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Summary

Summary

Maintaining a functional and healthy pool of mitochondria is critical for cellular homeostasis.
This is ensured by the action of several quality control and stress response pathways. One of
these pathways is the mitochondrial unfolded protein response (UPR™), which is activated upon
perturbation of mitochondrial proteostasis and specifically leads to increased expression of
mitochondrial chaperones and proteases. Since the mitochondrial proteome is encoded by the
mitochondrial as well as the nuclear genome, a high coordination of mitochondrial and nuclear

gene expression is required.

In chapter | it is shown that the inactivation of LRPPRC in mammalian cells results in an
imbalance between mitochondria- and nuclear-encoded subunits of complex V. This
imbalance is counteracted by the activation of the UPR™, which consequently helps to restore
mitochondrial proteostasis. Interestingly, this response is conserved since the inactivation of
the LRPPRC-like gene mma-1 in C. elegans also induces the UPR™ in this species.

Chapter 11 describes a more global aspect of UPR™ regulation in C. elegans. In particular, the
data indicates that the induction of autophagy, which is another cellular quality control
mechanism, leads to the suppression of UPR™ in response to a block in mitochondrial fission
or fusion. Noteworthy, increased autophagic flux does not restore mitochondrial morphology
but rather increases mitochondrial membrane potential and thereby suppresses UPR™.
Moreover, lipid profiling in mutants with a block in mitochondrial fusion revealed increased
levels of specific triacylglycerols (TGs), which is partially reverted by the induction of
autophagy. This suggests that the breakdown of these TGs fuels mitochondrial metabolism and
thereby increases mitochondrial membrane potential, which consequently leads to the

suppression of UPR™,

Taken together, this study shows that the mitonuclear protein imbalance upon knock-down of
LRPPRC is counteracted by the activation of UPR™. Moreover, a so far unknown functional
connection between UPR™ and autophagy has been established. Thus, these findings provide

novel insights into how UPR™ is affected by changes in metabolism.



Introduction

1 Introduction

1.1 Caenorhabditis elegans

The simple metazoan Caenorhabditis elegans (C. elegans) has been introduced into scientific
research in the early 1960s by Sydney Brenner. Since then, the small (~1 mm) free-living
nematode has been extensively used as a model organism for basic research especially in the
field of animal development and programmed cell death. One key feature of C. elegans is its
entirely mapped and invariant cell lineage (Sulston et al., 1983; Sulston and Horvitz, 1977).
This makes cell fate prediction for every single cell as well as manipulation of individual cell
lineages during development possible. In addition, the establishment of the RNA interference
(RNAI) technique (Fire et al., 1998) made C. elegans an organism in which large-scale genetic

screens can easily be performed.

C. elegans has two natural sexes: hermaphrodites (XX) and males (XO). Hermaphrodites can
either self-fertilize or mate with a male to produce offspring. The natural incidence of males
after self-fertilization is very low (~0.2%) since this requires a spontaneous loss of the
X-chromosome at meiosis (Hodgkin et al., 1979; Hodgkin and Doniach, 1997). However, the
frequency of males can be increased upon incubation (~3 to 6 hours) at higher temperatures
(~30°C).

Importantly, C. elegans harbors several advantages that make it well suitable for daily
laboratory use. First, C. elegans can be cultured and maintained on agar plates with E. coli as
food source. Second, C. elegans has a short temperature-dependent life cycle and strains can be
frozen at -80°C for long-term storage. Furthermore, transgenic animals can be generated by
microinjection of DNA into the gonad and its transparency enables in vivo microscopy analysis,
which is of particular relevance when examining fluorescently labeled proteins or, for example,

organelles like mitochondria that can specifically be stained with fluorescent dyes.

Altogether, C. elegans is a powerful model organism that is used to study various fundamental
biological processes. Since 38% of C. elegans genes have orthologs in mammals (Shaye and
Greenwald, 2011), this research will also contribute to acquire more knowledge of how diseases

in higher organisms are regulated and how they can be fought against.
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1.2 Mitochondria

Mitochondria are organelles with an average size in diameter of 0.5 — 1 pm and found in most
eukaryotic cells (except mature red blood cells). They are often referred to as the ‘powerhouse
of the cell’ since one of their key function is the generation of adenosine triphosphate (ATP).
In mammalian somatic cells, the number of mitochondria per cell primarily depends on the
energy demand of the different cell types and varies considerably, ranging from about eighty to
a several thousand (Kukat et al., 2011; Robin and Wong, 1988; reviewed in Bogenhagen, 2012).

According to the endosymbiotic theory, mitochondria most likely evolved from an aerobic
bacterial progenitor that was ingested by a primitive early eukaryotic cell. This explains why
mitochondria are enclosed by a double membrane, the inner and outer mitochondrial membrane,
making them distinct from all other non-nuclear organelles. The presence of the two membranes
consequently also leads to the creation of two compartments in the mitochondria: the
intermembrane space (IMS), which reflects the region between the inner and outer
mitochondrial membrane, and the mitochondrial matrix, which describes the space enclosed by
the inner membrane (Figure 1). The double membrane nature of the mitochondria was already
described in the early 1950s by George Palade and Fritiof Sjostrand by using electron
microscopy analysis (Palade, 1952, 1953; Sjostrand, 1953). Interestingly, these studies
additionally revealed the occurrence of inner membrane invaginations that project into the
mitochondrial matrix and these inner membrane folds are known as “cristae’ (Figure 1). Cristae
are vital for mitochondria’s role in ATP production because they lead to an increased surface
area of the inner mitochondrial membrane. This is of importance since the mitochondrial
respiratory chain complexes are all embedded in the inner mitochondrial membrane. Hence, an

increased inner membrane surface area results in a higher competence of energy production.

Another characteristic of mitochondria that can be explained by endosymbiotic theory is the
presence of its own genome, the mitochondrial DNA (mtDNA). The mtDNA is found in the
mitochondrial matrix (Figure 1) and one mitochondrion usually contains between 1 and 15
copies of mtDNA (Kukat et al., 2011; Robin and Wong, 1988; Satoh and Kuroiwa, 1991;
Wiesner et al., 1992). It encodes for only a small subset of all mitochondrial proteins as the
nuclear DNA encodes for the vast majority of proteins composing the mitochondrial proteome.
Specifically, the mtDNA in C. elegans, which is 13,794 nucleotides in length, encodes for 12
protein subunits of the mitochondrial respiratory chain, 2 ribosomal RNAs and 22 transfer
RNAs (Okimoto et al., 1992).
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Mitochondria fulfill many more tasks in the cell besides their role in energy production. They,
for example, function in the absorption and storage of calcium ions to regulate intracellular
calcium homeostasis (reviewed in Giorgi et al., 2018; Rizzuto et al., 2012). In addition,
mitochondria play a critical role in regulating programmed cell death (reviewed in Bock and
Tait, 2020) and signaling via reactive oxygen species (ROS) (reviewed in Shadel and Horvath,
2015). Furthermore, mitochondria are known to contribute to the immune response (reviewed
in Breda et al., 2019) and to be involved in phospholipid synthesis as well as in the assembly
of iron-sulfur clusters (reviewed in Braymer and Lill, 2017; Tatsuta and Langer, 2017). Due to
its importance in cellular homeostasis, it is therefore not surprising that mitochondria have been
associated with many human diseases like diabetes, Alzheimer’s or Parkinson’s (reviewed in
Billingsley et al., 2018; Kwak et al., 2010; Perez Ortiz and Swerdlow, 2019).

mtDNA
outer membrane /

Z

inner membrane

IMS

matrix cristae

Figure 1. Mitochondria structure. Basic schematic of the main structural features of mitochondria. Figure
modified based on (Labieniec-Watala et al., 2012).

1.2.1 Mitochondrial dynamics

In textbooks, mitochondria are usually illustrated as kidney bean-shaped and static organelles.
In fact, mitochondria display varying morphologies among different cell types and are often
organized in highly connected networks. Moreover, mitochondria are very dynamic organelles
that frequently undergo fusion and fission events, which is referred to as ‘mitochondrial
dynamics’. The balance of fusion and fission is adjusted by the cell in response to various
stimuli and a balanced rate of fusion and fission events is important for maintaining

mitochondrial function and, hence, cellular homeostasis (reviewed in Youle and van der Bliek,



Introduction

2012). Upon energy demand, mitochondrial hyperfusion can, for example, lead to a higher rate
of oxidative phosphorylation (Rossignol et al., 2004; Tondera et al., 2009). Furthermore,
mitochondrial fusion results in the mixing of contents between mitochondria, which can serve
as a complementation mechanism in order to fight the accumulation of misfolded proteins and
mutated mtDNAs (Chen et al., 2005; Ono et al., 2001). If severe damage in mitochondria persist
and cannot be restored, mitochondrial fission ensures the separation of these mitochondria from
the network and the subsequent activation of mitophagy, a selective form of autophagy, finally
leads to their elimination (reviewed in Palikaras et al., 2018; Pickles et al., 2018). In addition,
mitochondrial fission is crucial for the proper partitioning of mitochondria during mitosis
(Taguchi et al., 2007) and it has also been shown that mitochondria undergo excessive fission
during apoptosis (Frank et al., 2001; Jagasia et al., 2005). Interestingly, blocking either
mitochondrial fusion or fission has been shown to have implications in neurodegenerative
diseases, underlining the importance of mitochondrial dynamics with respect to organismal
health (Guo et al., 2013; Zuchner et al., 2004).

1.2.1.1 Mitochondrial fusion

Mitochondrial fusion and fission are both regulated by dynamin-related GTPases, several of
them being highly conserved between yeast, worms, flies and mammals (reviewed in Hoppins
etal., 2007). The first mitochondrial fusion gene identified was fuzzy onions (fzo) in Drosophila
melanogaster, which was named after the aberrant appearance of mitochondria during
spermatogenesis in the respective mutant (Hales and Fuller, 1997). Fzo belongs to the mitofusin
(Mfn) class of proteins and members of this protein family have been shown to be embedded
in the outer mitochondrial membrane (reviewed in Chan, 2012; Mozdy and Shaw, 2003).
Moreover, mitofusins are known to mediate the tethering and fusion of mitochondria through
their auto-oligomerization between opposing outer mitochondrial membranes (Figure 2)
(Koshiba et al., 2004; Meeusen et al., 2004). Interestingly, the GTPase activity is crucial for the
fusion process since defects in its domain lead to tethered but not fused mitochondria (Chen et
al., 2003; Hales and Fuller, 1997; Hermann et al., 1998). Although both the N-terminal and
C-terminal domain of metazoan mitofusins were initially thought to face the cytosol, a recent
study provided evidence that the C-terminal domain localizes to the IMS (Mattie et al., 2018).
This is of particular interest because the same study showed that the C-terminal domain is
essential for the fusogenic function, suggesting that interactions in the IMS are key for the

oligomerization of mitofusins and, hence, for their ability to mediate mitochondrial fusion.
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Noteworthy, mammals possess two mitofusins, Mfnl and Mfn2. Although they share ~80%
sequence similarity, both proteins are required for efficient mitochondrial fusion and
mitochondria only have residual fusion activity upon depletion of one of them (Chen et al.,
2003; Zorzano and Pich, 2006). Remarkably, the lack of either Mfn1l or Mfn2 results in a
disparate mitochondrial phenotype. While cells lacking Mfnl show highly fragmented
mitochondria of small size, cells lacking Mfn2 display bigger mitochondrial fragments that tend
to form aggregates (Chen et al., 2003). This is in line with findings that Mfnl has a higher
fusion and GTPase activity as compared to Mfn2 (Chen et al., 2003; Ishihara et al., 2004). In
addition, it was shown that mitochondrial fusion is completely blocked in Mfn1/2 double
knock-out cells (Chen et al., 2003). These results suggest that Mfnl and Mfn2 function
differently in regulating the mitochondrial fusion process. However, it also has been shown that
mitochondria lacking Mfn1 can, at least to some extent, fuse with mitochondria lacking Mfn2,
indicating that both mitofusins have at least partially redundant functions with respect to their
competence in assisting mitochondrial fusion (Chen et al., 2005). Interestingly, Mfn2 has also
been shown to be involved in the control of mitochondrial membrane potential as well as in the
oxidation of glucose, pyruvate and fatty acids — all independent of its fusogenic function (Bach
et al., 2003; Pich et al., 2005). It is worth mentioning that, in contrast to mammals, C. elegans
only contains one mitofusin ortholog, FZO-1, and, as expected, its loss results in highly
fragmented mitochondria (Breckenridge et al., 2008; Ichishita et al., 2008).

After fusion of the outer mitochondrial membranes, it also requires the fusion of the inner
mitochondrial membranes to complete the mitochondrial fusion process. In mammals, this is
achieved by another dynamin-related GTPase called OPA1 (Figure 2). First evidence for its
role in regulating mitochondrial dynamics arose from its homolog in yeast, Mgm1, which was
initially shown to be essential for mitochondrial fusion and later demonstrated to be specifically
implicated in the tethering and fusion of the inner mitochondrial membranes (Meeusen et al.,
2006; Wong et al., 2000; Wong et al., 2003). The C. elegans homolog of OPA1/MgmL1 is named
EAT-3 and was already found in 1993 during a screen for eating defective mutants (Avery,
1993). However it still lasted 15 years until its function in mitochondrial fusion was assessed
(Kanazawa et al., 2008). OPAL, as well as Mgm1 and EAT-3, exists in two major isoforms
(long and short) that are generated through proteolytic cleavage in the mitochondria (Chaudhari
and Kipreos, 2017; Griparic et al., 2007; Herlan et al., 2003; McQuibban et al., 2003; Olichon
et al., 2007). While the long isoform is integral in the inner mitochondrial membrane, its
cleavage results in a short isoform that lacks the transmembrane domain. This more soluble

isoform localizes to the intermembrane space. Interestingly, it has been proposed that both
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isoforms are needed for efficient mitochondrial fusion (Griparic et al., 2007; Herlan et al., 2003;
Mishra et al., 2014; Song et al., 2007). However, recent data from mammalian cells suggests
that the short isoform of OPAL rather facilitates mitochondrial fragmentation (Anand et al.,
2014; Wai et al., 2015). It will require further research in order to shed more light on the
functions of the different isoforms of OPA1/Mgm1/EAT-3 with respect to their role in

mitochondrial dynamics.

(S
\ z
(S

GTP GDP

0 OPAL/EAT-3

GTP GDP

Figure 2. Schematic representation of mitochondrial fusion. Fusion of the outer mitochondrial membranes is
mediated by mitofusins (Mfn1/Mfn2/FZO-1) and fusion of the inner mitochondrial membranes is mediated by
OPA1/EAT-3. Both steps are dependent on GTP hydrolysis. Figure modified based on (Mishra and Chan, 2016).

Besides their task in controlling mitochondrial fusion, OPA1, Mgm1 and EAT-3 have also been
shown to be involved in the regulation and maintenance of mitochondrial cristae structure since
cristae were highly disorganized and shortened upon loss of these proteins (Frezza et al., 2006;
Kanazawa et al., 2008; Meeusen et al., 2006; Olichon et al., 2003). Remarkably, a recent study
revealed that mitochondria also display aberrant cristae in the absence of FZO-1 in C. elegans
(Byrne et al., 2019), indicating that mitofusins may also be important for mitochondrial cristae

formation and/or maintenance.
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1.2.1.2 Mitochondrial fission

In 1999, both the yeast dynamin-related GTPase Dnm1 and its homolog in C. elegans, DRP-1,
were found to be required for mitochondrial fission because their depletion led to highly
elongated and interconnected mitochondria (Bleazard et al., 1999; Labrousse et al., 1999;
Sesaki and Jensen, 1999). Two years later, this was also established for the mammalian
homolog Drpl (Smirnova et al., 2001). Drpl is a primarily cytosolic-localized protein that can
be recruited to the outer mitochondrial membrane where it oligomerizes and forms spirals
around the membrane to drive its constriction in a GTP-dependent manner (reviewed in Kraus
and Ryan, 2017). The exact mechanism of how Drpl is recruited to its target membrane is still
under investigation, yet several outer mitochondrial membrane receptors have been shown to
assist in the recruitment of Drpl in mammalian cells. These receptors are Mff, MIEF1 and
MIEF2 (with MIEF1 and MIEF2 being largely redundant in function) (Gandre-Babbe and van
der Bliek, 2008; Loson et al., 2013; Otera et al., 2010; Palmer et al., 2011). Remarkably, Mff
and MIEF1/2 can independently recruit Drpl to the mitochondrial surface (Loson et al., 2013;
Palmer et al., 2013). C. elegans has two Mff homologs, MFF-1 and MFF-2, while MIEF1 and
MIEF2 homologs are absent. Nevertheless, there may be additional receptors in C. elegans that
aid in DRP-1 recruitment given that the defects in the mitochondrial network upon lack of both
MFF-1 and MFF-2 is less severe than in drp-1 mutants (Shen et al., 2014). Noteworthy, the
anti-apoptotic Bcl-2 family protein CED-9 can also act as a receptor for DRP-1 in C. elegans
since it has been shown to interact with and recruit DRP-1 upon binding of the pro-apoptotic
BH3-only protein EGL-1 in order to promote mitochondrial fission (Lu et al., 2011). A similar
function may be fulfilled by mammalian Bcl-2 family members as some of them have also been
implicated in the regulation of mitochondrial dynamics (reviewed in Autret and Martin, 2010).
In yeast, Dnm1 recruitment is known to be dependent on a different receptor protein called
fission factor 1 (Fis1) (Mozdy et al., 2000). Despite the presence of Fis1 homologs in mammals
and C. elegans, it has been shown that they are not required for mitochondrial fission in these
organisms (Osellame et al., 2016; Otera et al., 2010; Shen et al., 2014).

Interestingly, there is emerging evidence that the ER and the actin network are also key players
in the process of mitochondrial fission and start to act even before Drpl comes into play.
Specifically, it has been proposed that the ER localizes to future fission sites to promote and
control curvature induction as well as the initial constriction of the membrane (Figure 3)
(Friedman et al., 2011; Korobova et al., 2013). This Drpl-independent process is thought to

rely on ER-associated actin and requires the formin protein INF2 as well as the spire protein
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SpirelC for stimulation of actin polymerization, thereby generating the force for membrane
constriction (Korobova et al., 2014; Korobova et al., 2013; Manor et al., 2015). Moreover,
myosin-11 has also been suggested to be implicated in this process (Hatch et al., 2014; Korobova
et al., 2014). In a second step, Drpl may then assemble on the sites that were pre-constricted
by the ER to further promote the constriction and scission of the membrane with the help of

actin fibers.

Mitochondrion

@ Drpl/DRP-1

D &

Figure 3. Proposed model of mitochondrial fission. The ER localizes to future sites of mitochondrial fission to
promote mitochondrial constriction. Next, Drpl/DRP-1 oligomerizes on pre-constricted sites and forms spirals
around the membrane in order to further drive its constriction, thereby facilitating mitochondrial fission. Figure
modified based on (Nezich and Youle, 2013).

1.2.2 Oxidative phosphorylation

Most of the cell’s ATP is generated inside mitochondria via oxidative phosphorylation
(OXPHOS). Two important mitochondrial metabolic pathways that directly feed into OXPHOS
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are fatty acid p-oxidation (FAQ) and the tricarboxylic acid (TCA) cycle. The final products of
FAO are NADH, FADH; and acetyl-CoA (reviewed in Houten et al., 2016). Whereas the
electron carriers NADH and FADH: can directly be used for ATP production by OXPHOS,
acetyl-CoA enters the TCA cycle. In the TCA cycle, acetyl-CoA is oxidized in a series of
reactions resulting in the generation of further molecules of NADH and FADH (reviewed in
Akram, 2014). Noteworthy, the central metabolic intermediate acetyl-CoA is not only fueled
into the TCA cycle by FAO but also by other metabolic pathways that degrade carbohydrates
or proteins. During OXPHOS, the electrons deriving from NADH and FADH: are then, through
a series of sequential redox reactions, transferred between the mitochondrial respiratory chain
(MRC) complexes | — IV (Figure 4) (reviewed in Rich and Marechal, 2010; Sousa et al., 2018;
van der Bliek et al., 2017) (see below). Herein, molecular oxygen serves as the final electron
acceptor, resulting in its reduction to water. Importantly, the electron transport among the
MRCs is coupled to the transfer of protons from the mitochondrial matrix into the IMS. This
leads to the establishment of an electrochemical gradient across the inner mitochondrial
membrane, which is harnessed by the final OXPHOS complex, ATP synthase (complex V), to
catalyze the synthesis of ATP through phosphorylation of ADP (Figure 4).

As mentioned above, five protein complexes are crucial for OXPHOS and the proper
stoichiometric assembly of these multi-subunit complexes requires a high coordination between
mitochondrial and nuclear gene expression since their proteins are encoded by both mtDNA
and nuclear DNA. The MRC complex | (NADH dehydrogenase) is the largest of the five
complexes and represents the entry point for electrons from NADH into the OXPHOS system
(reviewed in Hirst, 2005). Specifically, via a series of redox reactions, two electrons are
transferred from NADH to the electron acceptor ubiquinone, resulting in the formation of its
reduced form, ubiquinol. Besides electron transfer, complex | additionally translocates four
protons from the mitochondrial matrix into the IMS. Complex Il (succinate dehydrogenase) is
the smallest complex and consists of only four subunits, all of which are encoded by the nuclear
DNA (reviewed in Cecchini, 2003). It functions in parallel with complex I to serve as a second
entry site for electrons. Notably, complex Il is not only an OXPHOS constituent but also a
component of the TCA cycle where it catalyzes the oxidation of succinate to fumarate, thereby
producing the electron carrier FADH.. The electrons from FADH: are then utilized by complex
Il for reduction of ubiquinone to ubiquinol, though no further protons are translocated.
Noteworthy, FADH> can also be directed into complex Il by FAO (see above). Next, the
ubiquinol produced by complex I or 1 freely diffuses within the inner mitochondrial membrane

and is subsequently used by complex Il (cytochrome bci complex) for electron transfer to

10
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cytochrome c via the Rieske protein, whereby the oxidation of one molecule ubiquinol leads to
the reduction of two molecules cytochrome ¢ (reviewed in Berry et al., 2000). More precisely,
it is the iron in the heme group of cytochrome c that serves as the electron acceptor in this case.
Importantly, the electron transfer mediated by complex III is also accompanied by the
translocation of four protons into the IMS. The reduced cytochrome ¢ molecules are then
utilized by complex I'V (cytochrome ¢ oxidase or COX) in order to finally transfer the electrons
(originating from NADH or FADH2) to oxygen, thereby generating water (reviewed in Calhoun
et al., 1994; Yoshikawa et al., 2006). For this step, four molecules of reduced cytochrome ¢ are
needed, and four further protons are in total translocated across the inner mitochondrial
membrane. Ultimately, proton flow through the ATP synthase back along the electrochemical
gradient, which has been established by complexes I — IV, provides the energy to drive the
phosphorylation of ADP to ATP (reviewed in Junge and Nelson, 2015).

[Intermembrane space)

' v H H H

H+ L 3 >

Inner
membrane )

ATP synthase

FADH, FAD*+2H*
/
y
TATP
PV

NADH NAD* + H*

[Mitochondrial matrix)

Figure 4. Schematic overview of oxidative phosphorylation. Electrons (e") deriving from NADH and FADH,
are transferred between the mitochondrial respiratory chain complexes I — IV and ultimately used to reduce
molecular oxygen to water. The electrochemical gradient that has been established by the action of the four
complexes is then harnessed by the ATP synthase in order to generate ATP. Figure modified based on (Benard et
al., 2011).

1.2.3 LRPPRC

The French Canadian Leigh Syndrome is an early-onset neurodegenerative disease that is
caused by mutations in the LRPPRC (leucine-rich pentatricopeptide repeat containing) gene
and associated with impaired complex IV activity (Mootha et al., 2003). LRPPRC is primarily
found in mitochondria and plays an important role in the regulation of mitochondrial mRNA

metabolism (Cooper et al., 2006; Mili and Pinol-Roma, 2003; Ruzzenente et al., 2012;

11
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Sasarman et al., 2010; Sterky et al., 2010). For that purpose, LRPPRC functions in a complex
with the stem-loop RNA-binding protein SLIRP (Sasarman et al., 2010). The LRPPRC-SLIRP
complex acts as an ATP-independent RNA chaperone and is able to locally relax the secondary
structure of mitochondrial MRNAs in order to facilitate their polyadenylation and translation
(Siira et al., 2017). More precisely, the LRPPRC-SLIRP complex not only promotes
polyadenylation of mMRNAS by stimulating mitochondrial poly(A) polymerase (mtPAP) activity
but also stabilizes polyadenylated mRNAs in general (Chujo et al., 2012; Ruzzenente et al.,
2012). How exactly the LRPPRC-SLIRP complex controls mitochondrial translation is unclear,
however, its inactivation has been shown to be detrimental for efficient mRNA translation and
potentially also influences rRNA maturation (Lagouge et al., 2015; Ruzzenente et al., 2012;
Siira et al., 2017). Although it has been initially proposed that LRPPRC depletion only affects
the stability of specific COX mRNAs (Xu et al., 2004), it is now evident that LRPPRC acts
globally on all mitochondrial MRNAs, with the exception of MT-ND6 (Ruzzenente et al., 2012;
Siiraetal., 2017). However, the mRNAs encoding for COX subunits seem to be more sensitive
to the loss of LRPPRC as compared to all other mitochondrial mMRNASs since they are found to
be disproportionally decreased (Ruzzenente et al., 2012; Sasarman et al., 2010). This may
account for the specific impairment of complex IV in patients suffering from French Canadian
Leigh Syndrome. Furthermore, it was shown that reduced LRPPRC levels in mammalian cells,
or reduced levels of the LRPPRC-like protein MMA-1 in C. elegans, result in mitochondrial
hyperfusion in order to compensate for decreased complex IV activity by maintaining
mitochondrial ATP production (Rolland et al., 2013). However, this response is of transient
nature since prolonged knock-down of LRPPRC ultimately leads to mitochondrial
fragmentation, decreased ATP levels and collapse of cellular function (Rolland et al., 2013).
Consistently, fibroblasts from patients with French Canadian Leigh Syndrome have also been
shown to display fragmented mitochondria (Sasarman et al., 2010). Moreover, it is worth
mentioning that LRPPRC has additionally been implicated in several other diseases like cancer,
Parkinson’s and neurofibromatosis type | (Arun et al., 2013; Gaweda-Walerych et al., 2016;
Jiang et al., 2014; Li et al., 2014; Tian et al., 2012).

1.2.4 The mitochondrial unfolded protein response

The mitochondrial proteome is composed of more than 1000 proteins (Rhee et al., 2013). Nearly
all these proteins are encoded by the nuclear DNA and synthesized in the cytosol. Hence, they

need to be imported into mitochondria via the TIM/TOM complexes (reviewed in Chacinska et
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al., 2009) and folded within the organelle. The folding of both mitochondrially translated and
imported proteins is achieved by molecular chaperones like mtHSP70 and HSP60 (Cheng et
al., 1989; Mizzen et al., 1989). Interestingly, mtHSP70 does not only function in protein folding
but also plays an essential role at the mitochondrial import channel where it facilitates the
import of proteins by interacting with the TIM complex (D'Silva et al., 2003; Gaume et al.,
1998; Voisine et al., 1999). Damaged or misfolded proteins are degraded by mitochondrial
proteases, such as CIpXP or LONP1, to ensure the maintenance of mitochondrial protein
homeostasis (Bota and Davies, 2002; Desautels and Goldberg, 1982; Kang et al., 2002; Wang
et al., 1993). Once unfolded and/or misfolded proteins in the mitochondrial matrix start to
accumulate, a retrograde quality control signaling pathway referred to as the ‘mitochondrial
unfolded protein response’ (UPR™) is activated (reviewed in Naresh and Haynes, 2019). This
promotes the transcriptional upregulation of nuclear genes encoding for mitochondrial
protective proteins (like the aforementioned chaperones and proteases) in order to re-establish

mitochondrial proteostasis.

The first evidence for the existence of such a mitochondria-specific stress response pathway
was provided in mammalian cells upon depletion of mtDNA by exposure to ethidium bromide
(Martinus et al., 1996). Because the overexpression of a misfolding-prone mitochondrial-
targeted protein had been shown to result in a similar response, this pathway was named UPR™
(Zhao et al., 2002). Since then, much has been learned about UPR™ and its molecular regulation
through extensive studies in C. elegans. Specifically, UPR™ in C. elegans is mediated by the
bZIP transcription factor ATFS-1 (activating transcription factor associated with stress-1),
which possesses both an N-terminal mitochondrial targeting sequence (MTS) and a C-terminal
nuclear localization signal (NLS) (Haynes et al., 2010; Nargund et al., 2012). In the absence of
mitochondrial stress, ATFS-1 is imported into the mitochondrial matrix where it is degraded by
the LONP-1 protease (Nargund et al., 2012). However, upon activation of the UPR™,
mitochondrial protein import is generally compromised, which leads to the accumulation of
ATFS-1 in the cytosol and its subsequent import into the nucleus (Nargund et al., 2012). Once
in the nucleus, ATFS-1 then promotes the expression of several stress response genes like
chaperones (e.g., hsp-6, hsp-60) and proteases (e.g., clpp-1) (Nargund et al., 2012).
Interestingly, this transcriptional activation is also tightly regulated by chromatin remodeling
and requires the proteins LIN-65, MET-2, JMJD-1.2 and JMJD-3.1 (Merkwirth et al., 2016;
Tian et al., 2016). While LIN-65 in conjunction with the histone methyltransferase MET-2
mediates the condensation of global chromatin (Tian et al., 2016), the two histone demethylases

JMJD-1.2 and JMJD-3.1 act to specifically open the chromatin structure of UPR™ target genes
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(Merkwirth et al., 2016). Two additional proteins that participate in chromatin remodeling and
UPR™ activation are DVE-1 and UBL-5 (Benedetti et al., 2006; Haynes et al., 2007; Tian et
al., 2016). Both the homeobox transcription factor DVE-1 and the small ubiquitin-like protein
UBL-5 normally localize to the cytoplasm but translocate into the nucleus upon disruption of
mitochondrial protein homeostasis (Benedetti et al., 2006; Haynes et al., 2007). In the nucleus,
DVE-1 and UBL-5 form a complex and bind to UPR™ gene promoters that have been made
accessible by JMJD-1.2 and JMJD-3.1 to further promote remodeling of chromatin (Benedetti
et al., 2006; Haynes et al., 2007; Tian et al., 2016). This keeps the respective genes in a
transcription-competent state, which thereby facilitates binding of ATFS-1 and, hence,
activation of UPR™ (Tian et al., 2016). Another layer of complexity in this regard has recently
been added since it was shown that also the SUMO peptidase ULP-4 is required for UPR™
activation (Gao et al., 2019). More precisely, ULP-4 deSUMOQylates DVE-1 in the cytoplasm
to enable its import into the nucleus (Gao et al., 2019). Furthermore, ULP-4-dependent
deSUMOylation also increases the stability and the transcriptional activity of ATFS-1 (Gao et
al., 2019).

As outlined above, the nuclear localization of ATFS-1 is key for UPR™ activation and requires
hampered mitochondrial protein import. Initially, this impaired mitochondrial protein import
has been proposed to be caused by the release of short peptides from mitochondria into the
cytoplasm (Haynes et al., 2010). This was based on studies showing that the mitochondrial
matrix protease CLPP-1 and the inner membrane-spanning ABC (ATP-binding cassette)
transporter HAF-1 are required for proper UPR™ activation (Haynes et al., 2010; Nargund et
al., 2012). CLPP-1 is known to cleave unfolded proteins into small peptides and it has been
proposed that these peptides are subsequently transported across the inner membrane via HAF-1
(Haynes et al., 2010; Nargund et al., 2012). The peptides are then thought to further diffuse
across the outer mitochondrial membrane through porins or the TOM complex and this peptide
efflux into the cytoplasm has been proposed to act as the signal that triggers UPR™ by blocking
mitochondrial import (via an unknown mechanism) (Haynes et al., 2010). However, a recent
study provided evidence that it is rather a decrease of mitochondrial membrane potential that
acts as the signal for UPR™ activation (Rolland et al., 2019). Since mitochondrial membrane
potential is intimately linked to mitochondrial import (Martin et al., 1991; reviewed in
Kulawiak et al., 2013; Zorova et al., 2018), changes in the mitochondrial membrane potential
can therefore regulate the import efficiency of ATFS-1 (Figure 5). In particular, mitochondrial
import also depends on the net charge of the MTS of a protein (reviewed in Hartl et al., 1989)

and a drop in mitochondrial membrane potential greatly decreases the import of ATFS-1 due to
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its relatively ‘weak’ MTS whereas proteins with a ‘strong” MTS (e.g., HSP-60) are still
imported (Rolland et al., 2019). Thus, the MTS of ATFS-1 acts as a sensor for reduced

mitochondrial membrane potential.

mitochondrial stress

|
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mt chaperones
DVE-1 || ATFS-1 mt proteases -

Figure 5. Schematic representation of UPR™ signaling in C. elegans. Mitochondrial stress leads to decreased
mitochondrial membrane potential (A¥m) and thereby to impaired import of ATFS-1. Hence, ATFS-1 is imported
into the nucleus where it cooperates with DVE-1 and UBL-5 in order to drive the expression of mitochondrial
stress response genes like chaperones (e.g., hsp-6, hsp-60) and proteases (e.g., clpp-1), which ideally results in the
reconstitution of mitochondrial homeostasis. Figure modified based on (Jovaisaite et al., 2014).

Numerous genes have been shown to induce UPR™ when inactivated. Among them are, for
example, all the three GTPases (fzo-1, eat-3 and drp-1) that regulate mitochondrial dynamics
(Kim and Sieburth, 2018; Zhang et al., 2018). In addition, the depletion of SPG-7, which is a
subunit of the mitochondrial m-AAA protease complex, has been exploited for studying the
UPR™ (Benedetti et al., 2006; Haynes et al., 2007; Haynes et al., 2010; Lin et al., 2016; Nargund
et al., 2015; Shao et al., 2016). Moreover, blocking mitochondrial translation by using
doxycycline as well as the knock-down of mitochondrial respiratory chain components was
shown to activate the UPR™ in C. elegans (Benedetti et al., 2006; Durieux et al., 2011;
Houtkooper et al., 2013; Yoneda et al., 2004).

The UPR™ in mammalian cells is not as well understood, but it has been shown that the pathway
is at least partially conserved (reviewed in Melber and Haynes, 2018; Naresh and Haynes,
2019). For instance, it has been shown that the bZIP transcription factor ATF5 shares
similarities with ATFS-1 because it also harbors both a MTS and a NLS and its import into

mitochondria is similarly regulated (Fiorese et al., 2016). In line with this, ATF5 was shown to
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be able to regulate UPR™ in worms lacking ATFS-1 (Fiorese et al., 2016). Nevertheless, the
regulation of UPR™ is thought to be more complex as compared to in C. elegans since two
additional bZIP transcription factors, ATF4 and CHOP, have been shown to be required for
UPR™ induction in mammals (Chung et al., 2017; Fusakio et al., 2016; Horibe and Hoogenraad,
2007; Quiros et al., 2017). The exact function of the three transcription factors with respect to
their roles in UPR™ activation stills needs to be determined. Importantly, UPR™ in mammalian
cells is tightly connected to the integrated stress response (ISR), which is a common adaptive
eukaryotic signaling pathway that drives the expression of stress response genes in order to
restore cellular homeostasis (reviewed in Pakos-Zebrucka et al., 2016). The ISR is stimulated
following diverse cellular stressors such as amino acid starvation, ER stress, mitochondrial
stress or viral infection (Quiros et al., 2017; reviewed in Pakos-Zebrucka et al., 2016). Evidence
indicates that mitochondrial dysfunction activates the ISR via the cytoplasmic kinase GCN2
(Martinez-Reyes et al., 2012; Michel et al., 2015; Wang et al., 2016). More accurately, GCN2
phosphorylates the translation initiation factor eIF2a, which results in inhibition of general
protein synthesis while translation of mRNASs harboring upstream open reading frames
(UORFs) is preferentially initiated (reviewed in Barbosa et al., 2013; Dever, 2002; Hinnebusch
et al., 2016; Young and Wek, 2016). Interestingly, among the mRNAs that are preferentially
translated upon phosphorylation of elF2a are the mRNAs of all three transcription factors
(ATF4, ATF5 and CHOP) that are required for UPR™ since they all harbor uORFs (Jousse et
al., 2001; Lu et al., 2004; Teske et al., 2013; Vattem and Wek, 2004; Zhou et al., 2008). Thus,
the activation of the ISR is a prerequisite for UPR™ induction in mammalian cells. However,
this seems not be conserved in C. elegans as neither GCN-2 (the homolog of mammalian
GCN2) nor phosphorylation of elF2a. is required for UPR™ activation in this organism (Baker
etal., 2012; Rolland et al., 2019).

1.3 Autophagy

Autophagy (cellular ‘self-eating’) is the process of lysosomal degradation and recycling of
cytoplasmic constituents, long-lived proteins or dysfunctional organelles (reviewed in Levine
and Klionsky, 2004; Mizushima, 2007). It was first described in the 1960s (De Duve and
Wattiaux, 1966) and has been extensively studied during the past decades (reviewed in Galluzzi
et al., 2017). Three different types of autophagy can be distinguished: macroautophagy,
microautophagy and chaperone-mediated autophagy. Microautophagy is the least understood
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type and involves the uptake of cytoplasmic cargo into the lysosome through invagination or
protrusion of the lysosomal membrane (reviewed in Mijaljicaetal., 2011). Chaperone-mediated
autophagy is a very selective form of autophagy and only involves cytosolic proteins that
contain a KFERQ-like motif (Dice, 1990). These substrates are recognized and unfolded by
specific chaperones, subsequently translocated across the lysosomal membrane and finally

degraded within the lysosomal lumen (reviewed in Cuervo and Wong, 2014).

1.3.1 Macroautophagy

Macroautophagy (hereafter referred to as ‘autophagy’) is mediated by a cellular component
called “autophagosome’ (Figure 6). More specifically, the induction of autophagy results in the
establishment of a double-membrane structure called the ‘phagophore’, which elongates and
ultimately engulfs the autophagic cargo by closure of the membrane structure, thereby giving
rise to an autophagosome. The fusion of the autophagosome with a lysosome then leads to
formation of an autolysosome, in which the engulfed cargo is finally degraded by acidic
lysosomal hydrolases (reviewed in Feng et al., 2014; Mizushima, 2007; Nakatogawa et al.,
2009).

Lysosome
Lysosomal hydrolases
Proteins, Organelles, etc.
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vesicle elongation

Figure 6. Schematic model of the autophagy process. Upon induction of autophagy, a double-membrane
structure named phagophore forms. The phagophore elongates and completely engulfs the autophagic cargo upon
closure, thereby resulting in an autophagosome. Degradation of the autophagic cargo is then finally mediated by
lysosomal hydrolases in the autolysosome, which derives from the fusion of the autophagosome with a lysosome.
Figure modified based on (Melendez and Levine, 2009).

Importantly, studies in mammalian systems have shown that autophagosomes can, prior to

fusion with lysosomes, also fuse with early and late endosomes to form an intermediate hybrid
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organelle known as ‘amphisome’ (Berg et al., 1998; Gordon and Seglen, 1988; Tooze et al.,
1990).

Seminal insights into the molecular basis of the autophagic machinery were initially gained by
studies in Saccharomyces cerevisiae with the discovery of several autophagy-related (ATG)
genes, many of them being conserved from yeast to humans (Harding et al., 1995; Klionsky et
al., 2003; Thumm et al., 1994; Tsukada and Ohsumi, 1993; reviewed in Galluzzi et al., 2017).
One of these genes is ATG1 and its homolog in C. elegans and mammals is unc-51 and ULK
(unc-51-like kinase), respectively. The serine/threonine kinase Atgl/UNC-51/ULK is part of a
complex that is required for initiation of phagophore assembly and the Kkinase
TOR/LET-363/mTOR acts a key regulator of autophagy since it generally represses this
complex (reviewed in Galluzzi et al., 2017; Palmisano and Melendez, 2019). However, in case
of nutrient deprivation, TOR/LET-363/mTOR is inhibited, which in turn leads to de-repression
of the Atg1l/UNC-51/ULK initiation complex and thereby to induction of autophagy (reviewed
in Galluzzi et al., 2017; Palmisano and Melendez, 2019). In addition to TOR/LET-363/mTOR,
the AMP-activated protein kinase (AMPK) signaling pathway plays an important role in
regulating autophagy because it is also involved in nutrient sensing and was found to be able to
inhibit TOR/LET-363/mTOR activity and/or to directly activate the Atgl/UNC-51/ULK
complex (Egan et al., 2011; Gwinn et al., 2008; Inoki et al., 2002; Kim et al., 2011; Lee et al.,
2010). Interestingly, the membrane source for phagophore assembly is still under debate, but
for mammalian phagophores it has been shown that they usually form near ER-mitochondria
contact site-associated structures called omegasomes (Axe et al., 2008; Hayashi-Nishino et al.,
2009; Yla-Anttila et al., 2009).

The commonly utilized autophagy marker in C. elegans is GFP::LGG-1. LGG-1 is homologous
to yeast Atg8, which is a ubiquitin-like protein that is conjugated to phosphatidylethanolamine
(PE) in the forming autophagosome and found on the inner as well as on the outer
autophagosomal membrane (Ichimura et al., 2000; Kirisako et al., 1999). Although the exact
function of Atg8 is still under investigation, it has been shown that Atg8 is involved in
phagophore expansion and maturation of the autophagosome since Atg8 levels directly
correlate with autophagosome size (Xie et al., 2008). Noteworthy, Atg8 is delipidated and
released from the outer membrane during late stages of autophagy while the PE-conjugated
Atg8 in the inner membrane is eventually degraded along with the autophagic cargo (Huang et
al., 2000; Kirisako et al., 2000; Nair et al., 2012). Whereas only one Atg8 protein is present in

yeast, several orthologs of Atg8 have been described in mammalian systems. They can be sub-
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divided into the LC3 and GABARAP families, but little is known about the exact function or
redundancy of each ortholog with respect to their biological roles in regulating autophagosome
biogenesis (reviewed in Lee and Lee, 2016; Slobodkin and Elazar, 2013). Interestingly, the two
Atg8 orthologs in C. elegans, LGG-1 and LGG-2, are both not only implicated in
autophagosome formation but also play a crucial role in autophagosome-lysosome fusion and
recent evidence indicates that this holds true for mammalian Atg8 family proteins as well
(Manil-Segalen et al., 2014; Nguyen et al., 2016b; Wu et al., 2015).

One well-known function of Atg8-like proteins is that they mediate the selective removal of
autophagic cargo. This is achieved by interaction with specific autophagy receptors like the
mammalian p62/SQSTML1 (hereafter referred to as ‘p62’), which recognizes and binds to
ubiquitinylated protein aggregates in order to deliver them into growing phagophores for
subsequent degradation (Bjorkoy et al., 2005; Pankiv et al., 2007). Notably, the binding of p62
to Atg8 family proteins in the phagophore is facilitated by a basic hydrophobic LC3-interacting
region (LIR) motif that is common to all selective autophagy receptors (reviewed in Johansen
and Lamark, 2011; Rogov et al., 2014). Since p62 itself is an autophagic substrate, increased
levels of p62 are generally indicative of impaired autophagy (reviewed in Klionsky et al., 2016).
This also applies to the C. elegans p62 homolog SQST-1, which is selectively degraded by
autophagy during embryogenesis (Tian et al., 2010) and, hence, routinely used as a tool in order
to check for hampered autophagy (reviewed in Chen et al., 2017; Zhang et al., 2015).

Remarkably, autophagy genes have been shown to be required for health- and lifespan
extension under certain conditions in several organisms, however, how exactly autophagy
affects this beneficial outcome remains largely enigmatic (reviewed in Hansen et al., 2018).
Furthermore, defects in the autophagic machinery have been linked to several human
pathologies like cancer, myopathies, aging, neurodegeneration and metabolic diseases
(reviewed in Choi et al., 2013; Saha et al., 2018).

1.3.2 Mitophagy

Mitophagy is a selective form of autophagy that specifically degrades mitochondria and the
most well-characterized stress-induced mitophagy pathway is the PINK1/Parkin-mediated
pathway (Figure 7). Interestingly, mutations in both PINK1 and Parkin have been shown to be
implicated in early-onset Parkinson’s disease (Kitada et al., 1998; Valente et al., 2004). In the
absence of mitochondrial stress, PINK1 is imported into the inner mitochondrial membrane via
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the TOM/TIM complexes and cleaved by the PARL protease (Jin et al., 2010). Next, cleaved
PINKZ1 translocates back into the cytosol where it is degraded by the proteasome (Lin and Kang,
2008; Yamano and Youle, 2013). However, upon dissipation of the mitochondrial membrane
potential, PINK1 import into mitochondria is compromised, resulting in the accumulation of
PINK1 on the mitochondrial surface (Jin et al., 2010; Narendra et al., 2010). The auto-
phosphorylation of accumulated PINK1 then leads to activation of its kinase domain, which
results in phosphorylation of several PINK1 substrates such as ubiquitin and this subsequently
promotes the recruitment of the E3 ubiquitin ligase Parkin from the cytosol to damaged
mitochondria (Kane et al., 2014; Okatsu et al., 2012; Shlevkov et al., 2016). Through
phosphorylation by PINK1, Parkin is activated and eventually mediates polyubiquitination of
its substrates on the outer mitochondrial membrane (Kane et al., 2014; Kondapalli et al., 2012;
Koyano et al., 2014). Noteworthy, this entails a positive feedback loop since polyubiquitination
of mitochondrial surface proteins by Parkin in turn provides additional substrates for PINK1
phosphorylation and, hence, further drives the recruitment of Parkin molecules to damaged
mitochondria (Ordureau et al., 2014). Finally, cytosolic autophagy receptors recognize and
interact with ubiquitinated mitochondria to convey their incorporation into the autophagosomal

degradation pathway (Lazarou et al., 2015).
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Figure 7. Schematic model of PINK1/Parkin-mediated mitophagy. PINK1 accumulates on depolarized
mitochondria and subsequent Parkin recruitment results in ubiquitination of outer mitochondrial membrane
proteins, which ultimately leads to the engulfment of damaged mitochondria into autophagosomes. Figure
modified based on (Wang et al., 2019).
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Remarkably, besides the PINK1/Parkin-mediated pathway, there also exists receptor-mediated
mitophagy pathways that specifically act in response to various stimuli such as hypoxia or
developmental cues (reviewed in Chakravorty et al., 2019; Palikaras et al., 2018). Three of those
receptors are the outer mitochondrial membrane proteins BNIP3, NIX and FUNDCL1 and all of
them promote mitophagy by direct interaction with the autophagic machinery in a
PINK1/Parkin-independent manner (reviewed in Liu et al., 2014a; Nguyen et al., 2016a; Villa
et al., 2018). However, a crosstalk between the PINK1/Parkin-mediated pathway and receptor-
mediated pathways likely occurs since, for example, both BNIP3 and NIX have been shown to

be able to regulate Parkin recruitment (Ding et al., 2010; Lee et al., 2011).

In nematodes, mitophagy is not well-studied as compared to in mammalian systems, however,
homologs of mammalian mitophagy genes have been identified. For instance, the C. elegans
homologs of PINK1 and Parkin are PINK-1 and PDR-1, respectively, and both have been
demonstrated to be crucial for selective removal of mitochondria under stress conditions
(Cummins et al., 2019; Fang et al., 2019; Ryu et al., 2016). This also holds true for DCT-1,
which is the nematode homolog of BNIP3 and NIX (Fang et al., 2019; Ryu et al., 2016).
Furthermore, it has recently been shown that the loss of FNDC-1 (the C. elegans FUNDC1

homolog) impairs the elimination of paternal mitochondria (Lim et al., 2019).

1.4 ESCRT

The Endosomal Sorting Complex Required for Transport (ESCRT) is an evolutionary
conserved machinery that mediates a specific membrane remodelin