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Abstract

Mitochondria exist in a dynamic network regulated by the opposing
processes of mitochondrial fusion and fission. Regulation of mitochondrial
morphology is critical for metabolism, quality control and cell survival, among
other cellular processes. Large GTPases are responsible for shaping the
mitochondrial network. Mitofusins 1 and 2 and Opa1 regulate outer and inner
mitochondrial membrane fusion, respectively. Conversely, Drp1 is recruited to
mitochondria to carry out fission. Although many proteins have been implicated in
these processes, there are still many unknowns. We sought to identify novel
regulators of mitochondrial morphology and conducted a genome-wide RNAI
screen to identify candidate genes. We identified Reactive Oxygen species
Modulator 1 (ROMO1) as a novel regulator of mitochondrial fusion and cristae
integrity. In the absence of ROMO1, the mitochondrial network fragments and
cristae are lost. These defects lead to impaired mitochondrial respiration and
sensitization to cytochrome c release and downstream apoptosis. ROMO1 is
regulated by mitochondrial REDOX at 4 cysteine residues that couple REDOX
signaling to mitochondrial morphology. We have characterized ROMO1 as an
interactor with the MINOS complex, required for cristae junction maintenance,
and the inner mitochondrial membrane fusion GTPase OPA1. Through these

interactions ROMO1 couples cristae junction security to mitochondrial fusion.
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Chapter 1 Introduction

Mitochondria are highly dynamic organelles that act as both regulators and
effectors of numerous cellular processes. Early observations identified
mitochondria as respiratory units. Battelli and Stern (1912) (1) and Warburg
(1913) (2) both associated cellular respiration with insoluble structures and the
central interest in mitochondria became the bioenergetics processes resulting in
the production of ATP through metabolic pathways and electron transport.
(Reviewed in (3)). This common focus on mitochondria, however, overlooked the
diverse role this organelle plays within a cell. Mitochondria are now understood to
be critical regulators of cell death pathways including apoptosis, necrosis and
autophagy (Reviewed in (4-6)). Mitochondria are also the primary cellular source
of reactive oxygen species (ROS) (7), generated by inefficient transport of
electrons, predominantly from complexes | and lll in the electron transport chain
(ETC) (8). While ROS were originally thought of as damaging molecules
(Reviewed in (9, 10)), they are now studied in a variety of contexts as important
signaling molecules (Reviewed in (8, 11, 12)). Mitochondria have also been
shown to play roles in cell signaling independent of ROS. Upon activation, both
K-Ras (13) and p53 (14) have been shown to translocate to mitochondria to
induce apoptosis and MAVS (Mitochondrial Antiviral Signaling) was identified as
an important molecule mediating antiviral signaling responses at the outer
mitochondrial membrane (15-18). Furthermore, mitochondria form contacts with

the endoplasmic reticulum (ER) through the ER-mitochondria encounter structure



(ERMES) complex and communicate through calcium and phospholipid
exchange (Reviewed in (6, 19)). It has been recently demonstrated that ER-
contact sites can regulate mitochondrial morphology (20), as well as
mitochondrial protein import and mtDNA replication (Reviewed in (19)).
Mitochondria play important roles in energy sensing (5, 21), cell cycle regulation
(21) and thermoregulation (22). Importantly, these mitochondrial-associated

processes are almost all regulated by mitochondrial morphology.

1.1 Mitochondrial Morphology

1.11 Mitochondrial Fusion

Mitochondria exist as a highly dynamic, interconnected network regulated
by the opposing processes of mitochondrial fission and fusion, collectively
referred to as mitochondrial dynamics. Early microscopy studies on organelle
structure and the cell cycle provided the first evidence that mitochondrial
morphology is dynamic, as mitochondria fragment prior to cytokinesis and
elongate once cell division has occurred (Reviewed in (23)). The processes of
mitochondrial fission and fusion are regulated by large GTPases at both the outer
and inner mitochondrial membranes (shown in Appendix I). The outer membrane
fusion machinery was first identified in a mutant Fzo Drosophila strain unable to
fuse their mitochondria during spermatogenesis (24). Fzo was characterize to be
part of a large outer mitochondrial membrane, OMM, complex required for

mitochondrial fusion in yeast (25). Two human orthologues to Fzo were found to



be responsible for this process in mammals and were termed Mitofusin (Mfn) 1
and 2 (26). Min1 and Mfn2 form homo- and/or heterodimers (27) tethering
adjacent mitochondria in trans through their heptad repeat regions (HR2),
mediating the assembly of a dimeric, antiparallel coiled-coil (28). Once tethered,
bilayers can initiate mixing of phospholipids through Mitochondrial Phospholipase
D (MitoPLD), which is targeted to the OMM and promotes trans-mitochondrial
membrane adherence by hydrolysis of cardiolipin to phosphatidic acid (29).
Phosphatidic acid is thought to either recruit or activate fusion factors or act
directly as a fusogenic lipid (30). Although Mitofusin 1 and 2 can functionally
compensate for each other to mediate fusion (31), they are also functionally
distinct. Mfn1 has higher GTPase activity than Mfn2 (32) and while both knockout
models (Mfn1-null and Mfn2-null) are embryonic lethal, their developments are
disrupted in different stages (33). Furthermore, heterotypic trans complexes
between Mitofusins 1 and 2 have greater fusion efficiency than homotypic trans
Mitofusion 1 or Mitofusin 2 complexes (34); however, only Mfn2 homotypic
complexes are positively regulated by the proapoptotic, Bcl-2 protein, Bax (34).
Both Mitofusin 1 and 2 are, however, negatively regulated by the Mitofusin-

binding protein, MIB (35).

The inner membrane fusion machinery was first identified as the large
inner mitochondrial membrane (IMM) GTPase Mgmi1 in yeast (27) and
subsequently as Opal, in mammalian cells (36). The Opal gene encodes at

least 8 splice variants (37) and in addition to its MPP cleavage site required for



import, Opal contains two proteolytic cleavage sites denoted site 1 and 2 (S1
and S2) (38). Consequently, each Opa1l splice variant can produce both a long
Opa1 isoform, integrated into the IMM, and one or more short, soluble isoforms,
residing in the intermembrane space (39). Both a long and short isoform are
required to mediate fusion (40). In the absence of lipids, both long and short
monomers are inactive, but upon assembly in a membrane, long isoforms
dimerize in trans, tethering adjacent inner membranes and allowing assembly of
higher order complexes with short isoforms, activating the GTPases of those
short isoforms to initiate fusion (41). The proteases that regulate Opa1
processing are poorly understood; however, clear roles are starting to be defined
in the literature. Constitutive cleavage of Opal at S2 is mediated by
intermembrane space AAA (i-AAA) protease, Ymell, following mitochondrial
import (40, 42). Although some constitutive cleavage at S1 is observed, cleavage
is primarily induced by loss of inner membrane potential (Ay), experimentally
induced by the chemical ionophore carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) (40, 42). Identifying the protease responsible for S1 cleavage has been
arduous, with reports suggesting that the matrix AAA (m-AAA) protease,
paraplegin (38), and presenilin-associated rhomboid-like (PARL) protease (43)
are involved; although, murine lines lacking paraplegin or PARL display normal
Opai processing (44). These proteases, along with m-AAA protease complex
subunits AFG3L1 and 2 (45), may play indirect or partial roles in regulating S1.

Some resolution has been provided, however, by two groups recently identifying



the zinc metalloprotease, OMA1, as the inducible, S1 protease (45, 46), which
itself is proteolytically regulated, possibly explaining some of the confounding

reports (46).

Coordination of outer and inner membrane fusion is thought to occur
through Ugo1, an outer membrane protein essential for mitochondrial fusion in
yeast (47). Ugo1 interacts with Fzo1p and Mgm1p, the yeast homologues of
Mfns and Opa1l, respectively (48), and plays a role in fusion downstream of

membrane tethering, presumably involved in lipid mixing (49).

1.12 Mitochondrial Fission

Opposing mitochondrial fusion is the process of mitochondrial fission. The
GTPase that regulates mitochondrial fission was first identified in mammalian
cells as Drp1 (50) and subsequently in yeast as Dnm1p (51). Drp1 is primarily
localized to the cytosol (50), but translocates to the mitochondria to carry out
mitochondrial fission (52). Upon recruitment to mitochondria in yeast, Dnm1p
self-assembles into oligomeric spirals with a diameter equal to that of
mitochondrial constriction sites (53). These spirals undergo conformational
changes constricting from an average outer diameter of 120nm to 68nm upon
hydrolysis of GTP (54). Several adaptor proteins have been identified as Drp1
recruiting factors. In yeast, Dnm1p is recruited to the OMM by the integral
membrane protein Fis1p and its adaptor proteins the WD-repeat containing

Mdv1p (55, 56), and the WD40-protein Caf4p (57). Num1p and Mdm36p are also



accessory proteins in yeast that associate with Dnm1p and facilitate the fission
process by generating membrane tension through anchoring of mitochondria to
actin at the cell cortex (58, 59). Multiple studies in mammalian cells suggested
that hFis1 interacted with Drp1 and was responsible for its recruitment to
mitochondria in higher eukaryotes (60-62). Overexpression of Fis1, which
localizes to the OMM, induced mitochondrial fragmentation (61), while
knockdown of Fis1 led to mitochondrial elongation (60). However, conditional
HCT166 Fis1” cells display normal mitochondrial morphology and rates of
mitochondrial fusion (63) and several studies show that Fis1 is not required for
association of Drp1 with mitochondria (63-65). Mammalian homologues of yeast
accessory proteins Mdv1p and Caf4p have not been identified; however, several
groups have recently identified novel proteins involved in Drp1 recruitment and
assembly, providing new insight into the mechanisms of mitochondrial fission.
Gandre-Babbe et al. (2008) identified Mitochondrial Fission Factor (Mff) as a
novel OMM-anchored protein involved in mitochondrial fission. They showed that
knockdown of Mff induces mitochondrial elongation and Mff and Fis1 exist in
separate 200 kDa complexes, suggesting independent roles for the two proteins
(66). Otera et al. (2010) showed that Drp1 preferentially interacts with Mff over
Fis1, and Mff is required for Drp1 recruitment to the OMM and subsequent fission
of the mitochondrial network, in a manner independent of Fis1 (63). Palmer et al.
(2011) identified Mitochondrial Dynamics proteins of 49 and 51 kDa (MiD49 and

MiD51, respectively) as novel mediators of mitochondrial fission. MiD49/51 are



OMM-anchored proteins that form foci and rings around mitochondria and
promote Drp1 association with mitochondria. Knockdown of these proteins
reduce Drp1 recruitment and leads to unopposed mitochondrial fusion and
elongation of the mitochondrial network (67). Zhao et al. (2011) independently
identified MiD51 as Mitochondrial Elongation Factor 1 (MIEF1). They argue for a
role of MIEF1 in mitochondrial fusion rather than fission (68). This study is largely
based on the observation that overexpression of MIEF1 leads to mitochondrial
elongation. The authors attribute the elongation to a role for MIEF1 as an
endogenous inhibitor of Drp1 in a model whereby MIEF1 recruitment of Drp1 to
mitochondria sequesters it away from functional complexes. Palmer et al. (2011),
however, addressed this point by showing that both low and high levels of
MiD51/MIEF1 leads to accumulation of Drp1 on the mitochondria; however, only
high overexpression leads to elongation, suggesting that the inhibitory role of
MiD51/MIEF1 on Drp1 may not be physiological (67). Further studies will be
needed to clarify these differing views. The mammalian fission machinery is
shown in Appendix Il. Other proteins suggested to play a role in mitochondrial
fission include MTP18 (69, 70), Ganglioside-induced differentiation-associated
protein 1 (GDAP1) (71, 72) and Endophilin B1 (73, 74), whose roles are largely

uncharacterized to date.

Mitochondrial fission is highly regulated through post-translational
modification of Drp1. Drp1 is regulated by phosphorylation, ubiquitination and

SUMOylation. Drp1 is phosphorylated by cAMP-activated PKA at S637 inhibiting



its GTPase activity, resulting in mitochondrial elongation (75). Dephosphorylation
at this site is regulated by Ca®*-activated calcineurin, causing Drp1 translocation
to the mitochondria (76). During starvation, PKA-mediated phosphorylation and
inhibition of Drp1 is important for mitochondrial elongation and protection against
autophagy (77). During mitosis, Drp1 is phosphorylated by Cdk1/Cyclin B at
S616 promoting mitochondrial fission for distribution to daughter cells (78). This
site can also be phosphorylated by PKCd in post-mitotic neurons where
hypertensive encephalomyopathy was associated with increased Drp1/PKCH
interactions and mitochondrial fragmentation (79). The E3-ubiquitin ligases
MARCHS5 and Parkin have been shown to ubiquitinate Drp1. MARCH5-mediated
ubiquitination stabilizes Drp1 on the OMM promoting fission (80, 81) while
Parkin-mediated ubiqutination leads to Drp1-degradation by the proteasome (82).
Sumoylation is a post-translational modification through the conjugation of a
small ubiquitin-like modifier (SUMO). Sumoylation stabilizes Drp1 causing
mitochondrial fragmentation and is mediated by Sumo1 (83), Ubc9 (84) and
MAPL (85). Sumoylation and stabilization of Drp1 is promoted by Bax and Bak
during apoptosis (65). Desumoylation is mediated by the protease SenP5 (86,

87).

Although roles for mitochondrial and cytosolic proteins involved in
mitochondrial fission continue to be revealed, a large focus has turned to the role
of the endoplasmic reticulum in regulating this process. Important advances were

made in this field of study by Rizzuto et al. (1998) who showed that close



contacts between ER and mitochondria were important features in Ca®
responses (88), and de Brito et al. (2008) who identified ER-associated Mfn2 as
an ER-mitochondrial tether, forming homo- or heterotypic complexes with
mitochondrial-associated Mfn1 or 2. This tether was shown to be important for
mitochondrial uptake of ER-released calcium (89). A recent report by Friedman et
al. (2011) describes how the ER network crosses over the mitochondrial network
at future sites of mitochondrial fission, and are thought to mediate an initial
constriction of the mitochondrial network prior to Drp1 recruitment and
independent of Drp1, Mff and Mfn2 (20). This dynamic relationship between
mitochondria and ER will be important to consider in future studies in the field of

mitochondrial dynamics.
1.13 Mitochondrial Cristae

While the gross morphology of mitochondria is defined by the fission and
fusion machinery, mitochondria also have a dynamic inner membrane, regulated
independently from these processes. The inner membrane is classified into two
regions; the portion of the inner membrane adjacent to the OMM, termed the
inner boundary membrane (IBM), and membrane invaginations, termed cristae.
These two portions of the IMM come together at cristae junctions (CJ) (90). The
importance of cristae is thought to be their ability to subcompartmentalize
mitochondria. Cristae are the primary site of ATP production (91). They restrict
the movement of respiratory chain complexes (91) and limit the diffusion of

metabolites such as ADP, a critical metabolite regulating oxidative



phosphorylation (OXPHOS) (Reviewed in (92)). Although dynamic redistribution
of proteins does occur, cristae are also the principal sites of iron/sulfur cluster
biogenesis, protein synthesis and transport of mtDNA-encoded proteins. The IBM
is the principal site of proteins involved in mitochondrial fusion and transport of
nuclear-encoded proteins (92). These observations highlight the importance of
subcompartmentalization of mitochondria and regulation of inner membrane
morphology. There are many proteins involved in regulating the structure of the
inner membrane. Since one of the primary functions of mitochondrial cristae is to
improve efficiency of ATP production, it is not surprising that the ATP synthase,
Complex V of the respiratory chain, is involved in regulating cristae morphology
(93). Although monomeric ATP synthase is fully capable of ATP synthesis, it has
been shown that the complex organizes in dimers (94, 95) and higher oligomers
(96), dependent on subunits e and g (Su e/g) (93). While ATP synthase
oligomerization correlates with higher efficiency of ATP synthesis (97), this is
actually due to the ability of oligomers to generate a force creating curvature of
the inner membrane and participate in generating cristae (97). Angular
association of two monomers generates a dimer leading to membrane curvature
and cristae formation. Furthermore, concentrated localization of ATP synthase
dimers at the cristae apex generates a proton sink increasing the proton-motive

force contributing to more efficient ATP production (97).

The inner membrane fusion protein, Opa1, is also an important regulator

of mitochondrial cristae. Evidence of this was first observed in studies by Olichon
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et al. (2003) and Arnoult et al. (2005) who show that knockdown of Opai induces
apoptotic cristae remodeling and release of proapoptotic molecules (98, 99).
Frezza et al. (2006) characterized this association, demonstrating that Opa1
oligomerization between long and short isoforms holds cristae junctions together.
These oligomers are disrupted by proapoptotic truncated-Bid (t-Bid), causing
opening of CJs and apoptosis (100). Furthermore, this role for Opal during cell

death was independent from its role in mitochondrial fusion (100).

While the ATP synthase is important in cristae formation and Opa1 in their
regulation, maintenance of cristae is obtained by structural components that form
a complex at the cristae junctions. The first, and most extensively characterized
component is Mitofilin, in mammals, or Formation of Cristae Junctions 1 (Fcj1), in
yeast. Mitofilin is an inner membrane protein found to assemble into large
multimeric complexes required for the maintenance of cristae junctions (101).
The yeast homolog, Fcj1, was identified by similar observations and is proposed
to act antagonistically with the ATP synthase to generate mitochondrial cristae
(102). As described earlier, ATP synthase oligomerization induces membrane
curvature at the cristae apex (97). Rabl et al. (2009) show that Fcj1 is enriched at
the CJs and overexpression disrupts ATP synthase dimerization suggesting that
the spatial distribution and antagonism between Fcj1 and the ATP synthase
defines cristae morphology. Where the ATP synthase is enriched over Fcji,
positive membrane curvature generates the cristae tip; conversely, where Fcj1 is

enriched over the ATP synthase, synthase oligomerization is inhibited allowing

11



for negative membrane curvature at the cristae junctions (102). Studies in C.
elegans support an interaction between the Fcj1 homologues, IMMT1 and 2, and
the ATP synthase (103). In mammals, CHCHD3 was identified as a Mitofilin and
Opail interacting partner, required for maintenance of normal cristae and
mitochondrial morphology (104). Knockdown of CHCHDS results in a loss of
Mitofilin and defects in cristae morphology (104). In C. elegans, MOMA-1 was
identified in an RNAi-screen looking for novel regulators of mitochondrial
morphology and was hypothesized to work in the same pathway as CHCHD3
and Mitofilin (105). Knockdown of MOMA-1 leads to defects in cristae
morphology (105). Recently, three groups identified very similar complexes in
yeast, consisting of Fcj1 and homologues to CHCHD3 and MOMA-1, among
others, required for maintenance of CJs, as well as contacts between IM and OM
at the inner boundary membrane (106-108). These complexes were termed
MITOS/MINOS/MICOS but will be referred to as the Mitochondrial Inner
membrane Organizing System (MINOS) since it is the most extensively
characterized. MINOS is composed of 6 subunits: Fcj1 (Mitofilin in mammals),
Aim5 (Mcs12 in MICOS), Mio10 (Mcs10 in MICOS, Mos1 in MITOS and recently
identified as MINOS1 in mammals (109)) Aim13 (Mcs19 in MICOS, CHCHD3 in
mammals), Mio27 (Mcs29 in MICOS, Mos2 in MITOS) and Aim37 (Mcs27 in
MICOS, MOMA-1 in C. elegans) (106-108). Appendix Ill summarizes these
complex members. Fcj1 and Mio10 are the core components of this complex in

yeast as fcj1A and mio10A strains have more severe growth defects and

12



destabilization of other complex members. Destabilization of steady state levels
of complex members was not observed in the other deletion strains (107). Fcj1
also interacts with the Translocase of the Outer Membrane (TOM) (68) complex
and fcj1A strains have protein import defects through the Mitochondrial
Intermembrane space Assembly (MIA) pathway. Destabilization of MINOS in
other deletion strains, however, has no defect in protein import; thus,
Fcj1/Mitofilin has an additional role in protein import, independent of its role in

MINOS in maintenance of CJs (107).

1.2 Functions of Mitochondrial Dynamics

1.21 mtDNA Stability

The cell regulates the morphology of the mitochondrial network in order to
carry out a variety of functions. Mitochondrial fusion plays an important role in the
stability of mitochondrial DNA (mtDNA). Mitochondrial fusion is important for
content mixing, including sharing of mitochondrial lipids, metabolites and mtDNA
(110, 111). mtDNA is anchored to the inner membrane (112) and organized in
nucleo-protein complexes termed nucleoids, each containing multiple copies of
the mitochondrial genome (113) and many associated proteins that differ in
mammals and yeast (Reviewed in (114, 115)). Due to asymmetrical fission
events, mitochondrial content is heterogeneous. This heterogeneity includes
mtDNA that differs in sequence and proportions of mutations. This characteristic

is called heteroplasmy (116). Although it is thought to be a rare event,

13



complementation of mutant mtDNA can occur after content mixing, decreasing
heteroplasmy and allowing mice with high proportions of mutant mtDNA to retain
functional mitochondria (116). The idea that fusion allows for complementation of
heteroplasmic mtDNA highlights its importance in mitochondrial inheritance.
Chen et al. (2005) demonstrate how cells with targeted null mutations in Mfn1 or
Mfn2 retain low levels of mitochondrial fusion and the ability to escape
mitochondrial dysfunction; however, cells deficient in both Mitofusins or Opa1 are
incapable of fusion leading to decreased cell growth, heterogeneous inner
membrane potential, decreased respiration (117), and loss of mtDNA nucleoids
(110). Together, these data provide evidence for a direct role of mitochondrial

fusion in the stability of mtDNA nucleoids.

1.22 Mitochondrial Quality Control and Mitophagy

Autophagy, or “cell eating”, is the generic degradation of cellular material
delivered to the lysosome. Primarily thought of as a response to an energy crisis,
macroautophagy serves as an adaption to survive during starvation. However, in
contrast to this broad definition, autophagy is also capable of being highly
selective (Reviewed in (118)). One kind of selective autophagy is mitochondrial
autophagy, or ‘mitophagy’. Mitophagy encompasses the selective removal of
damaged mitochondria and delivery to the lysosome for degradation. Organismal
aging is partially attributed to increases in mtDNA mutations (119, 120),
increases in ROS (121) and decreases in OXPHOS (122), among changes in

other mitochondrial properties. When too much damage accumulates to be
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repaired by fusion and content mixing, selective changes in mitochondrial
morphology isolate damaged portions of the mitochondrial network and target
them for removal by mitophagy. In a damaged portion of reticulum, fission events
generate asymmetrical daughter mitochondria: one with high membrane potential
and one with low membrane potential. This event leads to an increased
probability the healthy mitochondrion will re-fuse with the network and a
decreased probability for the unhealthy mitochondrion, due to a decrease in Ay
and OPA1 levels (123). This isolation of damaged mitochondrial fragments
generates portions of the network small enough for removal by mitophagy. Loss
of Ay initiates the mitophagy program by inhibiting mitochondrial protein import
leading to stabilization and activation of the (PTEN)-induced putative kinase 1,
PINK1, which is normally destabilized through its proteolysis following import
(124, 125). Ectopic overexpression or CCCP-induced stabilization of PINK1 leads
to recruitment of the E3-ubiquitin ligase Parkin to mitochondria (124, 126-128).
Genetic studies in Drosophila provide support for a PINK1/Parkin pathway in vivo
(129, 130). Recruitment of Parkin to mitochondria causes K63-linked signaling
ubiquitination of a number of targets and recruitment of the LC3-binding protein,
p62/SQSTM1 (131, 132). p62 recruits LC3 and targets ubiquitylated cargo into
autophagosomes for autophagic degradation (133). Parkin has also been shown
to ubiquinate specific targets for proteosomal degradation, such as the Mitofusins
(134), and is thought to inhibit fusion of damaged mitochondria with the network.

Regulation of mitochondrial morphology is critical for containing damaged
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mitochondria and allowing their selective removal through the PINK1/Parkin

mitochondrial quality control pathway and degradation by mitophagy.

1.23 Apoptosis

Apoptosis is the process of programmed cell death. Initiated either
intrinsically or extrinsically, apoptosis is characterized by cell shrinking and
nuclear condensation followed by membrane blebbing and budding of apoptotic
bodies consumed by macrophages. Apoptosis has no inflammatory response
since the cell never ruptures and is rapidly consumed by phagocytosis preventing
secondary necrosis. Engulfing cells do not produce inflammatory cytokines
(Reviewed in (135)). While all apoptotic cascades converge on the same effector
pathway, mitochondria play a more predominant role in the intrinsic initiation
pathway. A variety of instrinsic pro-apoptotic signals converge on the
mitochondria and initiate mitochondrial outer membrane permeabilization
(MOMP). This permeabilization releases pro-apoptotic molecules such as
cytochrome C and SMAC/Diablo, among others, into the cytoplasm to activate
effector caspases, cysteine proteases that carry out the apoptotic response
(Reviewed in (136)). MOMP is tightly regulated by the Bcl-2 family of proteins.
Bax and Bak are cytosolic, proapoptotic, Bcl-2 family proteins recruited to
mitochondria to initiate apoptosis by forming oligomeric pores in the outer
mitochondrial membrane. Formation of Bax/Bak pores is regulated by both pro-
and anti-apoptotic Bcl-2 proteins (Reviewed in (137)). Permeabilization of the

OMM is not, however, the only event required to release proapoptotic molecules
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into the cytoplasm. Remodeling of mitochondrial morphology is also essential for
propagation of apoptotic signaling. Early observations that mitochondrial
fragmentation was an event during apoptosis (138, 139) led to further studies
suggesting that manipulation of the mitochondrial network can affect sensitivity to
cell death (140, 141). Mitochondrial fission is an early event in apoptosis
occurring before caspase activation and in a similar time frame to cytochrome C
release (140, 142, 143). Although there is conflicting evidence whether
mitochondrial fission is required for cytochrome C release (140, 142), or whether
they are separable events (143, 144), there is a large body of evidence that
regulation of mitochondrial morphology is important in the execution of apoptosis.
Upon treatment with an apoptotic stimulus, Drp1 translocates to the OMM (140)
and colocalizes with Bax and Mfn2 at scission sites (141). Expression of a
dominant negative Drp1 mutant (Drp1K38A) or downregulation of Drp1 by RNAI
delays mitochondrial fragmentation, cytochrome c release, caspase activation
and cell death (140, 142). Conversely, knockdown of the fusion machinery
enhances these processes (142, 145) While the pro-fission molecule, Drp1, was
shown to colocalize with Bax upon apoptotic stimuli (140), Karbowski et al.
(2004) showed, conversely, that mitochondrial fusion was also blocked during
apoptosis (146). In contrast, mitochondria hyperfuse during cellular stress to
prevent the cell from undergoing apoptosis (147). While the roles of mitochondrial
dynamics machinery in apoptosis at the OMM are somewhat unclear, a large

focus on IMM dynamics in recent years has provided insight into the regulation of
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apoptosis at mitochondrial cristae. As discussed earlier, Opa1l plays an important
role in regulating cristae junctions. Opal is present as an integral inner
membrane protein as well as a soluble intermembrane space protein. These
isoforms of Opai form higher order oligomers which promote narrowing of cristae
junctions and sequestration of cytochrome c¢ (100). These oligomers are
disrupted early in apoptosis induced by the addition of proapoptotic tBid, leading
to widening of cristae junctions and release of cytochrome ¢ (100). Opa1
processing by presenilin-associated rhomboid-like protease, PARL, is
responsible for generating the small pool of IMS Opal required for cristae
junction maintenance and the prevention of apoptosis (43); however, it is also
evident that Opa1 is proteolytically cleaved during apoptosis in response to loss
of Ay and depletion of ATP (148). Regulation of Opal processing by the
Prohibitins seems to be required for apoptosis as Phb2” MEFs display defective
Opail processing and a resistance to apoptosis (149). The proteases directly

responsible for apoptosis-induced Opa1 cleavage, however, remain unidentified.
1.24 Mitochondrial Trafficking

Mitochondrial motility and distribution within a cell are important for both
organelle function and cell survival. Mitochondrial trafficking is particularly
important in polarized cells, such as neurons, in which mitochondria are enriched
at sites of high energy demand like synapses, at the distal end of long axonal
processes (Reviewed in (150)). Mitochondrial motility is also important for

mitochondrial segregation during cell division, as mitochondria have to be
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separated into individual daughter cells (151). Mitochondria are transported along
cytoskeletal tracks and can traffic both away from (anterograde), as well as
toward (retrograde) the nucleus using kinesin and dynein motors, respectively
(Reviewed in (152, 153)). During anterograde transport, mitochondria are
tethered to microtubules through a complex with Miro/Milton. Miro1 and 2 are a
mitochondrial Rho GTPases tail-anchored to the OMM and contain two GTPase
domains and a pair of Ca?*-binding EF-hands (154, 155). The EF-hands serve as
Ca** sensors that allow for Ca**-induced inhibition of mitochondrial motility
(Reviewed in (156)). Miros associate with Milton, a cytosolic protein that interacts
with kinesin heavy chain (155, 157). Mammalian homologs of the Drosophila
protein Milton are Grif-1 and OIP106, which associate with kinesin in the absence
of a light chain suggesting that Milton might function as an organelle-specific light
chain (158, 159). Both Mitofusins interact with Miro/Milton and Mitofusin 2 is
required for transport of axonal mitochondria (160). Pink1 also interacts with
Miro/Milton and, although its role is unclear, is thought to participate in
mitochondrial trafficking (161). Miro has also been associated with regulation of
mitochondrial morphology in response to Ca?". At resting [Ca®'], Miro
overexpression promotes fusion; however, at high [Ca®*] Miro overexpression
promotes fragmentation (162). These observations suggest that mitochondrial
motility mechanisms are integrated with the dynamics machinery and

demonstrate another process in which mitochondrial morphology is important.
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1.3 Mitochondria in Disease

1.31 Mitochondrial Dynamics and the Heart

Many have observed that in diseased-states mitochondria become
abnormally large in heart cells (163-165), implying the capacity for morphological
changes to the mitochondrial network in this cell type. Although some have
observed an absence of mitochondrial fusion in adult heart cells (166), Chen et
al. (2009) found that Opal protein levels were decreased in both human and rat
heart failure leading to a fragmented network and apoptosis. While
overexpression of Opa1l tubulated the network, it failed to rescue the cell death
(167). Ashrafian et al. (2010) found that a C452F mutation in Drp1 is associated
with an inherited dilated cardiomyopathy in the mouse model called Python.
While homozygous mutations are embryonic lethal, the heterozygous mutation
leads mitochondrial elongation and cardiac ATP depletion, hypothesized to
contribute to this cardiomyopathy (168). Interestingly, Ong et al. (2010) showed
that upon ischemia/reperfusion injury, cardiac mitochondria undergo Drp1i-
dependent fragmentation leading to cell death. This fragmentation could be
reverted by overexpression of Mfn1 or 2 or with Drp1K38A (dominant-negative),
leading to decreased MOMP and reduced cell death. These effects could be
reproduced using the Drp1-inhibitor, mitochondrial division inhibitor-1 (mdivi-1),
suggesting the potential for this chemical to be used as a cardioprotective
pharmalogical therapeutic (169). It is interesting that Ong et al. (2010) found

elongation to be protective in cardiac injury while Ashrafian et al. (2010) found
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elongation to be metabolically damaging and potentially causative of a
cardiomyopathy. These report suggest the potential for inhibition of mitochondrial
fission to be protective in short term injury models but damaging in the long term

and provide insight into the role of mitochondria in heart disease.

1.32 Cancer and Aging

The ability of a cancer cell to evade apoptosis is a classic Hanahan and
Weinberg (2000) “hallmark of cancer” (170) and evidence from over a decade of
research has implicated the mitochondria in the regulation of all the classical
hallmarks of transformation; including, apoptosis, disabled autophagy, sustained
angiogenesis and limitless replicative potential, among others (171). Cancer cells
also display a shift from mitochondrial respiration to aerobic glycolysis known as
the "Warburg effect” (172). These observations are indicative of changes in
mitochondrial biology in tumorigenesis and make mitochondria a promising target
for therapeutics. Modulation of the Bcl-2 protein family, metabolic inhibition, and
ROS regulation are some of the strategies, among others, being tested as

mitochondrial-targeted chemotherapeutics (173).

Changes in mitochondrial structure and function are also associated with
aging. Mitochondrial elongation has been commonly observed in aging cells and
is associated with loss of cristae and a decrease in ATP production (174-176).
Furthermore, multiple studies have observed a decrease in Fis1 and Drp1, and

an increase in Mfn1, during senescence, accompanied mitochondrial elongation,
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a decrease in mitochondrial function and an increase in mitochondrial damage
(81, 177-179). Interestingly, it is also hypothesized that a decrease in fission and
fusion cycles is associated with age in order to decrease mitochondrial flux and

damage, thus improving quality control (180).
1.33 Diabetes

Hyperglycemia following feeding is counteracted by secretion of insulin
from the pancreatic beta cells, which stimulates glucose uptake into peripheral
tissues. Insulin secretion from the beta cells is stimulated when glucose is
metabolized through glycolysis and OXPHOS by mitochondria. This leads to an
increase in the ATP/ADP ratio, inhibition of ATP-sensitive K* channels on the
plasma membrane, membrane depolarization and opening of Ca** channels.
Ca?* influx causes the release of insulin granules packaged in vesicles into the
bloodstream, through exocytosis (Reviewed in (181, 182)). Islets from type 2
diabetic patients exhibit impaired glucose-stimulated insulin secretion (GSIS) and
display a number of mitochondrial dysfunctions including reduced mitochondrial
membrane potential, decrease ATP production and high density of swollen
mitochondria (183). Under apoptosis-inducing high glucose and fatty acid
concentrations, mimicking diabetic conditions, beta cell mitochondria fragment
due to a decrease in fusion and GSIS is subsequently reduced. Blocking
fragmentation by knockdown of Fis1 rescues these defects (184). Interestingly,
Park et al. (2008) showed that while overexpression of Fis1 fragmented beta cell

mitochondrial networks and overexpression of Mfn1 elongated these networks,
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both manipulations led to decreased mitochondrial ATP content and impaired
GSIS. Expression of a dominant-negative Mfn1, however, caused fragmentation
but had no effect on OXPHOS or GSIS, indicating that the absolute status of the
mitochondria does not determine beta cell function but rather the mitochondrial
dynamics machinery can play a role in coupling mitochondrial metabolism to
insulin secretion (185). These observations as well as those of Ashrafian et al.
(2010) (168) in the heart, suggest that rather than mitochondrial morphology
being a determinant for function it is the dynamic and adaptive nature of the
mitochondrial network that imparts its resilience to cellular stresses. Elongation of
the mitochondrial network is generally thought to be prosurvival and enhance
functionality of mitochondrial programs; however, in these contexts inhibiting
mitochondrial fusion led to a decrease in ATP content and reduced the
functionality of both beta cells and cardiac cells, contradicting the generic
hypothesis that mitochondrial fusion is a protective mechanism that is
metabolically advantageous (77, 110, 117, 147, 169, 186, 187). It is possible that
this uncoupling comes from a short-term benefit of inhibiting fission that becomes
detrimental in the long term. Stronger evidence for the role of dynamics proteins
in GSIS comes from Zhang et al. (2011) who generated a beta-cell specific
knockout of Opa1, which led to impaired glucose-stimulated ATP production and
insulin secretion (188). Taken together, these data implicate mitochondrial
dynamics in the coupling of glucose metabolism to insulin secretion and provide

insight to the role of mitochondria in diabetes.
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1.34 Neurodegeneration

Mitochondrial function is closely linked to neurodegeneration in numerous
disease models. 188 genetic loci have been associated with adult-onset
neurodegenerative diseases including Alzheimer’s Disease (AD), amyotrophic
lateral sclerosis (ALS), Charcot-Marie-Tooth disease (CMT), Huntington’s
Disease (HD), Parkinson’s Disease (PD), and optic atrophy, among others (189).
Of 106 identified genes, at least 36 (34%) have an association to mitochondria
either directly (24 genes), or indirectly (12 genes) (189). The strongest links
between neurodegeneration and mitochondrial dynamics are that mutations in
MFN2 (190), and GDAP1 (71) cause CMT neuropathies type 2a and 4a,
respectively, while mutations in OPA1 cause dominant optic atrophy (191, 192).
Many other mitochondrial defects in neurodegeneration are related to
mitochondrial transport and morphology. AD is associated with defective
trafficking of mitochondria and fragmentation. Overproduction of pathogenic
amyloid-B leads to downregulation of Opal and Drp1 and an upregulation of
Fis1. Drp1 reconstitution rescues mitochondrial distribution, while reconstitution
of Opa1l rescues mitochondrial morphology (193, 194). In PD, the PINK1/Parkin
mitophagy pathway is intimately linked to mitochondrial dynamics; however, there
are discrepancies as to how relevant this pathway is in a physiological context
(195). Mitochondrial dynamics is also implicated in PD, however, in other
contexts. Upon overexpression of pathogenic a-synuclein, the predominant

protein found to aggregate and form Lewy Bodies in the substantia nigra of PD
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patients, neuronal mitochondrial networks fragment and mitochondrial trafficking
is slowed, likely through reductions in levels of Mfn1 and 2 (196). The PD-
associated gene leucine-rich repeat kinase-2 (LRRK2) disrupts the dynamics of
both the microtubule (197) and mitochondrial networks (198). LRRK2 interacts
with Drp1 and promotes mitochondrial fragmentation, likely through an increase
in the levels of Drp1 (198). PD-associated mutations in the protein DJ-1/PARK7
also leads to mitochondrial fragmentation (199). In HD, mitochondrial morphology
is altered by an increase in Drp1-dependent fission and Opail-dependent cristae
remodeling (200). In HD patient lines, Drp1 is upregulated while Mfn1 is
downregulated (201). Pathogenic mutant Huntington protein binds Drp1 and
induces mitochondrial fragmentation (202). These data, among others, suggest a
broad and important role for mitochondrial dynamics in neurodegenerative

diseases.

1.4 Screening Mitochondrial Dynamics

Given the emerging importance of mitochondrial dynamics in various
physiological contexts, we sought to identify novel regulators of mitochondrial
morphology through an unbiased genome-wide RNAIi screen. Identifying novel
regulators may also identify potential therapeutic targets for diseases in which
mitochondrial morphology is altered. Using this approach we identified Reactive
Oxygen Species Modulator 1 (ROMO1) as a novel regulator of mitochondrial

fusion and cristae integrity.
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Romo1 is a small protein of approximately 8.9kDa characterized as a
membrane bound protein localized to mitochondria with a predicted single
transmembrane domain (203, 204). Romo1 was originally identified as a protein
upregulated in head and neck patient tumor samples after developing resistance
to 5-FU (204, 205). This effect of Romo1 upregulation is attributed to the
hypothesis that Romo1 promotes ROS production (204), allowing for the
compensatory upregulation of anti-oxidant proteins which confer an adaptive

responsive and resistance to 5-FU treatment (205).

This role of Romo1 as a positive regulator of ROS is thought to be
required for cell proliferation through ERK (Extracellular signal-regulated kinase)
activation (206) and suppression of p27P' (207). Furthermore, Romo1 is shown
to mediate a feedback loop during proliferation via the expression and
degradation of Myc (208). Promotion of ROS production by Romo1 has also been
shown to be required for serum-deprivation induced apoptosis (209) and
mechanistically Romo1 has been shown to recruit TNF complex Il and Bcl-x, to
the mitochondria in response to TNFa, whereby Bcl-x. promotes the reduction of
mitochondrial membrane potential, leading to increased ROS and apoptosis
(210). The role of Romo1 in regulation of ROS, proliferation and apoptosis, as
well as its newly described contribution to tumor cell invasiveness (211),
suggests Romo1 may play an important role in tumorigenesis and may have

important therapeutic implications.
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Chapter 2 Materials and Methods

2.1 Antibodies and Reagents

TOMM20 (Santa Cruz, 1:2000), F1B, Core 2 and Cox1 (all from Mitosciences,
1:1000), FLAG M2 (Sigma, 1:2000), Mitofilin (Abcam, 1:500), CHCHD3 (Abcam,
1:1000), VDAC1 (Cell Signaling, 1:1000), Opa1 (BD Transduction Labs, 1:1000),
Opail (Abcam, 1:1000), Cytochrome C (BD Pharmingen, 1:1000), AIF (Santa
Cruz, 1:1000). GSR (Abcam, 1:2000). Txn2 (Abcam, 1:1000), Mfn1 (Abcam,
1:500), Mfn2 (Abnova, 1:1000), Drp1 (BD Bioscience, 1:1000) Lipofectamine
RNAIMAX, Hoechst and Mitotracker Red were all from Invitrogen. CCCP,
Antimycin A, N-Acetylcysteine, Sepharose 4B, and Etoposide were all from
Sigma. Oligomycin and FCCP were from Seahorse Bioscience. Caspase inhibitor

QVD was from Calbiochem.

2.2 Imaging Screen

Pools of four siRNA SMARTpool duplexes targeting 18,255 human genes
(Dharmacon) were spotted into 384 well plates. 10 nM of siRNA was reverse
transfected into 450 Hela cells (P34-36) using 0.025 uL of Lipofectamine
RNAIMAX (Invitrogen). 72 hr after transfection, cells were fixed and stained with
anti-TOMM20 antibody and 1 ug/mL Hoechst 33342 to visualize mitochondria
and cell nuclei, respectively. 8 fields per well were acquired using an automatic
Cellomics Vti microscope equipped with a 40X objective. Robust Z-scores were

calculated as [x — median(sample)]/[median absolute deviation X 1.4826].
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2.3 Algorithm Development
After algorithm analysis, images from 10 wells of the elongation and
fragmentation end were manually inspected to verify an elongated and

fragmented state.

2.4 Immunoprecipitation, SDS-PAGE and Western Blotting

5 ug of plasmid DNA was transfected into a 10cm plate of HEK293T cells using
10 ug PEI (SIGMA). 40 h later cells were collected in PBS, pelleted and lysed in 1
mL ice-cold Co-IP buffer (25 mM Tris pH 7.5, 150 mM NaCl, 50 mM NaF, 0.5 mM
EDTA pH 8, 0.5% TX-100, 5 mM B-glycerophosphate, 5% glycerol and 1 mM
DTT and 1 mM PMSF). Lysates were then sonicated and centrifuged at 13 000
rpm for 20 min. 10 uL of Anti-FLAG M2 Beads (SIGMA) were washed with cold
Co-IP buffer and incubated with samples on a rotary shaker at 4°C overnight.
Beads were rinsed with Co-IP buffer, Co-IP buffer with 1M NaCl, then water prior
to elution with Laemmli sample buffer for SDS-PAGE. Western blotting with the
indicated antibodies was performed in 5% milk in TBS + 0.1% Tween-20, and

signals were revealed using ECL (Amersham).

2.5 Electron microscopy

In a 6-well dish, 125 000 cells were reverse transfected with siRNA for 72 hr,
washed with PBS, pelleted and resuspended in 2% glutaraldehyde/PBS for

embedding.
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2.6 Oxygen consumption assay

Cells were reverse transfected on Seahorse XF24 cell culture microplate on day
0. Where applicable, 4 hr after transfection lentivirus was added to wells. Culture
medium was changed to a total volume of 500 uL on day 1. On day 3, cells were
washed 3X with 500 uL of Seahorse XF assay medium and a mito stress test
was performed using oligomycin, FCCP and Antimycin A (all at 0.5 uM). Cell
lysates were collected and protein quantified using BCA (Thermo Scientific) for

normalization of oxygen consumption rates.

2.7 Immunofluorescence

Cells seeded in 384-well imaging plates were fixed in 3.7% formaldehyde and
5ug/mL Hoechst. After 15min, cells were washed once with glycine/PBS and then
permeabilized with 0.1% Trition X-100. Cells were washed once with PBS and
blocked in 3% BSA/PBS prior to staining with antibodies. Plates were imaged on

an Olympus Fluoview FV1000 Confocal Laser Scanning Biological Microscope.

2.8 ATP measurements

72h after siRNA transfection cellular ATP content was measured using CellTiter-
Glo Luminescent Cell Viability Assay (Promega). Luminescence was read on a

BioTek Synergy2 plate reader and normalized to cell number.
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2.9 Gel Filtration chromatography

72 hr after siRNA transfection, cells were washed once with PBS and scraped
into 500 uL ColP Buffer without DTT. Samples were sonicated for 10 sec and
centrifuged at 13 000 rpm for 20 min. Supernatants were applied to Sepharose
4B column and 250 uL fractions were collected every 8 min for SDS-PAGE and

Western Blotting analysis.

2.10 Cytochrome C release

Cells were reverse transfected with siRNA as described above and 72 hr later
infected with Adenovirus expressing a TET-inducible tBid (gift from G. Shore,
McGill University) in the presence of 1ug/mL doxycycline and 12.5 uM QVD.
Cells were fixed and stained with cytochrome C and TOMM20 antibodies,
imaged using the Cellomics Arrayscan VTi. Cytochrome C release from

TOMMZ20-positive structures was quantified using a colocalization algorithm.

2.11 Condensed nuclei cell death assay

Cells were reverse transfected with siRNA as described above and 72 hr later
treated with etoposide for 20 hr. Cells were then fixed in 3.7% formaldehyde,
stained with 10 ug/mL Hoechst, and imaged using an OPERA confocal imager
(Perkin Elmer). Condensed nuclei were quantified using an algorithm based on

nuclear size and intensity of Hoechst staining.
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Chapter 3 Results

3.1 Romo1 is a novel regulator of mitochondrial fusion

To identify novel regulators of mitochondrial morphology, we conducted a
genome-wide RNAI screen evaluating the function of 18255 genes in the genome
with respect to mitochondrial morphology. The screen was carried out using
siRNA pools containing 4 duplexes targeting each of the 18255 genes arrayed
into 384-well screening plates in triplicate. 72h after reverse transfection of siRNA
pools, HelLa cells were fixed and stained by either immunofluorescence targeting
the OMM protein Tomm20, or with the potentiometric mitochondrial dye
MitoTracker Red™ (Figure 1A). The internal controls for the screen were
individual siBRNA duplexes targeting the fission and fusion machinery, Drp1 and
Mfn1/2, resulting in an extreme elongation or fragmentation phenotype,
respectively (Figure 1B, top). To unbiasedly score mitochondrial morphology after
the RNAi-screen, an algorithm was developed using Cellomics vHCS Scan image
analysis software quantifying the length to width ratio (L:W) of the mitochondrial
network, herein referred to as Aspect Ratio. This algorithm neglects any
perinuclear staining (Figure 1B, bottom, orange), which is difficult to classify as
fragmented or elongated, and averages the remaining mitochondrial stain (Figure
1B, bottom, blue) under each condition across 10 fields in triplicate. The
algorithm accurately and reproducibly separates morphological differences

between the internal controls siCON, siMfn1/2 and siDrp1 (Figure 1C). The raw
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Figure 1 ROMO1 is a strong candidate in mitochondrial morphology screen. A. The high
throughput mitochondrial morphology assay. Hela cells in 384 well plates were fixed 72 h after
transfection and stained with TOMM20 antibody and Hoechst to monitor the status of the
mitochondrial network and nuclei, respectively. Fluorescence images (40X magnification) were
acquired using an automated Cellomics Vti microtiter plate microscope. B. Representative images
of stained HelLa cells that display control, fused, or fragmented phenotypes marked with key
algorithm features. The Cellomics vHCS Scan Morphology algorithm was applied to the network
measuring the Aspect ratio Equivalent to Ellipse metric of the individual mitochondrial fibers. The
algorithm uses TOMM20 staining (in blue) but negates anything perinuclear (orange) and
measures the length:width (aspect) ratio of each segment of the network and averages all of the
measurements across multiple fields to quantify the mitochondrial morphology in a population
basis. C. Scatter plot of Length:Width (aspect) ratio as determined by the algorithm shows robust
separation of cells with control, fused (DRP1 siRNA), and fragmented (MFN1/2 siRNA)
mitochondria. D. Table showing the Robust Z-score of ROMO1 and known regulators of
mitochondrial dynamics in the RNAI screen. The Robust Z-score is the distance of the value from
the median in standard deviation units. E. Aspect ratio of top gene candidates found in
morphology screen. Most robust siRNA duplex from the deconvoluted pool of 4 is shown.
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screening values were consistent between replicates with a mean Pearson
correlation coefficient pairwise comparison of the 3 datasets equal to 0.82. The
screen yielded many hits that are known to regulate mitochondrial morphology
including OPA1, YME1L1, MFN1 and MFF, among others listed in Figure 1D.
Novel candidate genes identified in the primary screen were validated by
deconvoluting the siRNA pools into individual siRNA duplexes and assessing the
effect on mitochondrial morphology in Figure 1E. Among this list of candidate
genes was Romo1 (highlighted). Romo1 knockdown causes dramatic
mitochondrial fragmentation (Figure 2A) with 3 out of 4 of the individual siRNA
duplexes (Figures 2B), identifying Romo1 as the top candidate novel regulator of
mitochondrial morphology. Romo1 was identified by Chung et al. (2006) as a
positive regulator of reactive oxygen species (204), involved in cellular
proliferation (206-208), senescence (212), apoptosis (209, 210, 213), and in
tumorigenesis (211). Zhao et al. (2009) identified Romo1 independently as
Mitochondrial Targeting GxxxG Motif (MTGM), a single pass transmembrane
protein of the inner membrane and a positive regulator of mitochondrial fission
(203), an interpretation that conflicts with our observation that Romo1 knockdown
causes mitochondrial fragmentation. A significant concern when using RNA
interference is the potential for off-target effects (214); a concern that is amplified
in a genome-wide RNAI screen. In order to properly validate a candidate gene we
use genetic rescue. Wobble nucleotides in the Romo1 cDNA seed region

complementary to siRNA duplex 3 were mutated to generate an siRNA-resistant
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Figure 2 ROMO1 is required for normal mitochondrial morphology A. Photomicrographs of
HelLa cells transfected with the indicated siRNAs. Scale bar = 20 nm. Inset shown at bottom,
scale bar = 5 nm. B. Histogram showing quantitation of aspect ratio for deconvoluted set of
ROMO1 siRNAs shown in A. Effect of knockdown of MFN1/2 and DRP1 controls is shown. * p <
0.05. ** p < 0.01. ™™ p < 0.001. C. Rescue of ROMO1 knockdown phenotype in U20S cells with
siRNA-resistant ROMO1 wt cDNA Effect of ROMO1 non-functional FFAA mutant is shown. D.
Histogram showing the aspect ratio for control cells and cells expresing siRNA-resistant wt and
FFAA constructs in ROMO1 knockdown cells shown in E. * p < 0.05. *™* p <0.01. *** p < 0.001

34



rescue construct. As a negative control we generated a nonfunctional mutant,
mutating two highly conserved, C-terminal, phenylalanine (Phe 67 and Phe 70)
residues, hypothesized to mediate a functional interaction, to alanines from an
siRNA-resistant cDNA template. This hypothesis stems from the observation that
tagging Romo1 at the C-terminus generates a dominant-negative gene product,
shown in Appendix Il, suggesting Romo1 functionality lies in its C-terminus. This
dominant-negative effect of a Romo1 C-terminal tag likely underlies the
discrepancy in Romo1 function between our report and that of Zhao et al. (2009)
who used overexpression of Romo1-v5 as a primary reagent. In Figure 2C,
micrographs demonstrate that in the presence of an empty vector control, Romo1
knockdown causes fragmentation. This can be rescued by expression of the
siRNA-resistant wild-type Romo1 but not by the siRNA-resistant mutant Romo1-
FFAA, identifying Romo1 as a bona fide regulator of mitochondrial morphology.
These results are quantified in Figure 2D. A bimolecular complementation in vitro
fusion assay depicted in Figure 3A (215) shows that cells lacking Romo1 have
about 50% less mitochondrial fusion than controls cells (Figure 3B). This
suggests that Romo1 is required mitochondrial fusion, rather than an inhibitor of
fission. The residual fusion activity, however, is sufficient for normal mitochondrial
morphology if opposing mitochondrial fission is completely blocked by expression

of a dominant-negative Drp1 (Drp1K/E), shown in Figure 3C and 3D.
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3.2 Defective cristae and mitochondrial bioenergetics in cells lacking Romo1

Using electron microscopy we analyzed mitochondrial ultrastructure in
Romo1-depleted cells. While normal mitochondria have discernible cristae,
mitochondria in cells lacking Romo1 are either devoid of cristae or have defects
in cristae junctions resulting in the formation of cristae stacks (Figure 4A).
Despite these changes to cristae morphology, Romo1 knockdown cells display
normal levels of mitochondrial marker proteins (Figure 4B). Defects in cristae
morphology are quantified in Figure 4C. Cells lacking Romo1 have less than 50%
of the mitochondrial cristae in control cells normalized to either number of
mitochondria or mitochondrial length. Furthermore, Romo1-depleted cells have a
significant population of mitochondria with cristae that are detached from the
inner membrane and are completely closed with no CJs (arrow in 4B); a
phenotype very rarely observed in control cells. To further evaluate the defects in
cristae we looked at cytochrome C release in response to pro-apoptotic tBid
(Figure 5A and 5B). 8hr after infection with Adeno-tBid, U20S cells release 20%
of the cytochrome C normally sequestered in mitochondrial cristae.
Fragmentation of the mitochondrial network by RNAi targeting Mitofusin 1 and 2,
either alone or together, results in a sensitization to cytochrome C release as
previously seen (140, 142). Conversely, blocking mitochondrial fission by Drp1
knockdown results in protection against tBid-induced cytochrome C release. As
expected from ultrastructural analysis, knockdown of Romo1 sensitizes U20S

cells to tBid-induced cytochrome C release.
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Using etoposide as an apoptotic stimulus, we observe that Romo1 knockdown
also sensitizes U208 cells to downstream cell death as measured by condensed,
apoptotic nuclear morphology seen in Figure 5C and quantified in 5D.
Interestingly, Romo1 knockdown does not sensitize GM38 cells, normal human
fibroblasts, to etoposide-induced apoptosis (Figure 5E) indicating a potential
therapeutic window in targeting the mitochondrial fusion in cancer. Furthermore,

Romo1 is upregulated in 14.2% of colorectal cancers (www.cbioportal.org)

suggesting a role for Romo1 in transformation as observed elsewhere (211).
Importantly, Romo1 mRNA is expressed in both U20S and GM38 cells
(Appendix IlIA) and Romo1 siRNA nearly completely abrogates mRNA levels
(Appendix 1lIB), as detected by qPCR. Since mitochondrial cristae are
functionally associated with mitochondrial metabolism, we assessed
mitochondrial bioenergetics in cells lacking Romo1. Romo1 knockdown did not
significantly alter ATP content in either glycolytic or oxidative U20S cells, while
the cytotoxic agent etoposide depleted cells of ATP (Figure 6A). Cells lacking
Romo1 also displayed normal mitochondrial membrane potential as indicated
through positive staining by the potentiometric dye MitoTracker Red, while the
addition of the uncoupler CCCP depleted cells of Ay (Figure 6B). Oxidative
phosphorylation of mitochondria in cells lacking Romo1 was assessed measuring
oxygen consumption rates (OCR) over the course of a Mito Stress Test.
Surprisingly, Figure 6C shows that basal OCR of cells lacking Romo1 is similar to

that of control cells. Treatment with the ATP synthase inhibitor, oligomycin,
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Figure 6 Defective oxygen consumption in cells lacking Romo1. A. ATP levels in glycolytic
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shown.
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increases Ay leading to inhibition of electron transport and a decrease in OCR,
termed state 4 respiration, which is also unchanged in Romo1-depleted cells.
Treatment with the uncoupler, carbonylcyanide-4-
trifluoromethoxyphenylhydrazone (FCCP), leads to uncoupled maximal
respiration. Under these conditions, control cells reach an OCR higher than
basal; however, cells lacking Romo1 fail to respond to FCCP, suggesting an
impaired ability to maximally respire. This defect can be genetically rescued with
expression of an siRNA-resistant Romo1 cDNA. Treatment with the complex llI
inhibitor Antimycin A inhibits electron transport and OCR in both control and
Romo1 knockdown cells. Interestingly, in Figure 6D, supplementation of the Mito
Stress Test assay medium with pyruvate and glutamine rescues the state 3
defect observed in Romo1-depleted cells, suggesting that these cells deplete
their fuel sources more quickly than control cells or have less reducing
equivalents available as substrates for electron transport. Taken together, these
results identify a defect in cristae integrity in cells lacking Romo1 leading to a

sensitization to apoptotic stimuli and a defect in oxidative phosphorylation.

3.3 Romo1 is REDOX regulated

Given that much of the literature on Romo1 is based on its role in
regulating ROS production, we looked at superoxide levels in the absence of
Romo1. In Figure 7, we show that cells lacking Romo1 have an approximate 2-

fold upregulation in superoxide production as measure by dihydroethidium (DHE)
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staining. Addition of Antimycin A to controls cells gives a 2-fold upregulation of
superoxide relative to the vehicle control. Romo1 knockdown and treatment with
Antimycin A leads to a synergistic increase in superoxide, approximately 4.5 fold
higher than untreated control cells and 2.5 fold higher than control cells treated
with Antimycin A. Treatment with the ROS scavenger N-acetyl-cysteine (NAC)
inhibits the upregulation of superoxide seen in Romo1 knockdown cells. We
hypothesized that Romo1 may couple ROS signaling to mitochondrial
morphology and generated an alignment of the Romo1 protein sequence in
Figure 7B to look for possible REDOX-regulated domains. We found four
cysteine residues (highlighted in red), two of which are highly conserved, but
interestingly not found in S. pombe nor S. cerevisiae strains of yeast. These
cysteines are found in the N-terminal domain and at the extreme C-terminus. We
found two putative transmembrane domains that would place these Cys residues
adjacent to one another and provide structural potential for REDOX regulation.
We hypothesized these cysteine residues may form REDOX-regulated disulfide
bridges as found in a number of other proteins (Reviewed in (216)). In Figure 8A,
we found that exogenous FLAG-Romo1 generates a single species at ~10kDa on
a standard denaturing SDS-PAGE (in the presence of DTT). However, FLAG-
Romo1 lysates run on a non-reducing SDS-PAGE (in the absence of DTT)
produce a species at ~10kDa, another at ~20kDa and then a laddering of species

up to > 245kDa. Interestingly, the non-functional Romo1 mutant, FFAA, has more
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of the oxidized higher molecular weight (HMW) species. However, mutating all 4
cysteine residues found in Romo1 (Figure 7B) to serines generates a mutant
(named 4CS) that is constitutively reduced. Functional analysis of these mutants
by overexpression and staining of the mitochondrial network reveals that while
wild-type FLAG-Romo1 overexpression does not change mitochondrial
morphology, overexpression of the FFAA mutant causes mild fragmentation and
overexpression of FLAG-Romo1-4CS mutant causes elongation of the
mitochondrial network (Figure 8B). These data are quantified in Figure 8C and a
western blot in Figure 8D reveals that this elongation causes by FLAG-Romo1-
4CS occurs at very low expression relative to the other constructs. Importantly,
knockdown of glutathione reductase, a mitochondrial REDOX enzyme, enhances
oxidation of Romo1, supporting the hypothesis that Romo1 activity is regulated
by mitochondrial REDOX within the cell. Knockdown of thioredoxin 2, however,

had no effect (Appendix 1V).

3.4 Romo1 regulates mitochondrial morphology through MINOS and Opa1

The yeast homologue of Romo1, Mgr2, has recently been characterized
as an accessory protein to the structural complex MINOS, which is responsible
for CJ maintenance (106, 107). Mgr2 has also been characterized as a regulator
of the presequence translocase, involved in protein import (217). Given the
defects in cristae integrity we observed in cells lacking Romo1, we asked if
Romo1 interacts with Mitofilin, the core member of MINOS in mammals. Figure

9A shows that Mitofilin co-immunoprecipitates with Romo1 WT, MUT and 4CS.
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Figure 9 Romo1 interacts with Mitofilin. A. Co-immunoprecipitation of the MINOS complex
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extracts from control, ROMO1 knockdown cells.
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Mitofilin interacts with the constitutively active 4CS-mutant approximately 2 to 3-
fold more strongly. To reveal the functional consequence of this interaction we
looked at protein levels of Mitofilin and CHCHDS3, another member of mammalian
MINOS. Figure 9B shows that the protein levels of these MINOS members are
unchanged in cells lacking Romo1 or expressing Romo1 mutant cDNAs. Figure
9C shows that in cells lacking Romo1, Mitofilin complex size was also
unchanged, as evaluated by gel filtration chromatography, as it eluted in similar
fractions to control cells. Since Romo1 does not seem to affect Mitofilin protein or
complex stability, we asked if MINOS regulates Romo1. Figure 10A and B show
that knockdown of MINOS members, Mitofiin and CHCHD3, did not effect

Romo1 protein levels or REDOX status, respectively.

To further evaluate the functional relationship of the interaction between
Romo1 and Mitofilin we looked at mitochondrial morphology in the absence of
MINOS. If Romo1 and MINOS act in a genetic pathway regulating mitochondrial
fusion, knockdown of MINOS members should phenocopy knockdown of Romo1.
Surprisingly, in Figure 11A, we found that knockdown of Mitofilin caused
mitochondrial elongation to a similar extent as that of Drp1 knockdown. Since
knockdown of Romo1 and Mitofilin cause different phenotypes with respect to
mitochondrial morphology, we evaluated their effect on the inner membrane
fusion GTPase, Opal. Interestingly, Romo1 knockdown causes an imbalance in
Opa1 isoforms leading to an overabundance in band C and less band D, relative

to control (Figure 11B). Mitofilin knockdown leads to an accumulation of band C
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and alternatively a processing of band A to band E. Knockdown of CHCHDS3
induces a subtle increase in band C. These data suggest that Romo1 and
MINOS act upstream of Opal in regulation of cristae and mitochondrial
dynamics, although they likely act in a nonlinear pathway. These results are
supported by a partial restoration of normal mitochondrial morphology in cells
lacking Romo1 by overexpression of Opalvi (Figure 11C). Appendix V shows
that the defect in Opal processing in Romo1-depleted cells can be genetically
rescued with Romo1 WT and 4CS cDNAs but not with the FFAA mutant, which
causes an accumulation of band b rather than c. Knockdown of Romo1 does not
cause any changes in Mfn1, Mfn2 nor Drp1 (Appendix VI). Since Romo1 is
required for normal OPA1 isoform balance, we asked if OPA1 also forms a
complex with Romo1. Figure 11D shows that OPA1 also co-immunoprecipiates
with FLAG-Romo1, supporting the idea that Romo1 regulates mitochondrial

morphology through OPA1.

3.5 Romo1 couples cristae junction closure to mitochondrial fusion

In order to elucidate a model to explain how Romo1 regulates
mitochondrial fusion and cristae integrity, we used Romo1 mutants to evaluate
their ability to compensate for loss of either Mitofilin or OPA1 with respect to
mitochondrial dynamics and maintenance of cristae junctions. In Figure 12A, we
observe that overexpression of neither Romo1, inactive Romo1-FFAA, nor
constitutively active Romo1-4CS was able to revert the phenotypes caused by

knockdown of Mitofilin or OPA1 with respect to mitochondrial dynamics,
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suggesting that Mitofilin and OPA1 are downstream of Romo1 with respect to
mitochondrial fusion. In Figure 12B, we used sensitivity to tBid-induced
cytochrome C release as a proxy to evaluate the integrity of cristae junctions. We
observed several unpredicted results. Firstly, knockdown of Mitofilin blocked tBid-
induced cytochrome C release more strongly than knockdown of Drp1. As
previously published, knockdown of OPA1 enhanced cytochrome C release
(100). Surprisingly, Romo1-4CS expression was able to block cytochrome C
release in the absence of OPA1 and expression of Romo1-FFAA enhanced
cytochrome C release in the absence of OPA1, greater than OPA1 knockdown
alone. These data place Romo1 downstream of OPA1 with respect to cristae
junction integrity and lead to a model, whereby Romo1 mediates a REDOX-
sensitive cristae junction checkpoint prior to mitochondrial fusion, summarized in

Figure 13 and discussed below.
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Figure 13 Romo1 mediates a cristae junction checkpoint prior to inner membrane fusion.
A model depicting the findings described in this study. Based on our findings, we propose that
Romo1 REDOX status regulates cristae junction closure, required for an OPA1 isoform balance
permissive of mitochondrial fusion.
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Chapter 4 Discussion

4.1 Romo1 is a novel regulator of mitochondrial fusion

Here we report the first genome-wide RNAi screen in mammalian cells
looking for novel regulators of mitochondrial morphology. We used an unbiased,
standardized algorithm adapted from a morphological bioapplication provided
with the Cellomics VHCS Scan image analysis software to quantify the status of
the mitochondrial network within each condition of the screen. This method
proved more reliable than qualitative image analysis subject to human error and
bias, issues that are being explored by others in this field (218). Using this
approach we identified Romo1 as an essential mediator of mitochondrial fusion
and cristae integrity. When using RNA interference as a screening tool, one must
be wary of the likelihood of off-target effects. We employed a number of control
strategies (Reviewed in (219)) to properly validate Romo1 as a hit. Knockdown of
Romo1 yielded mitochondrial fragmentation with three different siRNA duplexes
relative to a nontargeting siCONTROL. The duplex with the most robust
phenotype was functionally validated at the mRNA level (Appendix IlIB) and in
the absence of an endogenous antibody was also validated at the level of an
exogenous FLAG-tagged Romo1 in Figure 8D. Importantly, exogenous FLAG-
Romo1 was engineered to be resistant to the siRNA duplex through mutation of
the seed sequence at wobble nucleotides, and this construct was able to
functionally rescue normal mitochondrial morphology in the presence of Romo1

siRNA. Mutation of critical residues in the C-terminus of Romo1 abolished the
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ability of this rescue construct to restore normal mitochondrial morphology at
equal levels of expression. Validation of this candidate, using these criteria,
identified Romo1 as a bona fide regulator of mitochondrial morphology.
Mechanistically, we show that Romo1 regulates mitochondrial shape in concert
with the inner membrane fusion GTPase, Opal and the recently described
MINOS complex required for structural maintenance of cristae junctions. We
propose that Romo1 couples REDOX signaling to mitochondrial morphology
through a CJ checkpoint, required for normal OPA1 isoform balance and activity,

and provide the mechanistic support for this below.

4.2 Romo1 couples mitochondrial REDOX to mitochondrial morphology

Loss of Romo1 results in two major morphological defects at the level of
mitochondria: fragmentation of the mitochondrial network and loss of cristae. As
expected, these morphological changes result in other mitochondrial defects
including decreased respiratory fitness and sensitization to cytochrome C release
and downstream apoptosis in the presence of apoptotic stimuli. We hypothesize
that ROMO1 acts in concert with Mitofilin and the MINOS complex to maintain
mitochondrial cristae integrity and hold CJs close. Mitofilin co-immunoprecipitates
with FLAG-Romo1 indicating these proteins form a complex. Cells lacking
Romo1 contain mitochondria either devoid of cristae or containing cristae stacks,
the latter of which phenocopies Mitofilin mutant yeast strains (107). We
hypothesize that ROMO1 acts in concert with OPA1 to mediate IMM fusion.

Knockdown of both Romol and OPA1 cause dramatic mitochondrial
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fragmentation. OPA1 requires a balance between long and processed isoforms
to mediate fusion and cells lacking Romo1 have an imbalance of OPA1 isoforms.
Finally, overexpression of OPA1 in cells lacking Romo1 partially restores normal
mitochondrial morphology. The role of Romo1 in regulating mitochondrial shape
appears to be regulated at the levels of mitochondrial REDOX. Under steady
state conditions, FLAG-Romo1 exists in a ~10kDa, reduced state, as well as a
highly oxidize state apparent by the presence of Romo1 species laddering up to
> 245 kDa on non-reducing gels. Interestingly, the nonfunctional Romo1 mutant
(Romo1-FFAA) is more highly oxidized that wild-type Romo1. Mutation of all four
cysteine residues to the REDOX-insensitive residue serine, renders FLAG-
Romo1-4CS completely reduced. While overexpression of FLAG-Romo1-WT
does not alter mitochondrial morphology, overexpression of FLAG-Romo1-FFAA
causes mild fragmentation and overexpression of FLAG-Romo1-4CS leads to
elongation of the mitochondrial network indicating Romo1 is functionally and
constitutively active in its reduced state and conversely inactive, with respect to
mitochondrial fusion, in its oxidized state. Mitochondrial REDOX alters the
balance between oxidized and reduced Romo1, as knockdown of glutathione
reductase (GSR) with an shRNA increases Romo1 oxidation (Appendix V),
supporting this mechanism of Romo1 regulation within the cell. These results
suggest that Romo1 actively couples mitochondrial REDOX to the regulation of

mitochondrial morphology in a model proposed below.
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4.3 Romo1 as a CJ-checkpoint protein required for mitochondrial fusion

When reduction of Romo1 is favored, Romo1 more strongly associates
with Mitofilin, promoting mitochondrial fusion in a manner dependent on Opai.
When oxidization of Romo1 is favored, such as the Romo1-FFAA mutant, Romo1
is functionally inactive, leading to Opal isoform imbalance and impaired
mitochondrial fusion. These results support a model whereby OPA1 is
downstream of Romo1 with respect to mitochondrial fusion. Interestingly,
evaluating cristae junction integrity, through a cytochrome C release assay,
shows that FLAG-Romo1-4CS can inhibit cytochrome C release in the absence
of OPA1, suggesting Romo1 is downstream of OPA1 with respect to cristae
junction closure and that CJ closure and mitochondrial fusion are coupled. These
results support a model whereby, in the absence of Romo1, cristae junctions are
poorly maintained and mitochondria lose cristae, as in Figure 4A. In the absence
of cristae, mitochondria are sensitized to apoptosis due to the inability to
sequester proapoptotic molecules such as cytochrome C. We propose that in this
sensitive state, OPA1 is inactivated to inhibit outer membrane reorganization,
which could allow for cytochrome C release and accidental initiation of cell death
pathways, during lipid remodeling. In this model, Romo1 is required to ensure
cristae junctions are closed and cytochrome C sequestered, prior to
mitochondrial fusion. This would serve as a checkpoint ensuring that

mitochondrial fusion does not proceed if cristae junctions are open.
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Surprisingly, knockdown of Mitofilin leads to mitochondrial elongation.
Furthermore, knockdown of Romo1 and Mitofilin result in different imbalances of
Opai isoforms. While knockdown of Romo1, Mitofilin and OPA1 all lead to
cristae defects (Figure 4 and (100, 107)), the results are phenotypically different.
Mitochondria lacking Romo1 are mostly devoid of cristae, with a small subset
displaying cristae stacks identified in Figure 4A (arrow), which are characterized
by sub-mitochondrial compartments that are completely closed, lacking cristae
junctions, and are discontiguous with the inner membrane and intermembrane
space. Mitochondria lacking Mitofilin, and other MINOS members, display cristae
stacks (107), while loss of OPA1 leads to widening of cristae junctions (100).
These observations are consistent with our findings. Knockdown of OPA1 leads
to enhanced cytochrome C release and mitochondrial fragmentation. Knockdown
of Mitofilin, however, blocks tBid-induced cytochrome C release. This is likely
because the cristae stacks in mitochondria lacking Mitofilin are closed, and
discontiguous with the intermembrane space, sequestering cytochrome C in a
fashion that can no longer be dynamically regulated by apoptotic stimuli. As
previously mentioned, loss of Mitofilin also causes mitochondrial elongation. This
is consistent with a cristae junction checkpoint model. Loss of Mitofilin sequesters
cytochrome C in closed cristae stacks devoid of cristae junctions. These
mitochondria would be in a state constitutively permissive to mitochondrial fusion
since there is no risk of cytochrome C release during outer membrane

remodeling. Consistent with this hypothesis, OPA1 isoform balance is altered in a
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manner conducive to mitochondrial fusion. Based on these observations, we
propose the model summarized in Figure 13, whereby Romo1 couples
mitochondrial REDOX to a cristae junctions closure checkpoint required for

mitochondrial fusion, through MINOS and OPAA1.

4.4 Future Directions

The model presented above raises many questions about the role of
Romo1 in mitochondrial dynamics. Future work might explore some of the ideas,
described below, among others. Firstly, the idea that Romo1 is regulated by
mitochondrial REDOX raises a couple of questions. Is mitochondrial fusion
directly linked to REDOX status or are there specific stimuli regulating Romo1-
mediated mitochondrial fusion? Testing a panel of ROS inducers and correlating
Romo1 REDOX status with mitochondrial shape will help to answer this question.
Also, orienting Romo1 within the inner membrane will help to understand whether
it is REDOX within the matrix or the intermembrane space that is regulating the
two exposed cysteine residues likely to govern the REDOX sensitivity of Romo1.
Secondly, is MINOS dynamically regulated? Thus far, no post-translational
modifications or regulatory mechanisms of MINOS functions have been
described. This is the first report of a dynamic interaction between MINOS and
another protein. To date, reports have merely suggested MINOS is a structural
requirement for cristae formation and maintenance and reports have focused on
the requirement of MINOS for mitochondrial import and assembly of outer

membrane complexes (220, 221); however, given the dynamics nature of cristae
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junctions, it is likely that MINOS is regulated by mitochondrial health and function.
To fully understand the roles of MINOS and Romo1 in mitochondrial fusion, it will
be critical to understand how they regulate OPA1. Here, we report that
knockdown of Romo1 and MINOS both cause OPA1 isoform imbalance. It will be
important to reveal whether this result is a direct effect regulation of the
proteases responsible for OPA1 processing, or if the isoform imbalance observed
is due to the defects in cristae morphology, causing the spatial distribution of
OPAT1 to be altered resulting in differential processing. Given how little is known
about Romo1, there are many questions that could be posed about its function.
Assessing the physiological requirements of Romoi1 by studying a Romo1
conditional knockout mouse model will help to direct future work to the most

relevant roles of Romo1 within the mitochondria.

Given that the reports on MINOS function are largely centered on
mitochondrial import, the role of Romo1 in this context will need to be addressed.
MINOS has also been proposed to act as a large scaffold regulating numerous
mitochondrial functions as it has been shown to associate not only with import
proteins but also with the Voltage-dependent anion channel (VDAC1), the fusion
component Ugo1, and with ERMES, a complex responsible for ER-mitochondrial
communication through calcium and phospholipid exchange (222). Van der Laan
et al. (2012) have proposed that a larger complex exists between MINOS and
ERMES, termed ER-mitochondria organizing network (ERMIONE) (222), which

may regulate numerous mitochondrial processes. While little evidence for this

61



complex has been reported, it could be important to future work with Romo1,

given the emerging importance of the ER in regulating mitochondrial morphology.

4.5 Romo1 and cell death

While this report primarily describes the role of Romo1 in mitochondrial
morphology, we also report several lines of evidence that Romo1 actively
regulates apoptosis at the level of cristae junctions and cytochrome C release.
We have shown that cells lacking Romo1 are sensitized to apoptotic stimuli-
induced cytochrome C release, correlating with cell death as measured by
condensed apoptotic nuclear morphology (Figure 5A-D). Interestingly, Romo1 is
upregulated in a subset of cancer cells and can contribute to transformation

(www.cbioportal.org and (204, 211)). Romo1 could serve as a potential

therapeutic target if its upregulation leads to an inhibition of cytochrome C
release in the presence of apoptotic signals. The observation that Romo1
regulates mitochondrial morphology in a manner coupled to cytochrome C
release and apoptosis is of additional interest in the field of mitochondrial
dynamics. A general consensus in the field is that mitochondrial fragmentation is
either required for, or occurs simultaneous to, cytochrome C release (Reviewed
in (4, 223-225)). We evaluated this concept by screening our list of candidate
genes from the screen for sensitivity to tBid-induced cytochrome C release.
Appendix VIIA shows that of 18 candidates that when knocked down give a
fragmentation phenotype, knockdown of only 3 (Romo1, DNAJA3 and UNC5A)

sensitize cells to tBid-induced cytochrome C release. Conversely, knockdown of
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only 2 out of the 7 (RABGAP1 and AKR1B1) candidates with an elongation
phenotype, also protected cells from tBid-induced cytochrome C release.
Furthermore, Appendix VIIB shows that sensitivity to tBid-induced cytochrome C
release does not correlate with downstream cell death as measured by
condensed nuclei, suggesting that there is a low threshold of cytochrome C
release required to initiate apoptosis. Interestingly, Romo1 was one of the few
genes that acted as the literature would have predicted. Cells lacking Romo1
have fragmented mitochondria, are sensitized to cytochrome C release and
downstream apoptosis. In this report, we primarily use sensitivity to cytochrome
C release as a readout for CJ integrity and use condensed nuclei as a bona fide
readout of cell death. Taken together, these data suggest that the mechanisms
regulating mitochondrial morphology and apoptosis may be more intricate than

previously thought.

4.6 Concluding Remarks

Using an unbiased genome-wide RNAI screening approach, we identified
Romo1 as a regulator of mitochondrial fusion and cristae integrity. Romo1 is a
REDOX-regulated mitochondrial inner membrane protein involved in interactions
between the structural cristae junction complex MINOS, and the dynamically
regulated fusion GTPase OPA1. Through these interactions, we propose that
Romo1 couples mitochondrial REDOX signaling to a cristae junction checkpoint,
ensuring that CJs are closed prior to outer membrane remodeling during fusion.

Future work will assess the roles of Romo1 in a physiological context.
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Chapter 6 Appendices

OMM Fusion

IMM Fusion
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Appendix | Mammalian Outer and Inner Mitochondrial Fusion Machinery. Mitochondrial
fusion is mediated in two steps. Fusion of the outer membrane, mediated by Mitofusin 1 and 2,
and fusion of the inner membrane, mediated by long (I-OPA1) and short (s-OPA1) isoforms of
OPAT1.
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Appendix Il Mammalian Mitochondrial Fission Machinery. Mitochondrial fission is mediated
by the large GTPase, Drp1, which is recruited to the outer mitochondrial membrane by adaptor
molecules, Mff and MiD49/51, where it oligomerizes into constriction rings.
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MINOS MICOS MitOS Mammalian Homologue

Fcj1 Fej1 Fcjt Mitofilin
Aim5 Mcs12 Aim5
Mio10 Mcs10 Mos1 MINOSH1
Aim13 Mcs19 Aim13 CHCHD3
Mio27 Mcs29 Mos?2
Aim37 Mcs27 Aim37 MOMA-1

Appendix Il MINOS/MICOS/MitOS complex members and Mammalian Homologues.

80



2.5 1
o
= 23 - _
(1o ®siCON
§ OsiRomof
a
(7]
< o9 -
ol .

Vector Romo1v5

Appendix IV C-terminal tagged Romo1 acts as a dominant negative. Histogram showing
aspect ratio of the mitochondrial networks of U20S cells transfected with siCON or siRomo1 and
infected with lentivirus encoding either an empty vector or Romo1-v5.

81



:,n 25
8 a, 1.2
s’ g
g <
5 & 08 ®5iCON
E -
;'i':’ 1 E 0.6 OsiRomo1
s T 04
s 05 B
e £ 02
]
0 o 0

U20S GM38 U20S GM38

Appendix V Romo1 mRNA is present in both U20S and GM38 cells and is depleted by
RNAIi. A. RNA was collected from U20S and GM38 cells and gPCR analysis was performed to
assess Romo1 mRNA expression in these cells. mRNA levels were normalized to the reference
gene 36B4. B. RNA was collected from U20S and GM38 cells 72h after transfection of either
siCON or siRomo1. gPCR analysis was performed to assess Romo1 mRNA expression in these
cells. mRNA levels were normalized to the reference gene 36B4 and expressed relative to siCON
of each cell line.
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Appendix VI Romo1 REDOX status is regulated by glutathione reductase. Western blot of
FLAG tagged ROMO1 WT following resolution on reducing (+DTT) and non-reducing (-DTT) gels,
96h after infection with lentivirus encoding shRNAs against CON, Gluathione reductase (GSR) or
Thioredoxin 2 (TXN2). Western blot was also probed for GSR, TXN2 and VDAC1 as controls.
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Appendix VII Cells lacking Romo1 display altered Opa1 processing. U20S were transfected
with either siCON or siRomo1 and 4 hours later infected with lentivirus encoding either empty
vector, siRNA-resistant Romo1 WT, -FFAA, or -4CS cDNA. Cell lysates were analyzed by SDS-
PAGE and WB for Opal and VDAC1 as a loading control.
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Appendix VIII Cells lacking Romo1 display normal expression of the Mitofusins and Drp1.
U20S cells were transfected with either siCON or siRNA targeting Romo1, Drp1, or Mfn1/2. Cell

lysates were analyzed by SDS-PAGE and WB for Mfn1, Mfn2, Drp1 and VDAC1 as a loading
control.



90 -
82 80 1
& 70 -
8
£60
050-
§40‘
O 30+
S 20 -
§.20 - -
S 107
0 -
T Zr-r 0NN~ [ -0 < - O QA ANX TFrrrMmOOTT T ML
o e QoOJd<od D> XEL-WO L <
@QEEEE mwm%-—o.x Q2088 a ol =858
o © = X @ = " Croaogs0<® z-2zg<
c o = S50 ?E%Im o 0oEz="I5EB8R " Ez5
O o < o8 8]: O ] (Cal
+tBid
Control Elongation Fragmentation
B
80
__ 70
§60
)
© 50
=
Z 40
°
8 30
c
3 20
5 10 I i
S I
o [
0Z~— NN w— ONMr- —® < TTr OO ANX 0N OY W @<
WOEEFE coJdoeomdyg O@OKFAa>XHKHL-VOoOoL<O<LY
S055¢£06 TRESTHr 26°c0568<35%5%525222
o5 s 5 ox‘:’:’w 00 o308z nz" g3 2
°s 2= s 2Es 57 6°N ©g°>
i 8T
+Etoposide
Control Elongation Fragmentation

Appendix IX Uncoupling between mitochondrial morphology, cytochrome c release, and
apoptosis. Deconvoluted siRNA targeting candidate genes from the morphology screen were
transfected into U20S and treated with either Adeno-tBid for 8h (A) or 50uM etoposide for 20h
(B). Cytochrome c release was measured in A, as decribed earlier. Apoptosis, as measured by
condensed, apoptotic nuclear morphology, previously described, was measured in B. siRNA
duplex yielding the most robust change in mitochondrial morphology is represented in
histograms. Mfn1, Mfn2, Mfn1/2 and Drp1 are shown as controls.
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