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Abstract

Mitochondria—the intracellular powerhouse in which nutrients are converted into energy in the form of ATP or heat—are
highly dynamic, double-membraned organelles that harness a plethora of cellular functions that sustain energy metabo-
lism and homeostasis. Exciting new discoveries now indicate that the maintenance of this ever changing and functionally
pleiotropic organelle is particularly relevant in terminally differentiated cells that are highly dependent on aerobic metabo-
lism. Given the central role in maintaining metabolic and physiological homeostasis, dysregulation of the mitochondrial
network might therefore confer a potentially devastating vulnerability to high-energy requiring cell types, contributing to
a broad variety of hereditary and acquired diseases. In this Review, we highlight the biological functions of mitochondria-
localized enzymes from the perspective of understanding—and potentially reversing—the pathophysiology of inherited
disorders affecting the homeostasis of the mitochondrial network and cellular metabolism. Using methylmalonic acidemia
as a paradigm of complex mitochondrial dysfunction, we discuss how mitochondrial directed-signaling circuitries govern the
homeostasis and physiology of specialized cell types and how these may be disturbed in disease. This Review also provides a
critical analysis of affected tissues, potential molecular mechanisms, and novel cellular and animal models of methylmalonic
acidemia which are being used to develop new therapeutic options for this disease. These insights might ultimately lead
to new therapeutics, not only for methylmalonic acidemia, but also for other currently intractable mitochondrial diseases,
potentially transforming our ability to regulate homeostasis and health.
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Introduction

Mitochondria are complex dynamic organelles that take
the pilot’s seat in the biology of most eukaryotic cells by
playing a key part in catabolic and anabolic metabolism,
hence guiding cell-wide programs for cellular growth and
organismal homeostasis. Ever since its initial description
by Altmann [1] and Benda [2] in the 1890s, the mito-
chondrion has come to be known as a double-membrane-
enclosed cytoplasmic organelle responsible for the genera-
tion of cellular energy through oxidative phosphorylation
(OXPHOS) [3]. In parallel with its role in the production
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of cellular energy in the form of ATP, this highly dynamic
organelle regulates intracellular calcium [4-6] and redox
homeostasis [7, 8]. It also acts as a cardinal platform to
coordinate molecular circuitries, toggling the balance
between cell survival and regulated cell death pathways in
response to changes in the surrounding microenvironment
or stress conditions, hence driving nearly every aspect of
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cell differentiation, fate, and function [9]. Given the cen-
tral role in preserving cellular and physiological homeo-
stasis, imbalances in mitochondrial function thus pose a
potentially devastating threat to many different cell types,
fuelling pathologies associated with ageing, neurodegen-
eration, metabolic disease, and cancer [10-13].

Over the last two decades, studies of rare inherited
genetic diseases, in combination with advances in tech-
nology and foundational genomic resources enabled by the
high-throughput omics era, have provided novel insights
into fundamental principles governing the contribution
of mitochondria to cellular homeostasis and physiology.
Through converging approaches, these pathway paradigms
have captured a holistic understanding of the pathogenesis
of other common human disorders in which mitochondrial
dysfunction has been implicated as a secondary event in
the progression of the disease. Furthermore, genome-wide
association studies of urinary metabolites have identified
the association between common sequence variants within
or close to the genes encoding enzymes and transport pro-
teins that enrich the mitochondrial matrix—the subcellular
compartment in which many detoxification reactions and
fatty acid and amino acid metabolism occur—and kidney-
related traits (i.e. urine albumin-to-creatinine ratio and
estimated glomerular filtration rate [13]) or different dis-
ease states, including chronic kidney disease [14]. These
large-scale and multi-omics approaches thus support the
fundamental role of mitochondria in organizing cellular
homeostasis and organismal physiology, and its contribu-
tion to disease risk within the population.

In this review, we discuss the role of the mitochondria,
not only as an energetic powerhouse, but also as a hub
for signaling and homeostasis pathways and delve into
the breakdown and removal of dysfunctional mitochon-
dria through degradative processes. We further investi-
gate diseases specifically affecting the mitochondria and
take the dysfunction of the mitochondrial matrix residing
metabolic enzyme methylmalonyl-coenzyme A mutase
(MMUT) as a paradigm of mitochondrial disease. We
describe the multiple roles of this enzyme in regulating the
mitochondrial network and possible molecular and cellular
pathways through which the loss-of-function mutations in
MMUT might lead to mitochondrial distress, resulting in
organ dysfunction primarily affecting the brain and kidney,
and ultimately causing life -threatening manifestations.
This Review also places a special emphasis on emerg-
ing advances in (patient-derived) cell-based and novel
preclinical animal-based models that are empowering
the development of small molecule-based drug discovery
and screening programs. In the concluding section, we
highlight regulatory pathways targeting cellular adversi-
ties linked to MMUT dysfunction and potential targets for
therapeutically treating this life-threatening disease.
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Mitochondria: from structure to physiology
to organelle quality control

Structure

Mitochondria, whose name was coined by Carl Benda [2]
in 1898 by combining the Greek words “mitos” (mean-
ing thread) and “chondrion” (meaning granule), can be
either found as isolated organelles or form large networks.
They can have different morphological shapes and ultra-
structural organization and distribute unevenly in the
cytoplasm through specialized transport and positioning
to adequately respond to changes in microenvironmental
cues [15].

These highly dynamic and plastic organelles harbor
multiple copies of their own bacterium-derived mito-
chondrial DNA (mtDNA) in the form of circular double-
stranded DNA molecules. The mammalian mitochondria-
derived proteome is composed of approximately 1500
proteins [16, 17] nearly all of which are encoded by
nuclear DNA, translated in the cytosol, and delivered to
mitochondrial sub-compartments through regulated import
systems, processing, and assembly. By contrast, mtDNA
only codifies approximately 1% of the mitochondrial pro-
teome; these latter proteins being components of OXPHOS
complexes [18]. Moreover, mtDNA mutations, whose rate
is higher than the nuclear genome, can lead to metabolic
dyshomeostasis, with defects in cellular energy production
and tissue dysfunction, as testified by the identification of
a large number of mitochondrial diseases [19]. Concomi-
tantly, mutations in mtDNA might also accumulate during
aging, wreaking havoc, directly or indirectly, on mitochon-
drial health and functionality, eventually contributing to
age-induced adversities of a multitude of pathologies [18].

Mitochondria are composed of two structurally and
functionally different membranes (Fig. 1), described as
the outer mitochondrial membrane (OMM) and the inner
mitochondrial membrane (IMM). The smooth and perme-
able OMM acts as a platform for the transmission and
decoding of signaling cascades into the mitochondria.
Beyond its primordial function as a barrier and its latter
evolution into a signaling hub, the OMM also establishes
a networks of physical and functional interactions with
other intracellular moieties (Fig. 1)—such as the endo-
plasmic reticulum (ER), endosome and lysosome, peroxi-
some, plasma membrane, and lipid droplets—through the
formation of membrane contact sites where the exchange
of ions, metabolites, and other molecules can take place.
Further details on the composition, dynamics, identity, and
specific functions of membrane contact sites have been
exhaustively reviewed elsewhere [20, 21]. By contrast,
the IMM, which surrounds the mitochondrial matrix, is
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Fig. 1 Mitochondria and their functions. Mitochondria consist of
four compartments: outer membrane (OMM), intermembrane space
(IMS), inner membrane (IMM), and matrix. Mitochondrial proteins
and complexes are involved in energy metabolism with respiration
and biosynthesis of ATP; metabolism of amino acids, lipids, and
nucleotides; biosynthesis of iron sulfur (Fe—S) clusters and other

more intimately involved in bioenergetics. The IMM can
be further divided into two sub-compartments: the inner
boundary membrane and the inner membrane cristae, the
latter of which are deeply convoluted invaginations that
harbor the machinery required for mitochondrial respira-
tion, including the mitochondrial respiratory chain and
F,F,-ATP synthase [22, 23], ensuring an adequate ATP
conversion and energy metabolism (Fig. 1). Altogether, the
maintenance of the mitochondrial network structure and
integrity is key to performing a wide range of metabolic
pathways and signaling cascades that sustain cellular and
physiological homeostasis.

Diverse functions of mitochondria

One of the main functional roles attributed to mitochon-
dria is the ability to coordinate ATP production and energy
conversion. Typically, mitochondria comprise the respira-
tory chain complexes and F,F, ATP synthase, which are
located to the inner membrane cristae, and a broad string of
nutrient transporters and channels for metabolites and other
molecules, which are mostly situated within the matrix and
the IMM [24, 25]. Electrons from the oxidation reactions of
metabolites—such as tricarboxylic acid cycle intermediates,
amino acids, lipids, and nucleotides—sustain the respiratory
chain, ultimately triggering an electrochemical gradient that
pumps protons out of the mitochondrial matrix into the inter-
membrane space [26]. The resulting proton gradient drives

cofactors; transport of ions and metabolites; protein import and pro-
cessing; signaling and redox homeostasis; membrane architecture and
dynamics, and interorganelle communication by establishing contact
sites; and quality control and degradation processes, and cell death
pathways

the conversion of ADP to ATP through F,F, ATP synthase
in the process of OXPHOS and enables the transport of pre-
cursor proteins and metabolites across the IMM [26]. Under
aerobic conditions, this process is responsible for generating
the majority of cellular energy and participates in nearly
every aspect of metabolic functions.

Beyond its role in energy production and cellular metab-
olism, the mitochondrial network (Fig. 1) is required for
fatty acid, amino acid, and nucleotide metabolism [27],
iron—sulfur cluster and cofactor biogenesis [28], and import
and processing of precursor proteins that are synthetized
on cytosolic ribosomes [29]. Furthermore, mitochondria
can serve as signaling platforms that regulate programmed
cell death and innate immunity [12, 30]. For instance, virus
infection can activate mitochondrial antiviral signaling pro-
teins, which localize to the OMM and trigger the production
of cytokines to counteract infection [31].

Mitochondria also have major roles in sequestering and
releasing calcium ions, hence regulating the cellular stores
of these versatile signaling molecules. Owing to their intrin-
sically dynamic nature and the formation of membrane con-
tact sites with the ER, mitochondria utilize calcium trans-
porters [4, 5] located at the IMM to control cellular calcium
homeostasis in response to contextual signals, ultimately
safeguarding a vast array of biological processes and cel-
lular functions. Altogether, the maintenance of a healthy
and functional mitochondrial network is particularly criti-
cal for the viability of eukaryotic cells as these organelles
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perform essential functions in bioenergetics, metabolism,
and signaling.

Mechanisms of mitochondrial quality control

Mammalian cells have evolved elaborated quality control
and surveillance systems to cope with perturbations of
homeostasis [32, 33]. For instance, the accumulation of mis-
folded proteins owing to increased mitochondrial ROS or
extra-mitochondrial proteotoxicity or alterations of the res-
piratory complexes or mitochondrial translation [34, 35]can
activate an evolutionarily conserved, transcriptional stress
response aptly coined as the mitochondrial unfolded protein
response (UPR™; Fig. 1), part of a larger cell-wide stress
response. Within the mitochondria, the UPR™ promotes the
repair and recovery of mitochondrial network proteostasis,
thereby counteracting proteotoxic stress and ensuring the
maintenance of mitochondrial and cellular functions [27].
In Caenorhabditis elegans, as part of the UPR™, an acti-
vating transcription factor associated with stress (ATFS—1
[36]), which is normally imported into healthy mitochon-
dria through its mitochondrial protein import sequence
and degraded, is instead targeted to the nucleus to trigger
adaptive responses that enable the cell to cope with mito-
chondrial distress [37]. This results in the accumulation of
nuclear transcripts that stimulate the recovery of OXPHOS
complexes [38, 39], re—establish mitochondrial proteosta-
sis by upregulating chaperones and proteases, and detoxify
ROS [40, 41], ultimately restoring mitochondrial proteosta-
sis and homeostasis. However, mammalian studies paint a
different picture that implies a process called the integrated
stress response, which lowers overall protein production
while increasing the abundance of transcriptional factors
[40]. Respective findings by Guo et al., [42] and Fessler
et al., [43] suggest that mitochondrial dysfunction causes
the protein OMAL1, which is located on the IMM, to cleave
the protein DELEI, a fragment of which enters the cyto-
sol and binds to the enzyme HRI, subsequently activating
it. HRI adds a phosphate group to the protein elF2a, and
this phosphorylation slows the synthesis of most cellular
proteins from messenger RNA, mediated by the ribosome
complex, but promotes the production of the transcription
factors ATF4, ATF5 and CHOP. Treatments that activate the
UPR™ have been shown to ameliorate mitochondrial func-
tion in amyloid-f proteotoxic diseases, such as Alzheimer’s
disease [44], age-associated amyloidosis [45], and kidney
injury [46]. Conversely, tuning the chronic integrated stress
response activation might potentially rescue synaptic plastic-
ity loss [47], and reverse age-related cognitive decline [48],
and sepsis-induced kidney injury [49].

Recent studies have indicated that similar forms of
mitochondrial dysfunction, including damage by paraquat,
mtDNA mutations, and misfolded protein accumulation in
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the matrix, might activate UPR™ as well as other quality
control and surveillance systems. For example, mitochon-
drial fusion proteins—such as the dynamin-like mitofusin
1(MEN1), MFN2 and OPA 1—combat mitochondrial stress
by fusing damaged and/or dysfunctional mitochondria
with healthy mitochondria [21, 50]. Alternatively, proteins
involved in mitochondrial fission—including the cytosolic
dynamin-like protein DRP1 and its outer mitochondrial
membrane partners—segregate exhausted parts of the mito-
chondrial network, which are then selectively removed by
lysosome-directed degradation pathways [51]. This fascinat-
ing interplay between fusion and fission membrane dynam-
ics and mitochondrial quality control mechanisms has been
extensively discussed elsewhere [52, 53]. Here, we will
emphasize the signaling cascades regulating the mechanisms
of mitochondrial elimination by autophagy-lysosome deg-
radation systems.

An essential facet of quality control mechanisms is the
activation of (largely selective) degradative cascades that
enable cells to dispose of exhausted and/or potentially harm-
ful mitochondria. This may occur through the dynamic
and self-regulated process aptly coined as mitochondrial
autophagy/mitophagy (Fig. 1), which results in the engulf-
ment of cellular constituents by a double-membrane struc-
ture called an autophagosome [33, 54-57]. In functional
mitochondria, the phosphatase and tensin homologue
(PTEN)-induced kinase 1 (PINK1) is transported into the
mitochondrial matrix, where it is processed and cleaved
[52, 58, 59] by matrix processing peptidase (MPP) and
presenilins-associated rhomboid-like protein (PARL). As
a result, the truncated form of PINKI1 is released into the
cytosol and degraded by the ubiquitin—proteasome system
[60]. Conversely, dissipation of the mitochondrial membrane
potential triggers the stabilization of PINK1, facilitating its
accumulation on the OMM [61]. This leads to activation of
the E3 ubiquitin ligase Parkin, which triggers the ubiquitina-
tion of other OMM proteins, culminating in the recruitment
of autophagy initiating factors [60, 61] and engulfment of
damaged mitochondria within autophagy-lysosome degrada-
tion pathways.

Beyond its role in organelle quality control and surveil-
lance systems, Parkin has also been found to induce the
activation of the transcriptional co-activator peroxisome
proliferator-activated receptor gamma co-activator 1 alpha
(PGCla)—a key regulator of mitochondrial biogenesis and
energy metabolism—through the ubiquitination of Parkin-
interacting substrate [62, 63]. Upon mitochondrial damage,
the PINK1-directed recruitment and activation of Parkin
at the OMM can trigger the ubiquitin/proteasome system
(UPS)-mediated degradation of PARIS—a transcriptional
repressor of PGC1l—ultimately stimulating mitochondrial
biogenesis and function [62, 63]. In a similar vein, the modu-
lation of PGCla-elicited mitochondrial biogenesis triggered
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by changes in sirtuin and NAD metabolism [64], oxidative
damage or environmental stress [65, 66], or during exercise
[67], seems to trigger PINK1/Parkin-dependent turnover
of mitochondria in different tissues and model organisms.
Thus, an intimate cross-talk between signaling and degra-
dation pathways safeguards the maintenance of a healthy
mitochondrial repertoire, hence preserving its functions in
cellular metabolism and organismal homeostasis.

Independent of ubiquitin-driven mitophagy, other
OMM-associated mitophagy receptors, such as BNIP3
(BCL2/adenovirus E1B 19 kDa protein-interacting pro-
tein 3), NIX (NIP3-like protein X)/BNIP3L, and FUNDC1
(FUN14 domain-containing 1) target damaged and/or dys-
functional mitochondria to autophagosomes by directly
promoting the binding of mitochondria with LC3 and
GABA ,-receptor-associated protein (GABARAP) through
atypical or typical LC3-interacting motifs [68—71]. In a simi-
lar vein, cardiolipin—a phospholipid primarily synthesized
and distributed along the IMM—may be redistributed to the
OMM to interact with LC3-flagged autophagy cargos, ini-
tiating a signaling cascade that promotes the engulfment of
damaged mitochondria by autophagosomes in response to
mitochondrial damage [72], helping preserve cellular and
physiological homeostasis.

In contrast to the wholesale mitophagy processes
described above, a recently emerging piecemeal mitophagy
mechanism of mitochondrial quality control has been
described, involving the release of small vesicles excised
from the mitochondria and hence aptly termed as mitochon-
drial-derived vesicles (MDVs [53]). These MDVs have been
shown to engulf certain cargos—including outer and inner
mitochondrial membrane and/or matrix residing proteins—
and transfer them to the lysosome for degradation in an LC3-
and p62/SQSTM1-dependent manner or to the peroxisome
with as yet unclear consequences. Thus, MDV's might act as
a first round of defense for mitochondria to remove damaged
proteins, preventing the complete failure of the organelle.
The diverse repertoire of cellular quality control pathways
therefore seeks to ensure the maintenance of a functional
mitochondrial network, ultimately sustaining energy metab-
olism, cellular and organismal homeostasis. Further insights
into this fundamental pathway might ultimately lead to new
treatments for mitochondrial disorders and other disease
entities associated with mitochondrial dysfunction.

Diseases affecting mitochondrial function
Primary and secondary mitochondrial disorders
Given the crucial roles of the mitochondrial network in cel-

lular energy production and homeostasis, it is not surprising
that disorders which disrupt mitochondrial function are of

grave consequence to the individual. When inherited, these
disorders are often classified as primary or secondary mito-
chondrial diseases. Primary mitochondrial diseases include
inherited disorders that disrupt OXPHOS or mitochondrial
structure and function, such as abnormalities in the pro-
duction of cofactors and vitamins, or other alterations in
the TCA cycle and pyruvate metabolism [73]. Of the 1500
proteins estimated to participate in mitochondrial function
and maintenance, nearly 400 have been reported to cause
primary mitochondrial disease [74], including all 37 mito-
chondrial encoded genes. Altogether, primary mitochondrial
disorders affect approximately 1:4300 births [75].

The heterogeneity of the processes disturbed by primary
mitochondrial disorders is reflected by the phenotypic varia-
bility of the patients, in terms of tissues and organs affected,
as well as by age of onset and presenting symptoms [73, 74].
Patients may exhibit manifestations in almost any tissue or
organ, in a multi-systemic or tissue-specific manner, from
the first days to weeks of life until after several decades [76].
Nevertheless, along with lactic acidosis, frequently identi-
fied symptoms involve encephalopathy, cardiomyopathy,
renal insufficiency, and liver failure [73, 74] (Fig. 2). Clini-
cal features in these disorders have been expertly reviewed
elsewhere [74, 77].

A considerable body of evidence suggests that the mito-
chondrial stress responses triggered by a primary molecular
defect in the organelle, and not defects of OXPHOS per se,
are the major contributing factor to the clinical and biochem-
ical features of mitochondrial disorders [3]. Such mecha-
nisms, including the UPR™, are likely to be activated by
secondary mitochondrial diseases—i.e., disorders of genes/
proteins not directly involved in OXPHOS or mitochondrial
integrity, but which may indirectly compromise these essen-
tial processes through toxic metabolites or missing products.

A prototypical group of secondary mitochondrial dis-
orders are the organic acidurias, a collection of diseases
including branched-chain ketoaciduria, isovaleric aciduria,
propionic aciduria and methylmalonic aciduria (MMA),
whose disrupted pathways take place within the mitochon-
dria [78]. In patients with these disorders, deficient activ-
ity of enzymes involved in energy producing, catabolic
pathways, result in the accumulation of mono-, di- or tri-
carboxylic acids in the brain and other tissues as well as
in the urine, plasma, and cerebrospinal fluid. Although the
enzymes primarily disturbed in organic acidurias are not
directly involved in OXPHOS, they do affect mitochon-
drial energy metabolism and mitochondrial homeostasis,
whose dysfunction seems to have a major role in disease
development [79]. This can also be seen from the clinical
manifestations of these disorders, whereby frequent clini-
cal symptoms include cardiomyopathy, optic atrophy and
basal ganglia abnormalities, liver dysfunction and kidney
failure, in analogy to primary mitochondrial disorders. All
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these manifestations, to varying degrees, have been found in
MMA (Fig. 2), which can, therefore, be used as a prototypi-
cal model of (secondary) mitochondrial disease.

MMA is a paradigm organic aciduria with secondary
mitochondrial disease

Gene, mutations, and protein functions

MMA can be caused by a series of defects, most of which
lead to deficiency of the enzyme methylmalonyl-CoA
mutase (MMUT), with a combined prevalence estimated to
be 1:50,000 [80]. Mutations in the MM UT gene account for
approximately 50% of all cases of isolated MMA, and to
date almost 300 inherited mutations have been described in
MMUT, the majority of which are of the missense type and
associated with the more severe phenotype that manifest in
the absence of enzyme activity (mut®) [81]. Nevertheless,
most mutations are private, and only a few mutations occur
in several patients, including c.655A > T (p.Asn219Tyr),
c.1106G > A (p.Arg369His), c.2080C > T (p.Arg694Trp)
and ¢.2150G>T (p.Gly717Val) [81, 82].
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MMUT catalyzes the reversible isomerization of
L-methylmalonyl-CoA to succinyl-CoA—an intermediate
of the tricarboxylic acid cycle that is further processed by
succinyl-CoA ligase. This represents the culmination of
propionyl-CoA catabolism, most of which derives from the
breakdown of branched-chain amino acids and odd-chain
fatty acids, although a significant proportion of propionyl-
CoA may be derived from gut bacteria [83]. Propionyl-CoA
is converted to b-methylmalonyl-CoA by the action of pro-
pionyl-CoA carboxylase, defects in which cause propionic
aciduria—a disease that phenotypically and biochemically
overlaps with MMA [84]. For use by MMUT, D-methyl-
malonyl-CoA is racemized to the L configuration by meth-
ylmalonyl-CoA epimerase (MCEE). For proper function,
MMUT requires the vitamin B, derived cofactor adeno-
sylcobalamin. Therefore, defects in the genes MMAA [85],
MMAB [86] and MMADHC [87], which are responsible for
the synthesis or disposition of adenosylcobalamin, may also
lead to MMUT deficiency and therefore MMA, while bio-
chemically mild MMA can be associated with mutations in
MCEE [88, 89], succinyl-CoA ligase (SUCLGI or SUCLA2)
[90] or ACSF3 (combined malonic and methylmalonic aci-
duria) [91, 92].
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Fig.3 Loss of the enzyme MMUT leads to accumulation of
organic acids and mitochondrial abnormalities. Inactivating muta-
tions in the MMUT gene encoding the mitochondrial enzyme meth-
ylmalonyl-coenzyme A mutase, which mediates the terminal step of
branched-chain amino acid and odd-chain lipid catabolism, results in
the accumulation of metabolites (i.e., methylmalonic acid, propionic
acid, and 2-methylcitric acid) and lack of anaplerosis. This triggers

In MMA, organic acids in addition to the substrate meth-
ylmalonyl-CoA accumulate (Fig. 3), leading to secondary
inhibition of several enzymes in TCA cycle and respira-
tory chain metabolism, the urea cycle, and mitochondrial
transport [93]. This impairs mitochondrial respiration and
ammonia metabolism, pathologies shared by other organic
acidurias and primary mitochondrial disorders [94]. All of
these are likely to play a role in the clinical presentation of
this disease.

Clinical features

The clinical presentation of MMA is often nonspecific and
patients may present with acute or chronic symptoms at any
age [84]. Nevertheless, a classical early-onset presentation
in the short term may include metabolic decompensation
with vomiting, feeding problems, metabolic acidosis and
hyperammonemia with neurological deterioration includ-
ing muscular hypotonia, irritability and lethargy, which
in the most severe cases may lead to coma and death [95].

Methylmalonic acidemia mitochondrion

. Odd chain fatty acids o
Valine > S
Isoleucine ——
Threoni

,!’- e\; /

ultrastructural (i.e., presence of abnormal mitochondria with disor-
ganized cristae) and/or functional (i.e., impaired mitochondrial ener-
getics and redox homeostasis) mitochondrial alterations, ultimately
causing severe organ dysfunctions that primarily affect brain, liver,
and kidney. Electron micrographs courtesy of Francesca Diomedi
(Adapted from Luciani et al. [130])

Current treatments, including intensive care, dietary modu-
lation (protein restriction, precursor free amino acid supple-
ments, tube-feeding) and pharmacotherapy (administration
of cobalamin, carnitine and reduction of intestinal flora with
antibiotics), have resulted in many patients surviving these
initial crises [96, 97]. However, affected patients remain vul-
nerable to life-threatening metabolic decompensations, often
show only slight improvement, and are not protected from
long-term complications [96, 98]. The most striking long-
term complications involve neurological symptoms and kid-
ney manifestations [96, 99, 100]; while cardiomyopathy, a
common feature of propionic aciduria [84, 101] and primary
mitochondrial disorders, is not frequently found in MMA.

Brain abnormalities
Neurological impairment in MMA can take many forms. In
52 children with MMA, the most common computed tomog-

raphy (CT) and magnetic resonance (MR) brain sectional
imaging findings were ventricular dilation (17 patients),
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cortical atrophy (15), periventricular white matter abnor-
mality (12), thinning of the corpus callosum (8), subcortical
white matter abnormality (6), cerebellar atrophy (4), basal
ganglia calcification (3), and myelination delay (3) [102].
However, the clinical significance of many of these radio-
logical findings is often unclear.

Neuropathological findings in white matter tracts, cer-
ebral and cerebellar cortex are typically isolated to atrophy,
reactive gliosis, spongiosis and hypomyelination [102—-104].
In MMA, periventricular white matter abnormalities, which
are defined as delayed myelination, occur early and may be
partially reversible. Cortical atrophy in MMA is defined
as ventricle and sulci widening and as with delayed myeli-
nation, early detection and treatment (e.g., before 2 years
of age) may result in normalization after a period of time
[102-106]. Seizures are also a recognized symptom of
MMA which may be present at presentation or appear later
[84, 96, 107].

Neurological impairment most commonly manifests as
movement disorders, such as involuntary tremor, gait insta-
bility, dystonia, hypotonia, muscular rigidity and chorea
[108]. These are often associated with “metabolic stroke”,
which leads to bilateral focal brain lesions, characteristi-
cally in the globus pallidus externa and other regions of
the basal ganglia, which occur in the absence of vascular
stroke aetiologies [104, 106, 109-111]. Necrotic lesions in
the basal ganglia often occur during or shortly after meta-
bolic decompensation [84]. Nevertheless, in some reported
cases, necrosis and CT/MR findings in patients do not occur
with a history of severe metabolic acidosis [105]. Whilst the
picture around the susceptibility of the basal ganglia is not
fully illuminated, findings of bilateral lesions are consistent
throughout differential diagnosis of organic acidurias and
primary mitochondrial diseases. This may be related to the
fact that basal ganglia and particularly the putamen and glo-
bus pallidus have a rich vasculature supply (middle cerebral
artery, branching to lenticulostriate arteries) [112—114], an
abundance of mitochondria [115-117] and the network as
a whole is reported to demonstrate high metabolic activity
and increased glucose and oxygen utilization [118-120].
Consistently, lacunar infarcts in the pars reticulata of the
substantia nigra, a region functionally and histologically
identical to the globus pallidus interna, have also been found
in patients with MMA, supporting the idea that specific cell-
types show particular susceptibility [121].

Finally, long-term neurological damage can be present in
the visual and auditory systems. Especially, optic atrophy is
an increasingly recognized late presentation of MMA, result-
ing in acute or chronic visual loss [107, 122]. Optic atrophy
in MMA has been hypothesized to arise from mitochondrial
dysfunction, due to the similarities in age at onset, presenta-
tion and progression between MMA and primary mitochon-
drial disorders, as well as the apparent beneficial effect of
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supplementation with coenzyme Q10 and a-tocopherol [79].
Sensorineural hearing loss is rare, with yet unclear etiology.

Kidney damage

Kidney specific defects manifest as tubulointerstitial nephri-
tis and renal tubular acidosis. End stage renal disease may
also occur as early as the second decade of life. Most patients
have evidence of mild tubular dysfunction during childhood,
usually without overt signs of renal Fanconi syndrome,
which may become very profound during episodes of meta-
bolic decompensation that are usually triggered by infection,
ultimately causing renal salt and bicarbonate losses. A study
examining a cohort of 30 French patients found chronic kid-
ney disease in 47% with a median onset of 6.8 years [123].
Similar results have been reported in a large cohort of 273
European patients, whose clinical evolution was related
to the type of defect [124]. Proteinuria and hematuria are
usually absent in most patients, and renal histopathology
shows signs of tubulointerstitial nephritis both in humans
and in animal models of MMA [125, 126]. Renal ultrasound
usually shows poorly differentiated kidneys with decreased
growth overtime [127]. The mechanisms of cellular toxicity,
caused by accumulating organic acids and the mitochondrial
defects, and its implication in the pathogenesis of kidney
damage in MMA, are discussed in the section below.

Insights into mitochondrial disease pathways—the role
of impaired mitophagy

Complete (mut®) or partial (mut™) loss of the enzyme
MMUT leads to the accumulation of toxic organic acids
(e.g., methylmalonic acid, propionic acid and 2-methylcitric
acid) and loss of anaplerosis (Fig. 3, top panel). This pre-
sumably trigger the structural and functional abnormalities
in the mitochondrial network (Fig. 3, bottom panel) which
likely drive severe organ dysfunction affecting primarily
brain and kidney. Reinforcing this concept, the metabolic
signature of high urinary excretion of toxic organic acids, as
well as mitochondrial morphological abnormalities, dysreg-
ulation of the respiratory chain complex, causing decreases
in mitochondrial energy production, and augmented pro-
duction of reactive oxygen species and oxidative damage
have been described in kidney cells [126] and biopsies from
MMA patients [128, 129]. However, mechanistically, how
the enzyme deficiency begets mitochondrial distress and cell
toxicity has remained incompletely understood.

Prolonged or unrepairable damage can lead to elimi-
nation of mitochondria through a selective autophagic
process termed mitophagy. Given the accumulation of
MMA-damaged mitochondria and autophagic vesicles,
MMUT deficiency might compromise PINK1/Parkin-
directed priming of MMA stressed mitochondria to
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autophagic-lysosomal degradation. Using the translo-
cation of the protein parkin RBR E3 ubiquitin protein
ligase (PRKN) to mitochondria as a bona fide reporter
of PINK1-PRKN-dependent priming mechanisms, MMA
patient-derived kidney cells display a decrease in numbers
of PRKN* clusters and translocation of PRKN to damaged
mitochondria, in both normal and stress-induced condi-
tions [130-132]. As a direct consequence of defective
PINK1-PRKN priming mechanisms, mutant cells fail to
deliver their damaged mitochondria to autophagy-lyso-
some degradation systems, causing the accumulation of
dysfunctional mitochondria that trigger cellular distress
and kidney damage [130-132]. Expression of the wild-
type PINK1 in MMA patient-derived kidney cells activates
mitophagy-mediated degradation of diseased mitochon-
dria, thereby averting mitochondria-derived epithelial
distress and cell damage. These findings suggest that
anomalies in PINK1/Parkin-mediated quality control and

Wild-type mitochondrion

surveillance systems might thus intersect the mitochon-
drial alterations induced by MMUT deficiency to reach
a high level of mitochondrial dysfunction that ultimately
contributes to the pathogenesis in MMA patients (Fig. 4).
The concept that defective mitochondrial autophagy/
mitophagy and uncontrolled cellular stress might con-
tribute to the MMA disease is in line with the observed
correlation between mitochondrial dysfunction, oxidative
stress, and circulating lipocalin-2 (LCN2)—a secreted
iron-transporting protein produced by kidney tubules fol-
lowing cellular damage in a cohort of patients with MMA
[126, 129].

MMA-affected mitochondrion

MMUT ‘ Mitochondrial MEET
damage O,
i _ _ i Accumulation ;
PINK1-induced PINK1-induced :of MMA damaged mitochondria
PINK1 dtranslocation ON OFF translocation PINK1 : 3
MMUT of Parkin of Parkin MERIT :
! MERT
Parkin s — % Y eT
% § MR (MERT
Mitochondrial ) Mitochondrial :
priming ON |«— Mitophagy Jj»| OFF priming |
ATP N
production l m
Delivery to Delivery to i l
autophagy-lysosome ON OFF autophagy-lysosome
systems systems Cell distress and damage

Fig.4 Model depicting the link between MMUT, mitochondria,
organelle quality control and surveillance systems, and epithe-
lial homeostasis in normal and MMA-affected kidney cells. In
MMA-affected kidney cells and zebrafish, deficiency of the enzyme
MMUT and the resulting accumulation of toxic organic acids trigger
mitochondrial alterations that are characterized by a collapse of the
mitochondrial membrane potential (A¥Ym), abnormal bioenergetics
profiling, and increased generation of mitochondrial ROS and oxida-
tive stress. Faulty execution of PINKI-Parkin-mediated mitophagy

(e.g., increased LCN2)

’ mmut-KO zebrafish

Organic acids

b—" ; =" IMltochondrlal ROS
: % IBehaworaI abnormalltles

IMortallty

induced by MMUT deficiency impedes the delivery of damaged
mitochondria and their dismantling by autophagy-lysosome degrada-
tion systems. This leads to accumulation of damaged and/or dysfunc-
tional, ROS-overproducing mitochondria that ultimately trigger cellu-
lar distress (as evidenced by Lcn2 overproduction) in patient-derived
cells and disease-relevant phenotypes (as testified by liver/kidney
mitochondriopathy, behavioral abnormalities and an excess of mortal-
ity) in mmut-deficient zebrafish (Adapted from Luciani and Devuyst
(131D
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Cell and animal-based disease models
of MMA

Patient-derived cells and tissue culture

Assessments of the mode of action of protein-damaging
mutations require proof-of-concept studies in physiologi-
cally relevant cell culture based-systems. Traditional
cell-based models typically rely on cancer-derived or
immortalized cells that fail to adequately recapitulate the
complex features of the in vivo disease phenotype [133].
The use of patient-derived primary cell samples aims thus
to overwhelm the disadvantages and limitations of using
transformed cell lines for dissecting disease mechanisms.
These samples also provide more clinically relevant cell-
based models for systematically testing drug discovery and
screening pipelines or identifying novel drug-repositioning
opportunities.

A common use of patient-derived cell lines in MMA is
that of primary skin-derived fibroblasts for disease diag-
nosis. Although not a clinically important cell-type, fibro-
blasts express all proteins relevant to MMA. As such, they
are routinely utilized for activity analysis of individual
enzymes, particularly MMUT, or diagnosis of defects in
the propionate pathway through incorporation of radio-
labeled propionate into purified proteins [134]. To assess
disease mechanisms, fibroblasts have been subjected to
proteomics and metabolomics analysis, whereby dysregu-
lation of serine metabolism was found [135]. A potentially
more exciting use of patient-derived fibroblasts involves
converting them to induced pluripotent stem cells (iPSCs),
which can subsequently be differentiated into all cell types
of the human body. At least two MMA patient-derived
iPSC lines have been generated [136]. Differentiation of
these, particularly into neural cells, may provide novel
insights into CNS disease mechanisms, which are cur-
rently poorly understood.

Other potentially relevant patient-derived cell types
are primary hepatocytes. Since the liver is a site for some
clinical manifestations, including hepatomegaly [79] and
potentially more concerning hepatocellular carcinoma
[137] hepatocytes may be an important cell type to inves-
tigate. Using a novel organotypic system which utilizes
hemodynamic flow, Collado and colleagues [138] dem-
onstrated accumulation of disease relevant metabolites in
patient-derived primary hepatocytes.

As MMUT is robustly expressed within the mitochon-
dria of kidney tubular cells [130], we analyzed the proper-
ties of the mitochondrial network in kidney tubular cells
derived from the urine of either healthy controls or mut’
MMA patients harboring inactivating mutations in MMUT
(henceforward referred to as MMA cells).These studies
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revealed that MMUT deficiency causes accumulation of
damaged and dysfunctional mitochondria, ultimately trig-
gering cell distress and kidney damage [128, 130]. These
dysfunctions are associated with an exaggerated produc-
tion of LCN2—a small iron-transporting protein associ-
ated with kidney disease progression [139] and metabolic
disease [140]. In line with recent studies stating dysregu-
lation of autophagy-lysosome degradation pathways in
mitochondria-related diseases [141] and in tissue samples
from patients with MMA [129], autophagosome-asso-
ciated LC3-II form, punctate LC3-positive structures,
and electron microscopy structures compatible with
autophagic vacuoles accumulate in MMA cells compared
to their corresponding controls. Furthermore, MMA cells
display decreased mitochondrial membrane potential and
mitochondrial bioenergetics. These alterations are paral-
leled by a major mitochondrial oxidative stress [128, 130],
as testified by the elevated production of mitochondria-
derived ROS (MitoSOX, a live-cell permeant indicator
of mitochondrial ROS), which are observed also in other
mitochondria-related diseases [126, 141]. Small-molecules
targeting oxidative stress have been shown to be effica-
cious in repairing mitochondrial homeostasis and function
in MMA cells [130], demonstrating the utility of these cel-
lular systems for translating disease knowledge to clinical
outcomes for therapeutic approaches.

Animal models

The availability of animal-based models represent a funda-
mental opportunity not only to gain insights into signaling
frameworks driving the pathogenesis of rare genetic diseases
but also to test potential therapeutic strategies.

Seven different mouse models of MMA have been gener-
ated to date, each with their own strengths. Two knock-out
models of Mmut have been derived, resulting in complete
null mutants [142, 143]. These mice displayed massive ele-
vations of disease related metabolites, however, most pups
did not survive past the first 24-48 h. Backcrossing to a
mixed background did allow a small fraction of animals to
survive the neonatal period [125]. These animals showed
megamitochondria in hepatocytes, proximal tubule cells
and exocrine pancreas, and displayed a clinical phenotype
of tubulointerstitial renal disease. Ion-abrasion scanning
electron microscopy from the liver of 4 day old Mmut knock-
out mice confirmed the beginning of structural changes, but
before conversion to megamitochondria [144]. Partial res-
cue was mediated by creating transgenic mice hemizygous
for a human wild-type MMUT transgene [145] but not one
incorporating p.Arg403* [146]. These mice were smaller
than their littermates and had elevated methylmalonic acid
in urine, plasma, and tissues. Full rescue has been achieved
through expression of a stable transgene under the control
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of a liver-specific albumin promoter (Mut~/=; TgNS~Alb-Mut

[126]) and a skeletal muscle specific murine creatine kinase
promoter (Mut"‘;TgINS_MCK_M”t, [129]). Nevertheless,
Mut~/~; TgNS—AL-Mut mice displayed chronic tubulointer-
stitial nephritis, had ultrastructural changes in the proximal
tubule mitochondria, increased expression of Len2 [126] and
severe kidney disease [147] while Mmur™=;TgNS-MCK-Mut
mice showed growth retardation, and liver and kidney mito-
chondriopathy [129]. A knock-in mouse [148] has been
produced by Forny and colleagues which incorporated a
missense change (p.Met698Lys in mouse) corresponding to
a known patient mutation (p.Met700Lys in human). When
present in the hemizygous form, along with a knock-out
mutation on the second allele, these mice show a mild MMA
phenotype which nevertheless includes elevated metabolites
(methylmalonic acid, propionylcarnitine/acetylcarnitine
ratio) early signs of renal dysfunction and TCA cycle altera-
tions in liver mitochondria [149]. These symptoms are exac-
erbated in the presence of a high-protein diet, whereby mice
exhibited a strong growth defect, morphological changes
in the liver, low bone mineral density and ovarian atrophy
[150]. Surprisingly, however, fasting for 24 or 48 h resulted
in reduced metabolite levels [151].

A transgenic zebrafish model of MMA has been gener-
ated by using CRISPR/Cas9 genome editing [130]. The
obtained zebrafish mutant line carries an 11-bp-CRISPR/
Cas9-induced deletion (mmut®!'V/4e11h) “oenerating a pre-
mature stop codon within exon 3, resulting in a truncated
protein deprived of its catalytic activity. Analogous to
metabolic and mitochondrial alterations reported in MMA
patient-derived kidney cells, both liver and kidney of
mmut—deficient zebrafish accumulate methylmalonic acid
and display altered mitochondrial morphology character-
ized by increased mitochondrial circularity with perturbed
cristae organization. Metabolic flux analyses have revealed
impaired mitochondrial bioenergetics in mmut-deficient
zebrafish when compared to control larvae. These changes
are paralleled by a major mitochondrial oxidative stress,
suggesting an evolutionary conservation of this connection.
Mutant zebrafish faithfully recapitulate MMA character-
istic disease-relevant phenotypes, such as liver mitochon-
driopathy, behavioral abnormalities, and an excess of mor-
tality. These phenotypes are rescued by feeding the mutant
zebrafish with a low protein diet—a current supportive care
strategy used in MMA patients [84]. Intriguingly, these find-
ings revealed that restoring mmut activity in the liver, which
normalizes the levels of methylmalonic acid metabolite and
blunts excessive mortality, does not protect the mmut-defi-
cient zebrafish from the abnormal swimming phenotype.
The latter observation suggests that mmut-induced mito-
toxicity in other cell types and organs (i.e., central nervous
system, optic nerve and/or muscle) might govern the phe-
notypes encountered in mmut-deficient zebrafish. Given the

faithful recapitulation of disease phenotypes associated with
MMA, and the recent technological advances in scale, time,
and cost, and multiplexing of conditions and the potential
of automation, zebrafish might thus serve as a forefront tool
for chemical phenotypic screens of “first in class” drugs,
ultimately translating promising preclinical drug candidates
into clinical success.

Current therapies and future targetable strategies

Isolated MMA makes up one of the most frequent groups of
inborn errors of metabolism, which often manifest in early
childhood and are associated with high morbidity and mor-
tality. There are no curative treatments for MMA. The avail-
able therapeutic approaches, such as dialysis and intravenous
glucose infusion in the acute situation, as well as dietary
protein restriction, supplementation with carnitine and vita-
min B, and potentially liver and/or kidney transplantation
as long-term measures, aim for metabolic stabilization of
the patient [84, 97]. While these measures can substantially
decrease mortality and the overall morbidity, they cannot
completely prevent long-term complications. Therefore,
there is an urgent need to yield promising targetable inter-
ventions in the early course of MMA.

Previous studies showed that kidney dysfunction and
levels of circulating Lcn2 could be abrogated in a trans-
genic mouse model of MMA by administrating ubiqui-
none, a bioavailable form of coenzyme Q,, that acts on
mitochondria, and vitamin E [126]. Taking advantage
of a drug-disease network-based computational mod-
eling approach (Mantra 2.0; Mode of Action by Network
Analysis; http://mantra.tigem.it), we identified new drug-
able pathways that might potentially counteract cellular
dysfunctions associated with MMA [130]. These in silico
analyses indicated that targeting mitochondrial function
and redox homeostasis might reverse disease phenotypes
associated with MMUT deficiency. In line with these
predictions, treatment of MMA cells with mitochondria-
targeted antioxidants such as mito-TEMPO partially res-
cues mitochondrial network homeostasis and improves
its function, blunts any increases in mitochondrial ROS
and autophagy markers, and prevents epithelial distress
and cell damage [130]. In a similar vein, treatment with
low doses of MitoQ, another well-known mitochondria-
targeted antioxidant, alleviates the mitochondrial oxida-
tive stress, improves behavioral phenotypes, and reduces
the excessive mortality in the mmut-deficient zebrafish
model of MMA [130]. Importantly, both pharmacological
interventions did not modify the levels of MMA metab-
olite in either MMA cells or mmut—deficient zebrafish,
supporting the concept that mitochondrial targeting acts
independently of the elevation of toxic MMA metabolites.
Ultimately, regimens that enhance PINK1-Parkin-directed
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mitophagy and mitochondrial quality control might facili-
tate the degradation of MMA-affected mitochondria and
attenuate the cellular and metabolic alterations that drive
life-threatening systemic manifestations in MMA patients.
In this case, the administration of either synthetic or natu-
ral chemical compounds with direct or indirect mitophagy-
augmenting properties [e.g., NAD" precursors, such as
nicotinamide riboside (NR), nicotinamide mononucleo-
tide (NMN) and nicotinamide (NAM) (reviewed in [11]);
autophagy and mitophagy activators such as spermidine
[152], resveratrol [153], urolithin A [34]; mitochondrial
stress response inducers such as actinonin [154] and
doxycycline [44] would thus constitute an attractive (and
potentially feasible) strategy for therapeutically treating
this devastating disorder.

Alternatively, using primary hepatocyte disease models,
a group of scientists from HemoShear Therapeutics have
shown that supplementation with disodium citrate partially
rebalances the concentration of TCA cycle intermediates
[138], while supplementation with a short-chain carboxylic
acid (2,2-dimethylbutanoic acid) is able to reduce intracel-
lular concentrations of metabolites related to propionyl-CoA
and methylmalonyl-CoA [155, 156]. This latter molecule is
now part of a therapeutic clinical trial (NCT04732429) for
MMA.

Beyond promising candidate targets for drug develop-
ment, cell-based therapy including the direct replacement
of defective MMUT through the administration of gene or
mRNA therapy has been tested in various mouse models of
MMA. In a first attempt, adenovirus mediated gene therapy
of Mmut under the control of a cytomegalovirus promoter
delivered either intramuscularly or intrahepatic demonstrated
that half of the Mmut knock-out mice provided with intra-
hepatic injections, which would otherwise die within 48 h
postnatal, survived past weaning [157]. Later, treatment with
adeno-associated virus (AAV) serotype-8 resulted in much
longer survival of Mmut-KO mice [158, 159], while injection
with Mmut under a liver-specific thyroxine-binding globulin
promoter resulted long-term phenotypic correction following
administration with AAVS8 [160], or AAV9 [161]. Further
liver directed therapies have included lentiviral administra-
tion of a codon optimized human MMUT transgene, which
resulted in correction of the growth defect, and reduced
methylmalonic acid in plasma, urine and tissues [162]. Most
recently, a promoterless MM UT transgene has been delivered
into the albumin locus by AAYV, resulting in improved ani-
mal survival and an apparent growth advantage to correct
hepatocytes [163]. Finally, using non-viral delivery, lipid
nanoparticle enclosed human MMUT mRNA delivered via
tail vein injection and targeting the liver has improved sur-
vival and weight gain and reduced circulating metabolites
in Mimut~'=;TgNS"MCK-MUt a4 Afpyyp~/=; Tg!NS-CBA-GT1SY
mice [164, 165]. Both AAV-mediated gene therapy using
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promoterless MMUT (NCT04581785) and LNP-mediated
mRNA therapy (NCT03810690) are the focus of ongoing
phase 1/2 clinical trials.

Conclusions

The maintenance of a healthy mitochondrial network is par-
ticularly crucial for cellular and organismal homeostasis,
and loss-of-function mutations that impair the function of
mitochondria can invariably confer a potentially devastating
vulnerability to many different cell types, ultimately contrib-
uting to a broad spectrum of diseases. Inherited defects in
mitochondrial-localized proteins and/or enzymes, as exem-
plified here by MMA, might disable PINK1/Parkin-mediated
quality control and surveillance systems, triggering a level
of mitochondrial dysfunction that drives cellular distress and
tissue damage.

The mitochondrial dysfunction and impaired mitophagy
flux seem to play a pivotal role in the pathogenesis of kidney
damage, a so far poorly understood process, and, possibly,
also in the generation of central nervous system-related
symptoms and of neuropathological signs in MMA patients.
Interestingly, and unlike cardiomyocytes of rodents lack-
ing Pinkl [166] or Parkin [167], which display accumula-
tion of morphologically abnormal mitochondria and heart
pathology, patients with MMA rarely manifest symptoms
of cardiomyopathy [84, 101]. The reasons for this exquisite
context and cell type specificity are fundamentally enig-
matic. Tentative hypotheses, which warrant further inves-
tigations in non-affected tissues, include the existence of
compensatory (stress-evoked) surveillance systems that
coordinate the mitochondrial turnover and quality control,
or the cumulative effect of the metabolic perturbations
resulting from the absence of MMUT enzyme and the loss
of PINK1/Parkin-mediated mitophagy to reach a high level
of mitochondrial dysfunction that ultimately causes disease
relevant-phenotypes in MMA. Indeed, the accumulation of
methylmalonic acid in the blood of older people seems to
sustain age-induced spread of cancer [168]—an emerging
complication encountered in patients with MMA [169].

The mechanisms by which MMUT deficiency sup-
presses PINK1/Parkin-directed “eat me” signals and hence
mitophagy, remain equally elusive. An intriguing scenario
might be that MMUT deficiency might alter the stability of
PINK1 by disabling the interaction with yet-to-be defined
factors that protect PINK1 from processing and degradation.
Alternatively, MMUT deficiency might trigger stress-related
posttranslational modifications such as S-nitrosylation that
inhibits PINK1 kinase activity and hence mitophagy-directed
degradation pathways [168]. We suspect that dysregulation
of adaptive response to mitochondrial stress might also con-
tribute to maladaptation and disease in patients with MMA,
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and this will require further studies to understand the effects
of MMUT mutations on mitochondrial repair pathways, such
as UPR™ and mitochondrial biogenesis. These questions
are just examples of all the exciting work that lies ahead to
comprehensively dissect the cell type-specific functions of
MMUT and mitochondrial quality control systems. A cur-
rent challenge is to translate the knowledge gained from fun-
damental studies of mitochondrion biology to the treatment
of MMA and other mitochondria-related diseases. In this
regard, the use of informative preclinical models and physi-
ologically relevant cellular systems, coupled with improved
knowledge of cell biology-disease signatures and the recent
advances in multi-omics technologies, might accelerate the
development of therapeutics that can halt the progression
of MMA disease as well as other rare and more common
diseases associated with mitochondrial dysfunction.
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