vidal RNAI library if possible, and from the Ahringer RNAI library otherwise.
All clones were sequence-verified.



Sequence analysis, alignment, and phylogeny

DNA and amino acid sequences were obtained from the National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/) and Wormbase (https://wormbase.org/). DNA
sequence analysis was performed using National Center for Biotechnology BLAST with
standard settings. Amino acid sequence similarity was determined using National Center for
Biotechnology BLAST with standard settings. Amino acid sequences were aligned using Clustal
Omega software with standard settings, available from the European Bioinformatics Institute
(https://www.ebi.ac.uk/Tools/msa/clustalo/). We visualized this alignment using the TCoffee
Expresso tool, available at tcoffee.crg.cat. For the phylogenetic tree, sequences were analyzed
using Phylodendron, set to create a phenogram with horizontal tree growth with node lengths and
inner nodes. This software is available from Indiana University’s Bio-Archive
(http://iubio.bio.indiana.edu/treeapp/treeprint-form.html).

in silico modeling of Twinkle

Sequences of Twinkle homologs for alignment and modeling were retrieved from UniProt
database. Multiple sequence alignment was done using Promals3D server
(http://prodata.swmed.edu/promals3d/). 3D homology models for C-terminal helicase domain of
human and C. elegans TWINKLE proteins were done in Swiss-Model server using alignment
mode. Structural analysis, protein superimposition and figure preparation were done using
Discovery Studio v3.5 (BioVia) software.

Brood size assay

Brood size assay performed as described (107) with some modifications. Briefly, animals were
grown on RNAI from hatch. 10 L4 animals per condition were moved to individual plates, and
then moved again every 12 hours. When animals were removed from plates, plates were put at 4°
C so eggs would not hatch, and then eggs were counted. Experiment was done in two biological
repeats. Statistical significance was calculated using a one-tailed t-test.

Motility assay

Motility assay was performed as described (108) with some modifications. Briefly, worms were
synchronized by timed egg lay, and grown on RNAi bacteria from hatch. Worms were picked at
random from a plate into 50 uL. of M9 on an empty plate, and 25 seconds of video was captured
immediately. Body bends were counted by eye for each worm; N>9 worms/strain/experiment
were counted. Experiment was done in three biological repeats. Statistical significance was
calculated using a two-tailed t-test.

Oxygen consumption rate

Oxygen consumption rate of whole worms was measured as described (109) with some
modifications. Briefly, worms were washed from plates and incubated in M9 for 20 minutes to
remove residual bacteria. Then, N>50 worms (10 worms/ well) were transferred to the Seahorse
XF96 Cell Culture Microplate (Agilent Technologies, 101085-004) in a total volume of 180 uL.
Oxygen consumption rate per well was measured five times using the Seahorse XFe96 Analyzer



(Agilent Technologies). Experiment was done in three biological repeats. Statistical significance
was calculated using a two-tailed t-test.

Adult UV stress resistance assay

Resistance of adult nematodes to UVC was performed as described (110), with some
modifications. After completing egg-laying (D6), animals were treated with 1200 J/m* at D6, and
then moved to fresh plates. Irradiation was performed using a CL-1000 Ultraviolent Crosslinker
(UVP, CL1000). N>50 animals per genotype. Survival was scored every 24 hours after. This
assay was performed once.

Larval UV stress resistance assay

Larval UV stress resistance assay was performed as described (111), with some modifications.
Briefly, animals were bleached, and eggs were left in M9 for 24 hours to achieve L1 arrest.
Animals were put on NGM plates without OP50 bacteria, and treated with 10 J/m* at 24, 48, and
72 hours, and then moved to plates with standard OP50 food. Irradiation was performed using a
CL-1000 Ultraviolent Crosslinker (UVP, CL1000). Development to L4 or adulthood was scored
every 24 hours. N>33 per condition. Statistical significance was calculated using a one-tailed t-
test.

Heat shock response (HSR) assay

HSR was induced by putting D1 animals at 34°C for two hours, recovering at 20°C for four
hours, and then imaging as described below. RNAi against critical HSR chaperone Asf-1 was
used as a negative control.

Endoplasmic reticulum unfolded protein response (UPR"®) assay

UPR™ was induced putting animals on RNAi targeting fag-335, which we found induced this
response in a screen for inducers of the UPR™. Animals were grown on RNAi from hatch, and
imaged at D1. RNAI against critical UPR™® component xbp-I was used as a negative control.

Microscopy of whole animals

Synchronized animals were obtained through timed egg lays. For all imaging, unless otherwise
noted, animals were D1 adult hermaphrodites and experiments were performed in triplicate with
at least 8 animals imaged per experiment. Worms were synchronized by timed egg lay or
bleaching, and grown from hatch on RNAi bacteria when RNAi was used. For fluorescent
microscopy, animals from a population were chosen at random under the light microscope. All
images were taken using a fixed exposure and gain to just below saturation for the intestinal
fluorescence. Images were taken in at least two biological repeats. Animals were anaesthetized
with 0.1 M sodium azide (Fisher Scientific, 26628-22-8), and imaged immediately with a Leica
MDG41 Stereoscope and Leica DFC3000 G Camera.



Microscopy of muscle mitochondria

Imaging was performed as described (7), with some modifications. Briefly, synchronized
animals were obtained through timed egg lay. For all imaging, animals were D1 adult
hermaphrodites and experiments were performed in triplicate with 10-20 animals imaged per
experiment. Worms were grown from hatch on RNA1 bacteria. Animals were placed directly in
M9 media on a glass slide without anesthesia, and imaged immediately (modification courtesy of
G. Garcia). Single-plane images of muscle mitochondria from cells just anterior to the vulva
were captured in each worm using a Zeiss Oberserver.Z1 Axiovert microscope equipped with a
Zeiss axiocam 506 camera, lumencor sola light engine, and ZenBlue software. GFP was
visualized by using a 63x/1.4 Plan Aprochromat objective and a standard GFP filter (Zeiss filter
set 46 HE). Experiment was performed in more than three biological repeats.

Microscopy of dve-1p::dve-1::GFP localization

Briefly, synchronized animals were obtained by bleaching adults. For all imaging, animals were
D1 adult hermaphrodites and experiments were performed in triplicate with 10-15 animals
imaged per condition per experiment. Worms were grown from hatch on RNA1 bacteria.

Worm Fixing Protocol and Sample Imaging for confocal microscopy: worms were grown on the
RNAI specified from hatch, and at D1, they were rinsed off plates with M9 and added to 15-mL
conical tubes. Animals were washed 3x with M9 to remove bacteria, then

transferred to microcentrifuge tubes using a glass Pasteur pipette. M9 was aspirated to 100 pL,
and 400 pL of PBS-buffered paraformaldehyde was added directly to worms. Tubes were rocked
at room temperature for 10 minutes. Worms were pelleted by centrifuging for 2 minutes at
1000g, and liquid was aspirated leaving ~100 pL. Animals were then frozen at 80°C.

After thawing, animals were washed 3x with PBS. Next, 1 mL PBS and 0.5 uL DAPI were
added to the sample, which was rocked at room temperature for 1.5 hours, and then washed 3x in
PBS. As much liquid as possible was aspirated, and 100 uL of 75% glycerol buffered in PBS was
added. Animals were stored at 4°C until being imaged. For imaging, samples were mounted
directly on glass slides, a coverslip was placed directly on the specimen, and sealed with nail
polish. Mounted slides were kept at 4°C for at least 12 hours prior to imaging to allow for
settling of specimen and rehydration with glycerol. Imaging was performed as described (7),
with some modifications. Z-stack images of intestinal nuclei from the hindgut in each worm
were captured using a Zeiss Oberserver.Z1 Axiovert microscope equipped with a Zeiss axiocam
506 camera, lumencor sola light engine, and ZenBlue software. GFP was visualized by using a
40x/1.4 Plan Aprochromat objective and a standard GFP filter (Zeiss filter set 46 HE) with an
exposure of 110 ms. Experiment was performed in three or more biological repeats. I thank
Gilbert Garcia and Dr. Joseph Daniele for this protocol.

Electron microscopy

Samples were prepared as described (112), with some modifications. Briefly, 200-300 worms
were grown on RNAI bacteria from L1 arrest, and then loaded into specimen carriers and fixed
using high pressure freezing (Balzers HPM 010 High Pressure Freezer). Samples were then
freeze substituted in 1.0% osmium tetroxide, and 0.1% uranyl acetate in acetone at —90°C, and
then warmed to —10°C and washed with pure acetone. Worms were embedded in increasing
concentrations of Epon resin at room temperature, transferred to flat bottom embedding capsules
in pure resin, and cured at 65°C for 48h. Serial sections were cut at 70cnm, and placed onto
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formvar coated mesh copper grids, and imaged using a FEI Tecnai 12 Transmission electron
microscope. Experiment was performed once.

Quantitation of fluorescence by whole animal sorting

Quantitation of fluorescence along the length of the worm was performed as described (113).
Briefly, we used a Union Biometrica complex object parameter analysis sorter (COPAS)
Biosorter (product no. 350-5000—-000) using 561 nm and 488 nm light sources. The Biosorter
was flushed with 10% bleach, M9 buffer, COPAS cleaning solution (#300-5072—000), and then
worms in M9 buffer were added to the cup. Data was acquired using optimized settings for laser
PMT power and size gating. Worm profile data was collected using the Biosort 5401.1 software
provided with the Biosorter machine. Data analysis, significance testing, and data plotting was
run using the LAMPro Suite graphical interface to run MATLAB scripts (version R2015a).

RNA purification and qRT-PCR
RNA purification were performed as described (21), with minor modifications. Briefly, mixed
age populations of C. elegans were age synchronized by egg bleaching and cultivated on NGM
plates. Animals were collected in M9 buffer, centrifuged at 1,000x g for 30 seconds, resuspended
in Trizol (Life Technologies, 10296-028), and snap frozen in liquid nitrogen. After several
freeze-thaw cycles, total RNA was isolated using chloroform and isopropanol. 1 pg of total RNA
was subjected to cDNA synthesis using the QuantiTect Reverse Transcription Kit (Qiagen,
205314). Quantitative real-time PCR reactions were performed with the SYBR Select Master
Mix (Life Technologies, 4472920) in Optical 384-well MicroAmp plates (Life Technologies,
4309849) using a QuantStudio 6 Flex (ThermoFisher). pmp-3 (forward primer 5°-
CGGTGTTAAAACTCACTGGAGA-3’, reverse primer 5’-TCGTGAAGTTCCATAACACGA-
3°), cdc-42 (forward primer 5’~AGGAACGTCTTCCTTGTCTCC-3’, reverse primer 5’-
GGACATAGAAAGAAAAACACAGTCAC-3’), and Y45F10D.4 (forward primer 5’-AAG
CGT CGG AAC AGG AAT C-3’, reverse primer 5’-TTT TTC CGT TAT CGT CGA CTC-3’)
were used as housekeeping genes; forward primer 5’-GAT CCT CCA TTG GAT GCT TG-3’
reverse primer 5’-CGG AAG TTT GAT GCC ATT TT-3’ were used to detect twnk-1.
Experiment was performed once.

Quantitation and analysis of mitochondrial DNA content

Worms (N=10) were lysed in 15 uL of buffer as previously described (58). The product was
diluted 1/1000, and 1 uL of the resulting product was used for each reaction. Absolute
quantitation was performed as described (56). Briefly, each experiment included a series of
dilutions of pCR2.1 plasmid with the mtDNA NADH dehydrogenase subunit 1 (nd-1) sequence
inserted. This plasmid was a gift from Dr. A. Trifunovic. Primers for NADH nd-1 were used to
detect the plasmid nd-1 sequence as well as mtDNA in samples (nd-1 forward primer is 5'-
AGCGTCATTTATTGGGAAGAAGAC-3" and reverse primer 5'-
AAGCTTGTGCTAATCCCATAAATGT-3"). Samples were loaded in triplicate, and absolute
quantity of mtDNA was calculated in reference to the Ct values of the plasmid reference.
Absolute quantities are displayed as relative to N2 on OP50 or EV RNA(, respectively, at D1.
Experiments were done in at least two biological repeats of each experiment. Statistical
significance was calculated using a one-tailed t-test.
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Lifespan assay

Lifespan experiments were conducted at 20°C as previously described (26). Briefly, lifespans
were performed on nematodes fed HT115 bacteria expressing the indicated RNA1, using the pre-
fertile period of adulthood as day 0. Animals were transferred to fresh plates every other day
until day 12. ), GraphPad Prism 6 for Mac OS X (GraphPad Software, Inc.), was used for
statistical analysis to determine significance calculated using the log-rank (Mantel-Cox) method.
For lifespans done with paraquat, paraquat was added to the media to the specified quantitation
before the plates were poured.

Paraquat stress resistance

Acute paraquat stress resistance assays were conducted as previously described, with some
modifications (114). Briefly, animals were grown from hatch on empty vector L4440 bacteria or
bacteria expressing RNAI against daf-2 which served as a positive control. At D1, worms were
submerged in 50ul of 0.4M paraquat dissolved in S-basal buffer at 20°C. Death was determined
on every two hours by the lack of movement after prodding with a platinum wire. Experiment
was carried out for 10 hours. 60 worms were used for each condition in each experiment.

Statistical analysis and figure generation

T-tests to analyze significance of data were performed using Sheets (Google). Figures were made
using R (RStudio, 1.1.453), GraphPad Prism 6 for Mac OS X (GraphPad Software, Inc.), and
Adobe Illustrator CC 22.1 (Adobe).
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Chapter 3: Twinkle is not required for mtDNA replication in

C. elegans, but may have alternate mitochondrial functions

3.1 Introduction
3.2 Results

3.3 Discussion
3.4 Figures

3.1 Introduction

In mammals, PolG, Twinkle, and single-stranded binding protein (mtSSBP) form a
conserved minimal mtDNA replisome (38). In addition to these components, mtDNA
maintenance requires the presence of topoisomerases, endonucleases and the transcription factor
TFAM, as well as mitochondrial histones that package the supercoiled mtDNA into
mitochondrial chromosomes (115).

Twinkle and TFAM are the known mtDNA copy number regulators in mammals, the
former regulating entry of mtDNA into replication, and the latter binding mtDNA in a histone-
like manner, and increasing mtDNA half-life (32,116). Knockout of Twinkle and other mtDNA
maintenance proteins shows that these proteins are essential for embryonic development in mice
(117). D. melanogaster has a conserved Twinkle homolog, which is also an independent
regulator of mtDNA copy number (118). Twinkle levels affect replication speed and fidelity in
both flies and mice (116,119). These findings strongly suggest that Twinkle is a conserved
mtDNA replicative helicase, licensing mtDNA to enter replication in both vertebrate and
invertebrate metazoans. In the yeast S. cerevisiae, however, there is no Twinkle homologue,
indicating its later evolutionary emergence, or loss in this organism (120).

In this work, we investigated the function of the C. elegans Twinkle homolog by
examining not only mtDNA content, but conducting a variety of assays of mitochondrial
function and stress in order to better understand the function of this protein in C. elegans.

3.2 Results

Twinkle evolved from the T7 phage gp4 helicase protein, and is found in most
eukaryotes, with fungi being a notable exception (41). DNA sequence analysis of the C. elegans
genome confirmed one Twinkle homolog, F46G11.1, which we named twnk-1. Phylogenetic
analysis of Twinkle proteins in other model organisms showed that the nematode branch has
significantly diverged from the mammalian branch, as well as from that of other model
organisms (Fig 1A). The degree of identity between the human and mouse homologs of Twinkle
at the polypeptide level is about 85%; identity between human Twinkle and invertebrate model
homologs is about 35-40% (40). In C. elegans and C. briggsae, twnk-1 carries a 27 amino acids
(AA) insertion (Fig 1B).

Next, we focused on the functional C-terminal helicase domain. We observed similarities
in the amino acid sequence across species in key regions. Overall, the degree of amino acid
sequence similarity to the human homolog in twnk-1 (36% identity) is comparable to that of the
worm homolog of PolG, polg-1 (37% identity), which is functionally conserved (56,58,59). Our
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sequence analyses identified no other putative Twinkle homologs or pseudogenes in C. elegans.
To further examine whether sequence differences would affect the function of the protein, we
used in silico modeling of the helicase domain to predict its structure. This analysis indicated that
the 27 AA insertion is in the first DNA binding loop, likely at the surface where subunits interact
(Fig 1C). Despite possible disruptions to the DNA binding, we continued our characterization, as
this insertion may have an adaptive role, such as altering the preference to specific DNA binding
motifs.

To further confirm twnk-1 as the functional homolog of Twinkle, we attempted to detect
the TWNK-1 protein in mitochondria by quantitative liquid chromatography-mass spectrometry
of isolated C. elegans mitochondria. We were unable to detect POLG-1 or TWNK-1, suggesting
that they exist at levels beneath the detection limits of this method (data not shown). Because of
the detection limits, we did not pursue this route of inquiry further. By expressing a TWNK-1
tagged with an mRuby fluorophore under a highly expressed all-tissues promoter (sur-5p), we
confirmed that the protein localizes to the mitochondria in C. elegans, despite lacking a
canonical mitochondrial targeting sequence (Fig 1D).

Loss of twnk-1 does not deplete mitochondrial DNA

To functionally investigate the role of twnk-1 in worms, we used RNAi knockdown of
twnk-1, as well as a knockout strain from the Vancouver consortium (VC2626
(F46G11.1(0k3198) X)). In this strain, portions of the N-terminal primase region, the entire
linker region, and the Walker A nucleotide binding motif of the C-terminal helicase domain have
been deleted (Fig S1B). The resulting truncated mRNA is likely degraded by nonsense-mediated
decay (121). Indeed, we were able to confirm the presence of twnk-1 transcripts in larval wild
type worms, but not twnk-/ mutant animals (data not shown). We conclude that twnk-1 is an
actively transcribed component of the genome in wild type animals, and that in twnk-1 mutant
animals, no or undetectable levels of twnk-I mRNA are allowed to persist.

We predicted that if Twinkle is functionally conserved in C. elegans, this strain should
suffer from inhibited mtDNA replication. Research in human cell lines confirms that loss of
Twinkle is sufficient to deplete mtDNA (32), while Twinkle overexpression in mice is sufficient
to increase mtDNA copy number (32,116). We examined the effect of loss of twnk-1 on mtDNA
levels in C. elegans. Previous work showed that mtDNA content approximately doubles by day 5
of adulthood (D5) in N2 (wild-type) worms. In contrast, when polg-1 and the mtSSBP homolog
mtss-1 were knocked down by RNAi, mtDNA levels on D5 decreased to less than half of their
day 1 of adulthood (D1) levels, suggesting functional conservation of these genes with their
human homologs (57). We replicated these findings, and showing that knockdown of polg-1 and
mtss-1 significantly decreased the levels of mtDNA by D5, despite similar mtDNA levels on D1.
We also tested the effects of knocking down the TFAM homolog, hmg-5, a key activator of
mitochondrial transcription that is also crucial for mtDNA replication and mtDNA copy number.
Knockdown of Amg-5 had a similar effect to polg-1 and mtss-1, causing a comparable decrease
in mtDNA by D5 (Fig 2A). However, neither RNAi knockdown or knockout of twnk-1 caused
loss of mtDNA in mid-adulthood (Fig 2A, 2B). Furthermore, mtDNA levels of twnk-1 mutants
and animals treated with rwnk-1 RNAi1 were both higher than the control at D1, and further
increased at D5 (Fig 2A, 2B). While these results demonstrate that loss of twnk-1 does not cause
the expected loss of mtDNA as replisome components, polg-1 and mtss-1, the increase in
mtDNA upon loss of twnk-1 may indicate a connection to other mitochondrial functions.
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To further elucidate the role of twnk-1 in mitochondrial DNA replication, we tested the
recovery of worms following radiation stress. UV stress in C. elegans has been shown to induce
mitophagy and loss of mtDNA, and recovery from UV stress requires mtDNA replication (111).
While we found that adult sfwnk-1 animals survived UV stress as well as adult wild type animals
(Fig S2), twnk-1 larval animals were compromised in their ability to recover from UV stress
relative to wild type animals, though this effect did not reach statistical significance (Fig 2C).
Thus, our results indicate that rwnk-1 function does not dampen normal mtDNA replication or
affect UV stress survival in adulthood, but may impair recovery from a stress that requires
mtDNA replication during larval development.

Loss of twnk-1 does not impair mitochondrial function, but causes stress phenotypes

We next focused on mitochondrial function at the organelle level. If twnk-1 is
functionally conserved, loss of twnk-1 would be expected to reduce mitochondrial health and
metabolic function. To this end, we analyzed oxygen consumption rate (OCR) in early and mid-
adulthood. While at individual time points, loss of polg-1 nor twnk-1 resulted in significant
changes in OCR, the direction of these changes relative to N2 was variable. Taken together,
these data suggest that there is no net change in OCR upon loss of twnk-1 or polg-1 (Fig 3A and
S3A). Conversely, knock down of mitochondrial ribosome protein subunit 5 (mrps-5)
consistently showed a significant reduction in OCR.

Dysfunction at the organelle level may activate the mitochondrial unfolded protein
response (UPR™), a protective transcriptional regulation program activated upon mitochondrial
stress. In a murine model of Twinkle mutation, critical and conserved UPR™ proteins, including
the canonical mitochondrial chaperone protein mtHSP-70 (HSP-6 in C. elegans), are upregulated
(122). Thus, we assayed whether loss of twnk-1 and other replication-related proteins activated
this response by imaging the expression of an Asp-6::GFP transcriptional reporter for UPR™
activation. We observed a mild activation of the reporter upon knockdown of twnk-1;
knockdown of polg-1, mtss-1, and the TFAM homolog Amg-5 caused a more subtle induction of
this response (Fig 3B, 3C). In case the maternal contribution of these proteins was buffering the
animals from dysfunction and stress, we followed animals through two generations of RNA1
treatment, but did not see increased reporter activation in the second generation (Fig S3B). Thus,
while neither loss of twnk-1 or disruption to replisome function is a potent activator of the UPR™
in C. elegans as assayed by hsp-6::GFP, some stress response was evident upon knockdown of
twnk-1, similar to the level we see caused by expression of expanded repeating glutamates in a C.
elegans model of Huntington Disease type protein aggregation (27).

To determine whether twnk-1 affects metabolic functions of mitochondria, we tested
whether loss of twnk-1 would cause synthetic phenotypes with other perturbations to
mitochondrial function. Using RNAi to knockdown electron transport chain (ETC) components,
isp-1 (Complex III) and cco-1 (Complex IV), we saw no obvious synthetic effects on
development, reproduction, or movement in twnk-1 animals relative to wild-type animals (Fig
3D). In a reciprocal experiment, knockdown of twnk-1 in ETC complex III mutant, isp-1, and
ETC complex II mutant, mev-1, did not have obvious synthetic effects (Fig 3E). Beyond ETC
functions, we hypothesized that oxidative metabolism may be impaired, which would make
twnk-1 mutant animals rely more heavily on glycolysis. To investigate whether twnk-1 mutants
show this metabolic pattern, we knocked down four genes crucial for glycolysis. twnk-1 mutants
showed no gross synthetic effects on development, reproduction, or movement when subject to
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RNAI knockdown of glucose transmembrane transport gene fgz-1, hexokinase genes Axk-1 and
hxk-2, or putative triosephosphate isomerase #pi-/ (Fig 3F, 3G).

Next, we examined mitochondrial morphology, as it may reflect organelle health.
Mitochondria in muscles are the most accessible for imaging in worms: in wild-type animals,
they exist in lace-like networks through the myocyte. We previously found that overexpressing
GFP in mitochondria sensitizes them to fragmentation (unpublished data). Using a strain
expressing GFP targeted to mitochondria in muscles, we observed that while mitochondrial
networks remained intact in the control, when polg-1 is knocked down or twnk-1 is mutated, the
mitochondrial network in a subset of muscle cells is fragmented in a stereotypical stress pattern
(Fig 4A). The mosaicism of this phenotype is consistent with how muscle dysfunction manifests
in human mitochondrial myopathies, where some muscle cells appear normal, and others show
loss of ETC function, and disruptions to mitochondrial morphology (25,33,122—-124). To
examine the morphology of individual mitochondria in greater detail, we used high
magnification transmission electron microscopy on animals at D1 of adulthood (Fig 4B). In
diseased patients, mouse models, and polg-I mutants, swollen mitochondria with concentric
cristae have been observed (33,50,56,125). We observed no disruptions to mitochondrial cristae
upon loss of polg-1 or twnk-1.

Loss of twnk-1 does not affect development or decrease muscle function, but decreases
reproductive capacity

We continued our characterization of loss of twnk-1 function on organismal health by
examining whether rwnk-1 animals exhibited a developmental delay, as mitochondrial biogenesis
is crucial for larval development. We found that twnk-1 animals reached the last larval stage (L4)
and the first day of adulthood (D1) concurrent to age-matched wild type worms (Fig 5A). In
addition, loss of twnk-1 showed no synthetic developmental effects with impaired mtDNA
replisome function caused by RNAi knockdown of polg-1 (Fig 5B). The reproductive capacity of
the worms was of interest, as C. elegans egg production requires robust mitochondrial biogenesis
(58). twnk-1 animals had a reduced brood size relative to N2 animals on empty vector or polg-1
RNAI (Fig 5C), an effect we also observed informally during strain maintenance. Next, we
examined whether loss of twnk-1 affected muscle function, as loss of mitochondrial function has
been linked to decreased muscle function, which worsens with age (56). We found that rate of
movement in liquid (thrashing) in early and mid-adulthood was not reduced in twnk-1 animals
(Fig 5D; replicates shown in Fig S5); in fact, these animals maintained their rate of thrashing
better than wild type animals in mid-adulthood. This may be related to our finding that rwnk-1
animals have higher mtDNA levels. In summary, loss of twnk-1 does not seem to negatively
impact development and in fact preserves muscle function, but does decrease fecundity.

Screening for the functional homolog of Twinkle

Finally, as our results suggested that rwnk-1 is not functioning as the primary mtDNA
replicative helicase in C. elegans, we sought to determine if another helicase has this function.
We screened a library of RNAi clones, which represents >90% of the known RNA and DNA
helicases in C. elegans (124 in total). In our primary screen, we looked for synthetic effects on
development or fertility in combination with mutations in twnk-1, polg-1, and ETC component,
isp-1, with wild type animals and a common sperm-deficient sterile strain as a control. The
results of these screens are summarized in Figure 6 (see also Supplementary Table 1). Finally,
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we screened initial hits and individually selected candidate genes for reduced mtDNA level; this
yielded no promising leads for an alternate mtDNA replicative helicase.

3.3 Discussion

In this work, we set out to determine whether twnk-1 is the functional homolog of
Twinkle, as an extension of previous works that established conservation of the other integral
components of the mtDNA replisome. We found, however, that the worm Twinkle homologue
twnk-1 does not appear to function as a replicative helicase for mtDNA, making C. elegans an
exception in multicellular eukaryotes.

Analyzing the TWNK-1 amino acid sequence in C. elegans revealed a similar degree of
conservation to the human homologue as was observed between the human and worm PolG,
which is functionally conserved. We were further encouraged by the in silico modeling of the
structure of TWNK-1, which indicated similarity in the C-terminal helicase domain, and the
localization of TWNK-1::mRuby to the mitochondria. However, animals with knockdown or
knockout of twnk-1 were viable and did not show loss of mtDNA or decreased oxygen
consumption, contrary to the detrimental phenotypes of knock-down of other replisome
components. These results indicate that rwnk-1 lacks functional conservation with the human
homolog.

In fact, upon loss of twnk-1, mtDNA was slightly, but significantly, elevated, suggesting
that twnk-1 may functions in non-replicative mtDNA processing, such as repair, or that increased
mtDNA is the result of a secondary response, such as mitochondrial biogenesis spurred by stress.
Following UV stress in C. elegans, mitochondria and mtDNA are degraded by mitophagy. In
order to recover from this acute stress, cells undergo a burst of mitochondrial biogenesis and
mtDNA replication (111). twnk-1 mutant adults were not sensitive to UV stress, but worms in the
first larval stage (L1) had reduced resistance to UV stress. These results suggest that twnk-1 may
have acquired a role as a repair- or stress-specific helicase during development. twnk-1 mutants
also show reduced fecundity. As oocyte production requires a surge in mitochondrial biogenesis
(58), this result may be associated with a deficiency in some kind of mitochondrial function.

The hypothesized genetic interaction of twnk-1 with different cellular pathways,
including other replisome components (polg-1), glycolysis (hxk-1, hxk-2, fgt-1, tpi-1), and
oxidative phosphorylation (isp-1, mev-1, cco-1), revealed no synthetic developmental or
physiological defects, which is consistent with twnk-1 not having a role in respiratory chain
function or nutrient metabolism. Interestingly, knocking down spg-7, the C. elegans homolog of
the mitochondrial quality control protease paraplegin, caused developmental arrest of the rwnk-1
mutant. spg-7 is the C. elegans homolog of the mitochondrial quality control protease,
parapalegin; its synthetic interaction with rwnk-1 may suggest a prior challenge to the
mitochondrial protein landscape, or indicate that twnk-1 is related to managing mitochondrial
stress. Finally, imaging of muscle mitochondria revealed that knockdown of twnk-1 causes the
mitochondrial network to fragment, a classic indicator of mitochondrial stress in C. elegans (7).
Taken together, our results indicate that TWNK-1 has a pleiotropic role in regulating
mitochondrial form and function distinct from mtDNA replication in C. elegans.

An indication for possible such role may be a finding in human cell lines, where Twinkle
maintains its punctate mitochondrial localization and association with the inner mitochondrial
membrane (IMM) even in cells lacking mitochondrial DNA (Py); this is in marked contrast to
other replisome proteins, which are diffuse in the absence of mtDNA (40,126,127). Specifically,
human Twinkle was found to associate with cholesterol in the IMM (Gerhold et al., 2015) .
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Additionally, mammalian cell culture models show that constriction of the IMM is an important
early step in mitochondrial fission (128), and preferentially occurs where the replicating mtDNA
nucleoid is located (129). The morphological and physiological defects we observed upon loss of
twnk-1 may imply that, in C. elegans, Twinkle serves as an IMM protein that is important to
mitochondrial membrane structure, and organelle morphology and dynamics. While research on
Twinkleopathies has focused on loss of replicative functions, our findings suggest that it may be
worth investigating whether other kinds of mitochondrial distress are also causative in these
syndromes. We hoped to examine the effect of expressing human Twinkle in C. elegans, but
were unable to confirm successful overexpression of human Twinkle in C. elegans, or generate
viable animals expressing a dominant mutation in the linker region (PEO type) of human
Twinkle (data not shown).

We conclude that C. elegans is an evolutionary divergence from the typical metazoan
mtDNA replisome, likely having recruited the conserved Twinkle protein to alternative
mitochondrial tasks. Finally, we screened dozens of other helicases but were unable to find one
that appeared to be functioning as an alternative primary mtDNA replicative helicase.
Investigations of additional genes may find a functional homolog of Twinkle in C. elegans, and
set the stage for modeling mtDNA diseases in this organism.
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3.4 Figures

Figure 1: Phylogeny, sequence alignment, and structural analysis of Twinkle homologs
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Figure 1: Phylogeny, sequence alignment, and structural analysis of Twinkle homologs (A)
Phylogenetic tree of twinkle homology: Phylogenetic tree of model organisms was constructed
according to AA sequence of Twinkle homologs or predicted Twinkle homologs. (B) Sequence
alignment of the C-terminal helicase region: The sequence of the C-terminal helicase region
from different species was aligned. Identical (black) and similar (gray) residues in key regions
(red boxes) are highlighted. (C) in silico modeling of Twinkle: Structure model and overlay of
the C-terminal helicase region of human (red) and C. elegans (green) Twinkle, with ATP in the
Walker A binding cleft. (D) Illustration shows where on the worm body micrographs were taken.
Micrographs show localization of TWNK-1::mRuby in myocytes; GFP genetically targeted to

muscle mitochondria is used as a mitochondrial marker.
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Figure 2: Loss of twnk-1 increases mtDNA, but decreases fitness under mtDNA replicative

stress.
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Figure 2: Loss of twnk-1 increases mtDNA, but decreases fitness under mtDNA replicative
stress. (A) mtDNA levels in twnk-1 knockdown: Ratio of absolute quantity of mtDNA of animals
on replisome component and ~#mg-5 RNAI, relative to empty vector at D1, as measured by
qPCR. Results shown as mean = SEM, *x* p <0.001, **p < 0.01, *p < 0.05; ns, p > 0.05. (B)
mtDNA levels in twnk-1 mutants: Ratio of absolute quantity of mtDNA in wild type versus twnk-
[ animals, relative to wild type animals at D1, as measured by qPCR. Results shown as mean +
SEM, #*xp < 0.001,**p < 0.01,*p < 0.05; ns, p > 0.05. C) Mutation in twnk-1 decreases
resistance to UV radiation: Effect of UV treatment on larval development in wild type and twnk-
1 animals.
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Figure 3: Loss of twnk-1 causes no gross defects in mitochondrial function.
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Figure 3: Loss of twnk-1 causes no gross defects in mitochondrial function. (A) Mutation of
twnk-1 does not affect oxygen consumption rate (OCR): OCR in twnk-1 and control C. elegans
lines was measured using Seahorse XFe96 Analyzer. mrps-5 was used as a control. Results
shown as mean = SEM. Significance of twnk-1 relative to age-matched EV animals indicated as
follows: *** p < 0.001, **p < 0.01, *p < 0.05; ns, p > 0.05. Significance of polg-1 (RNA1)
relative to age-matched EV animals at the same time point is indicated as follows: +++ p <
0.001, ++p <0.01, +p < 0.05; ns, p > 0.05. Changes in mrps-5 (RNA1) OCR were significant for
nearly every point. (B) Knockdown of twnk-1 causes a subtle induction of the mitochondrial
unfolded protein response (UPR™): Activation of the UPR™ reporter isp-6p::GFP upon RNAi
knockdown of replisome components and ~mg-5. Zoom of hindgut knock down of polg-1 and
twnk-1, showing slight upregulation of the Asp-6p::GFP reporter in (C). (D) Synthetic
interactions with mitochondrial genes: twnk-1 and wild type control animals were grown on
ETC component (cco-1, mev-1) and mitochondrial protease (spg-7) RNAi. The converse
experiment, where ETC mutant animals (isp-1, mev-1) were grown on replisome RNA1 is shown
in (E). (F) Glycolysis flow diagram: the metabolic pathway from glucose (Glc) to pyruvate (Pyr)
is depicted. Glucose transport protein 1 (FGT-1) and the enzymes hexokinase 1 (HXK-
1),hexokinase 2 (HXK-2), and triosephosphate isomerase (TPI-1) are highlighted in purple, and
knocked-down in wild type and twnk-1 animals in (G).
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Figure 4: Loss of twnk-1 causes changes in mitochondrial morphology.
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Figure 4: Loss of rwnk-1 causes changes in mitochondrial morphology. (A) Mutation in twnk-
1 causes mitochondrial fragmentation: Fluorescent imaging of the mitochondrial network in
myocytes using GFP targeted to the mitochondria as a mitochondrial marker. Wild-type animals
on empty vector (EV) or polg-1 (RNAI1), and twnk-1 mutant animals

were used. (B) Christae structure appears unperturbed with loss of twnk-1 and polg-1: Electron
micrographs of twnk-1, polg-1 (RNA1), and wild-type animals. White arrows point to
mitochondria. Images on the right panel are zooms of the corresponding box as indicated by
dashed lines.
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Figure 5: Mutation in twnk-1 does not impair development, but reduces fecundity.
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Figure 5: Mutation in #wnk-1 does not impair development, but reduces fecundity. (A)
twnk-1 mutants develop normally: twnk-1 and wild type animals were imaged at age-matched
time points in L4 and D1. Note that the development of worms was concurrent. (B) twnk-1
mutants do not exhibit synthetic effect with polg-1 knockdown: twnk-1 and wild type control
animals grown on polg-1 RNAi were imaged. Low magnification pictures show the presence of
eggs, indicating that the animals are fertile. (C) Mutation in twnk-1 reduces fecundity: Fecundity
was assayed by brood size as counted by the number of eggs laid over time for wild type, polg-1
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(RNA1), and twnk-1 animals. Results shown as mean + SEM. Significance of twnk-1 relative to
N2 at the same time point is indicated as follows: **p < 0.01, *p < 0.05; ns, p > 0.05.
Significance of twnk-1 relative to polg-1 at the same time point is indicated as follows: +p <
0.05; ns, p > 0.05. (D) Animals mutant for twnk-1 increase thrashing: Motility of wild type,
polg-1 (RNAI), and twnk-1 animals, as measured by body bends (thrashing) in liquid during
early and mid-adulthood. Thrashing measurements were taken over 25 seconds. Significance of
twnk-1 relative to age-matched N2 animals is indicated as follows: *** p <0.001, **p < 0.01, *p
< 0.05; ns, p> 0.05. Significance of twnk-1 relative to polg-1 at the same time point is indicated
as follows:+++p < 0.001,++p < 0.01,+p < 0.05; ns, p > 0.05.
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Figure 6: Screening alternative replicative helicases.
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Figure 6: Screening alternative replicative helicases. A summary of the hits from the
preliminary screen indicates their features: (i) detection in mass spectrometry of isolated
mitochondria (ii) predicted nucleic acid type interacting with the protein, and score (from 0 to 3)
for a developmental delay, arrest, and sterility as assessed by microscopy in different genetic
backgrounds (iii-vii). See full table of screen results in Table S1.
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Supplementary Figure 1: Schematics of mtDNA replisome and ftwnk-1 locus mutation.
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Supplementary Figure 1: Schematics of mtDNA replisome and twnk-1 locus mutation. (A)
Schematic of the minimal mitochondrial DNA replisome in characterized metazoans. (B)
Schematic of twnk-1 locus in wild type versus twnk-1 mutant.
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Supplementary Figure 2: twnk-1 adults are not sensitized to UV stress.
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Supplementary Figure 2: twnk-1 adults are not sensitized to UV stress. Survival curve of
adult wild type versus twnk-1 mutants after UV treatment.
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Supplementary Figure 3: twnk-1 does not decrease OCR, but does cause subtle activation of
the UPR™.
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Supplementary Figure 3: rwnk-1 does not decrease OCR, but does cause subtle activation of
the UPR™". (A) Mutation of twnk-1 does not affect oxygen consumption rate (OCR): OCR in
twnk-1, polg-1 (RNAI), and control C. elegans lines was measured using Seahorse XFe96
Analyzer. Two independent replicates are shown here; results shown as mean + SEM.
Significance of twnk-1 relative to wild type indicated by: *** p <0.001, **p < 0.01, *p < 0.05;
ns, p > 0.05. Significance of polg-1 relative to wild type indicated by: +++ p < 0.001, ++p <

0.01, +p < 0.05; ns, p > 0.05. (B) Two generations of RNAi knock down of twnk-1 causes a subtle
induction of the mitochondrial unfolded protein response (UPR™): Activation of the UPR™
reporter hsp-6p::GFP upon two generations of RNAi knockdown of replisome components and
hmg-35.
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Supplementary Figure 4: Animals mutant for fwnk-1 show increased thrashing.
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Supplementary Figure 4: Animals mutant for rwnk-1 show increased thrashing. Motility of
wild type, polg-1 (RNAI), and twnk-1 animals, as measured by body bend (thrashing) in liquid
during early and mid-adulthood. Two independent replicates are shown here. Results shown as
mean = SEM; significance relative to age-matched N2 animals shown as ***p < 0.001,**p <
0.01,*p < 0.05; ns, p > 0.05. Supplementary Table 1: Complete Results of screen for alternate
mtDNA replicative helicase. Indicated are gene name or locus, predicted nucleic acid type
interacting with the protein, and score (from 0 to 3) for a developmental delay, arrest, and
sterility as assessed by microscopy in different genetic backgrounds (iii-vii).
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Supplemental Table 1: Complete Results of screen for alternate mtDNA replicative
helicase. Indicated are gene name or locus, predicted nucleic acid type interacting with the
protein, and score (from 0 to 3) for a developmental delay, arrest, and sterility as assessed by
microscopy in different genetic backgrounds (iii-vii).

Gene Name or Locus  [N2 phenotype Sperm-deficient sterile (CF512) phenotype |twnk-1 (VC2626) Phenotype polg-1 (VC1224) phenotype |isp-1 (MQ887) phenotype
empty vector (EV,
plasmid L4440) WT Sterile eggs WT Reduced fertility Delayed
cco-1 Delayed, reduced fertility |Delayed, no eggs Delayed, reduced progeny L4 arrest Sterile
mtss-1 WT Sterile eggs WT Reduced fertility Delayed
polg-1 WT Sterile eggs WT Reduced fertility Delayed
twnk-1 WT Sterile eggs WT Reduced fertility Delayed
glh-2 WT WT (related to strain on EV) WT (related to strain on EV) WT (related to strain on EV) |WT (related to strain on EV)
H20104.4b Delayed and reduced fertil WT very reduced fertility Sterile Delayed, sterile
smgl-2 WT WT WT WT Delayed, reduced fertility
F52G3.3 WT WT WT WT Delayed, reduced fertility
F19B2.5 WT WT WT WT Delayed fertility
hel-1 Larval arrest WT L3 arrest, some dead at D2, prot vulva |Larval arrest Larval arrest
Y54G11A.3 WT WT WT WT Delayed
mel-46 WT Reduced egg production WT Reduced fertility Delayed, reduced fertility
Protruding vulva, very reduced egg Some animals show developemental Variable penetrance larval
mecm-7 Delayed fertility production delay, reduced progeny Sterile arrest, sterile
mut-14 WT WT WT WT Delayed fertility
smut-1 WT WT WT WT Delayed fertility
tofu-2 WT WT WT WT WT
C44H9.4 WT WT WT WT Delayed fertility
skih-2 WT WT WT WT WT
psa-4 WT WT WT WT WT
mog-1 WT WT WT WT WT
chl-1 WT WT WT WT Delayed
Variable penetrance larval
F53H1.1 WT WT WT WT arrest, sterile
drh-2 WT WT WT WT Delayed fertility
Variable penetrance larval
drh-1 WT WT WT Reduced fertility arrest, delayed fertility
vbh-1 WT Reduced egg production some dead adults at D2 Reduced movement Delayed fertility
helg-1 WT WT WT Sterile Delayed fertility
F52B5.3 WT WT WT WT WT
F11C3.1 WT WT WT WT Delayed fertility
C24H12.4a WT WT WT WT Reduced body size
ZK250.9 WT WT WT WT Reduced body size
Variable penetrance larval arrest,
btf-1 Delayed, sterile WT sterile L4 arrest Reduced body size
C28H8.3 WT WT WT WT Delayed
MCM-2 Delayed fertility No egg production Delayed fertility Sterile, protruding vulva WT
Y113G7B.14 WT WT WT WT Reduced fertility
chd-3 WT WT WT WT WT
C11Ge.2 WT WT WT Reduced movement WT
rde-12 WT WT WT WT Reduced fertility
MO04C3.2 WT WT WT WT Delayed
C25F9.5 WT WT WT WT Delayed
Variable penetrance larval
der-1 WT WT WT WT arrest, sterile
Delayed and reduced Variable penetrance larval
rha-2 fertility WT Very reduced fertility Delayed, sterile arrest, sterile
Very reduced fertility, protruding Variable penetrance larval
T26G10.1 Delayed, sterile WT vulva arrest, sterile Reduced body size, sterile
C16A3.1 WT WT WT WT Delayed
Variable penetrance larval arrest, reduced |Variable penetrance larval arrest,
F57B9.3 Delayed, sterile egg production sterile Larval arrest Larval arrest
Variable penetrance Variable penetrance larval arrest,
wrn-1 larval arrest, sterile WT sterile Larval arrest Larval arrest
Variable penetrance
ZK686.2 larval arrest, sterile Reduced egg production Very reduced fertility Sterile Delayed, sterile
Variable penetrance larval Reduced fertility, second gen
ddx-23 Very reduced fertility WT Very reduced fertility arrest, sterile sterile
ddx-19 WT WT WT WT Delayed
rha-1 WT WT WT WT Reduced fertility
Y54E2A.4 WT WT WT WT Delayed
chd-1 WT WT WT WT Delayed
glh-1 WT WT WT WT WT
drh-3 WT WT WT WT Delayed
dog-1 WT WT WT WT Delayed
dic-1 Reduced fertility WT reduced progeny Sterile Delayed, sterile
let-355 WT WT WT Reduced fertility Delayed, reduced fertility
Variable penetrance larval
mcm-6 Delayed fertility Variable penetrance larval death Delayed fertility Delayed, sterile arrest, sterile
Variable penetrance larval Variable penetrance larval
mtr-4 Delayed fertility Reduced egg production WT arrest, sterile arrest
RO3D7.2 WT WT WT WT
cku-80 WT WT WT WT WT
xnp-1 WT wT WT WT WT
glh-3 WT WT WT WT WT
cgh-1 WT WT WT WT WT
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mcm-3
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rad-26
eri-1
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bch-1
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F33D11.10
csb-1
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inf-1
ddx-17
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TO5A12.4
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Chapter 4: Glia signal the mitochondrial unfolded protein response to distal

tissues

4.1 Introduction
4.2 Results

4.3 Discussion
4.4 Figures

4.1 Introduction

Cells orchestrate and coordinate a number of different stress-response mechanisms in
response to various perturbations. Different subcellular compartments are able to monitor the
health of their proteins, and respond to proteostatic challenges by initiating stress responses.
Over the last decade and a half, our lab and others have shown that stressors sometimes actually
extend the lifespan of an organism. This is thought to be due to the protective effects of
activating these stress responses a dynamic known as hormesis. Indeed, genetic induction of
stress responses in the absence of stressors has the same effect, supporting this hypothesis
(20,21,104-1006).

In this project, I focused on the UPR™, a genetic program that is activated upon
challenges to mitochondrial health. This response works to decrease global protein translation
while simultaneously increasing production of mitochondrial chaperones and proteases that work
to restore mitochondrial protein homeostasis (124,130,131). Cells throughout an organism
autonomously activate this quality control mechanism in response to stress. Additionally, our lab
has shown that when neurons are subject to mitochondrial stress that activates the UPR™, they
activate the UPR™ in distal tissues in a cell non-autonomous manner. This tissue-specific stress
and non-autonomous signaling is sufficient to increase the organism’s lifespan (20,21,26,27).
Our lab has also shown that the homolog of the chromatin modifier PHFS, jmjd-1.2 in worms, is
a necessary component of UPR™ signaling. Jmjd-1.2/PHFS is histone demethylase of 2-
oxoglutarate dependent oxygenase that works on a range of substrates: H3K9me1/2, H3K27me2
and H4K20me1(132-136). It is associated with upregulation of gene expression and the removal
of repressive marks, perhaps playing a role in the upregulation of stress-responsive genes.
Overexpression of jmjd-1.2a in neurons is sufficient to induce distal UPR™ activation and extend
organismal lifespan (21).

In addition to neurons, the nervous system contains glia cells. C. elegans glia most
closely resemble vertebrate astrocytes, a glial subtype that is abundant in the mammalian CNS.
Recent advances in the field of glial biology show that astrocytes are highly secretory; important
in memory, learning, and synaptic plasticity(76,77,79,137); and can signal between themselves
in a calcium-dependent manner (72,138). In C. elegans, glia have been shown to be crucial to
axon guidance and morphology (88,95) and sensory organ function (90), and modulates
dopamine-dependent behaviors (139) and sleep (91). Glia are currently defined by four
promoters: mir-228 (pan-glial), fig-1 (amphid sheath glia), ptr-10 (most glia, excepting amphid
sheath glia), and hlh-17 (cephalic sheath glia) (68,87,88,95).

In forthcoming work, our lab shows that glia are capable of transmitting organelle stress
(UPR™) to distal tissues, turning on the UPR™ in a cell-nonautonomous manner. This extends
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lifespan even more robustly than neuronal signaling of the UPR™ (101 and Frakes et al,
forthcoming in Cell). Inspired by this work, we hypothesized that glia may also be able to signal
the UPR™ to distal tissues. We investigated glial signaling in the context of the UPR™. We
examined the ability of a subset of glia to signal the UPR™ non-autonomously, the effects of
signaling on lifespan and stress resistance, and the molecular mechanisms behind this signaling.
This work is ongoing, and will be completed by my colleagues Dr. Raz Bar-Ziv and Samira
Monshietehadi after I graduate.

4.2 Results

Glia signal the UPR™ to distal tissues

Previous work from our lab has shown that expressing the key UPR™ component histone
demethylase jmjd-1.2a under the neuron-specific promoter rgef-1 is sufficient to induce UPR™
in distal tissues in C. elegans (21). To assay if glia can signal the UPR™ to distal tissues, we
attempted to express jmjd-1.2a under the four known glia promoters. We were unable to make
animals expressing this gene under the pan-glial mir-228 promoter or under the amphid sheath
glia fig-1 promoter, even when injecting these constructs at very low concentrations and with a
variety of injection markers. We were able to make animals with an extrachromosomal array
expressing jmjd-1.2a under the promoter ptr-10, which is expressed in most glia cells, excepting
amphid sheath (AMsh) glia. Monitoring activation of the UPR™ by looking at transcription of
the canonical UPR™ chaperone Asp-6 using animals expressing Asp-6p::GFP, we saw subtle
activation of the UPR™ with mixed penetrance in lines with the ptr-10p:.jmjd-1.2a array. In
addition to weak UPR™ activation, these animals has no extension in lifespan, so we did not
study them further (Fig S1).

Animals expressing jmjd-1.2a under the cephalic sheath (CEPsh) glia promoter hlh-17
showed activation of the aforementioned hsp-6p::GFP UPR™ reporter (Fig 1A). hlh-17 is a
homolog of the mammalian gene Olig that is required for normal response to dopamine signaling
(139), and is specific to CEPsh glia in C. elegans (95). Specifically, we saw activation of the
UPR™ in the intestine. This induction was dependent on the canonical UPR™ transcription factor
ATFS-1. ATFS-1 is an unusual transcription factor has both a mitochondrial signal sequence and
nuclear localization sequence. In non-stressed conditions, it accumulates in mitochondria, where
it is degraded. Under stressed conditions, perhaps because membrane potential and therefore
import capability are reduced in compromised mitochondria, it is imported into the nucleus,
where it activates stress-response genes (17,18). Additionally, 4lh-17p::jmjd-1.2a did not induce
the endoplasmic reticulum unfolded protein response (UPR™) or the heat shock response (HSR)
(Fig 1C). While we generated three independent integrated strains expressing hlh-17p::jmjd-
1.2a, which all showed UPR™ activation, we chose to focus the majority of our studies on one of
these lines, as the two others had mating defects and were prone to multivulva phenotype.

We looked for Asp-6p::GFP signal in the CEPsh glia of hlh-17p::jmjd-1.2a animals,
comparing high magnifcation of nerve ring and amphid sensillum region to these areas in the
hilh-17p::GFP promoter reporter, but did not see evidence of UPR™ activation in these cells (data
not shown). We attempted to quantify the stress response by qPCR measuring mRNA levels of
the canonical UPR™ chaperones Asp-6 and hsp-60, as well as primers against canonical
chaperones of the UPR™ and the HSR. However, results were inconsistent (data not shown).
Indeed, previous work from our lab has shown that induction of chaperones of these stress
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pathways as measured by qPCR is subtle at best. Thus, to quantify the stress response, we used a
COPAS Biosorter to measure flouresence down the length of the animal (Fig 1B). This
preliminary quantification shows that the expression of hsp-6p::GFP in hlh-17p::jmjd-1.2a
animals is significant relative to the background expression of GFP in the reporter strain. This
difference was pronouned in the hindgut.

We validated these results using a second reporter for the UPR™. When the UPR™ is
activated, the transcription factor DVE-1 translocates from the cytoplasm to the nucleus (15,20).
Using transgenic animals expressing a dve-Ip.:dve-1::GFP to track the location of DVE-1, we
saw nuclear localization of the reporter in intestinal nuclei upon CEPsh glia expression of jmjd-
1.2a (Fig 2A). Nuclear localization was strongly suppressed by RNAi against /in-65, which
previous work from our lab has shown to be coregulated with DVE-1 (20). Interestingly, this
localization was not suppressed by RNAi against atfs-1. These results support previous work
suggesting that DVE-1, LIN-65, and MET-2 work together, while ATFS-1 works as a separate
signalling branch of the UPR™(20) (Fig 2B). We also examined the effect of RNAi treatment
against met-2 and ubl-5. Ubl-5 RNA1 may cause subtle suppression; we are currently quantitating
the DVE-1 data.

The genetic overexpression of jmjd-1.2a assays the ability of glia cells to transmit a
mitochondrial stress signal once it is activated within the cells. It does not directly speak to the
ability of these cells to sense endogenous mitochondrial stress. To more directly address this
question, we attempted to make animals expressing mitochondria-targeted KillerRed, a red
flourescent protein that generates reactive oxygen species. Previous worked showed that
expression of KillerRed in neurons was sufficient to induce a cell non-autonomous UPR™ (28).
Unfotunately, we were unable to make animals expressing KillerRed under the A/h-17 promoter,
even when injecting the construct with different coinjection markers and at a very low
concentration. We hope to explore this question by using a hairpin targeting electron transport
chain component cco-1 in glia (26).

Glia induction of the UPR™ increases lifespan and stress resistance

Because glial expression of jmjd-1.2a induced a non-autonomous UPR™ signal, we
hypothezised that lifespan would be extended in these animals, as in neuronal UPR™ induction
by jmjd-1.2a overexpresssion. Indeed, we saw increased lifespan in all three independent
integrant strains of hlh-17p::jmjd-1.2a (Fig 3A-C). We used atfs-1 as a control for UPR™
contribution to lifespan, but found it caused a mild reduction in wild type lifespan and did not
effecively suppressed glial jmjd-1.2a lifespan extension.

As a further test of the physiological effects of glial UPR™ induction, we assayed the
ability of hlh-17p::;jmjd-1.2a animals to withstand paraquat, a chemical stressor that generates
reactive oxygen species which disproportionately target mitochondria. A preliminary lifespan
experiment on paraquat showed that these already long-lived animals lived even longer when
subject to a low-level, on-going paraquat stress (Fig 3D). We followed up this intriguing finding
with more classic acute paraquat stress assays. In these assays, glial jmjd-12.a animals had
similar paraquat resistance to our positive control, daf-2 RNAi (140) (Fig 3E), indicative of an
increased capacity to withstand mitochondrial stress.

37



4.3 Discussion

Our work has shown that glia are capable of sending signals to distal tissues, adding to
the growing body of evidence that glia are involved in complex brain functions, perhaps even
information processing (72,141,142). We found that expressing the UPR™ component and
signal-inducer jmjd-1.2a in four CEPsh glia by using the 4lh-17 promoter induced the UPR™ in
distal tissues, as measured by fluorescent signal from the transcriptional reporter Asp-6p::GFP.
We quantified this result, and confirmed it with an additional reporter which shows nucear
localization of DVE-1 induced by the UPR™. These results were dependent on different known
UPR™ components: hsp-6p::GFP signal was dependent on atfs-1, while the localization of dve-
1p::dve-1::GFP to nuclei was independent of atfs-1, but dependent on /in-65. This supports
previous work in the lab that suggests there are two distinct signaling branches of the UPR™.

Glial activation of the UPR™ extends lifespan, and increases resistance to the acute
mitochondrial stress induced by paraquat treatment. These results suggest that activation of the
UPR™ by glia is physiologically meaningful, preserving and even buttressing mitochondrial
health. Together, these exciting results add to the growing body of evidence that glia cells are not
mere “glue” as their name suggests, but that they have critical roles in information processing,
signaling, and organismal health.

At the time of publication of this thesis, this work is ongoing. I am quantitating DVE-1
reporter localization under glial UPR™ signalling. My colleagues are in the process of replicating
the hsp-6p::GFP reporter data. We are also in the process of repeated lifespan assays.

In a model of mitochondrial stress induced by an expansion of glutamates, the causitive
molecular pathology in Huntington’s Disease, our lab found that the communication of neuronal
stress to distal tissues was dependent on the release of dense core vessicles, which rely on
expression of the gene unc-31 (27). DCVs transport neuropeptides, and are one of two main
chemical signalling mechanisms used by neurons. The other is small clear vessicles (SVCs),
which rely on the expression of unc-13 to transport neurotransmitters and biogenic amines (143).
To learn more about the molecular mechanisms of glial UPR™ signaling, we are curretnly
examining both UPRm¢ reporters in the context of mutations in unc-13 and unc-31. In the
aforementioned polyglutamate work, serotonin was a critical signal component. We are also
looking at stress reporters under glial jmjd-1.2a overexpression in the context of mutation of
tph-1, a serotonin production gene.
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4.4 Figures

Figure 1: Glia signal the UPR™ to distal tissues in C. elegans.
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Figure 1: Glia signal the UPR™ to distal tissues in C. elegans. (A) Overexpression of jmjd-
1.2a in CEPsh glia activates the UPR™ in distal tissues. Fluorescence in the pharynx is channel
bleed through from the tdTomato transgene marker. (B) Whole animal sorting using the COPAS
Biosorter quantifies fluorescence down the length of the animal. Violin plot shows whole animal
fluorescence on the y-axis. Middle image shows the median profile for worms of each strain,
with animals aligned left (anterior) to right (posterior) in arbitrary units of fluorescence.
Difference in anterior region is due to bleed over from the tdTomato transgenic marker in the
pharynx. Image on the right shows significance plots. “~1.3-log,, (P-value)” was plotted which
distinguished regions of significance by Wilcoxon Rank Sum Test (113). A value 20 is
equivalent to P <0.05; the difference in green fluorescence between the reporter strain (hsp-
6p::GFP) and the experimental strain (hlh-17p::jmjd-1.2a; hsp-6p::GFP) was significant,
especially in the hindgut. (C) hlh-17p::;jmjd-1.2a overexpression does not induce the UPR™ or
HSR.
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Figure 2: Glia UPR™ causes nuclear localization of DVE-1 in an atfs-I independent
manner.
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Figure 2: Glia UPR™ causes nuclear localization of DVE-1 in an atfs-1 independent
manner. (A) Glial expression of jmjd-1.2a causes nuclear localization of a DVE-1 reporter.
Image shown is hindgut. DAPI was used to confirm identity of intestinal nuclei. This effect is
strongly suppressed by lin-65 RNAI, and partially suppressed by ubl-5 RNAI. This effect does
not seem to be suppressed by RNAi against atfs-1.
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Figure 3: Glial activation of the UPR™ extends lifespan and increases oxidative stress

resistant.
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Figure 3: Glial activation of the UPR™ extends lifespan and increases oxidative stress
resistant. (A) Lifespan of wild type (N2) animals, animals expressing neuronal jmjd-1.2a under
the rgef-1 promoter, animals expressing jmjd-1.2a under the intestinal promoter gly-19, and
three independent integrant strains of hlh-17p::jmjd-1.2a on empty vector RNAi. (B) Lifespan of

the same strains on atfs-1 RNAi. (C) Lifespan of each hlh-17p::jmjd-1.2a strain versus N2 on EV
versus atfs-1 RNAi, separating for ease of viewing.

42



Supplementary Figure 1: Glial expression of jmjd-1.2 by the ptr-10 promoter does not

extend lifespan.
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Supplementary Figure 1: Glial expression of jmjd-1.2 by the ptr-10 promoter does not
extend lifespan. (A) Overexpression of ptr-10p::jmj-1.2a causes slight upregulation of the
UPR™. (B) Overexpression of ptr-10p::jmj-1.2a does not extend lifespan.
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Chapter 5: Conclusions and Future Directions

5.1 Conclusions and future directions

Our work on the function of TWNK-1 in C. elegans yielded surprising results: despite
being the sole homolog of the mtDNA replicative helicase Twinkle, twnk-1 is not necessary for
mtDNA replication or maintenance in this organism. We have shown that lack of twnk-1 does,
however, affect mitochondrial function: larval animals have decreased resistance to UV stress
and starvation, twnk-1 RNAi induces the UPR™, loss of twnk-1 causes synthetic arrest with
knockdown of the mitochondrial protease spg-7, and loss of twnk-1 causes mitochondrial
fragmentation, a classic indicator of mitochondrial stress.

Further efforts for this work would ideally take two paths: 1) finding a required mtDNA
replicative helicase in C. elegans and 2) making a PEO disease model using mutation in polg-1.
The first step to finding the helicase is completing the RNAi screen by making RNAi clones of
the helicases not available/sequence-verified from the available RNAI libraries. A more in-depth
screening method, though laborious, might include screening for loss of mtDNA content under
helicase RNAI treatment in twnk-/ mutant animals, as it is possible that TWNK-1 and another
mtDNA replicative helicase are functioning redundantly.

For the goal of making a PEO disease model, I would turn to polg-1. Mutations in PolG
are also known to cause PEO, and some of these are small mutations in areas with high sequence
conservation in C. elegans. The CRISPR-Cas system would be ideal for inducing these
mutations. If we were able to create stable lines, the next steps would be to do metabolic analysis
to further understand the molecular basis of the syndrome, RNAi screening to find genetic
modulators, and screening small molecules to find possible drug treatments to slow progress of
the disease.

Our work on glial signaling of the UPRmt has yielded exciting results: CEPsh glia cells
can signal the UPR™ to distal tissues in C. elegans. This signaling is physiologically significant:
animals with glial activation of UPR™ by overexpression of jmjd-1.2a are long-lived. They are
also resistant to paraquat, which creates damaging reactive oxygen species in mitochondria. Our
results add to a growing body of work uncovering the many important roles of glia cells,
particularly astrocyte and astrocyte-like glia.

Work on glial UPR™ signaling is ongoing as of this publication. We are repeating and
quantifying a number of assays, including UPR™ activation with two reporters and lifespan
assays. Finally, we are use mutations in neural signaling pathways to further understand how glia
signal the UPR™ to distal tissues. Our results add to a growing body of work uncovering the
many important roles of glia cells, particularly astrocyte and astrocyte-like glia.
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