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Oxygenrelieffor a proteostasis-driven
disease associated with mitochondrial

complexIdysfunction

Anthony S. Grillo
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Hypoxia has emerged as an unexpected therapy
for some mitochondrial diseases. Gargetal.
now extend this concept beyond primary
respiratory chain mutations, showing that
reducing oxygen tension canrescue a disease
of mitochondrial protein quality control linked
tothe HTRA2-CLPB axis.

Molecular oxygenisindispensableincells for ATP production by mito-
chondria, the principal consumers of oxygenin mammals. Yet an excess
of unused oxygen can paradoxically become toxic. This concept has
garnered renewed attention over the past decade as chronic continu-
ous hypoxia (hypoxia therapy) has emerged as an unexpected thera-
peutic intervention in some models of mitochondrial disease'™. The
initial study that first showed rescue in amouse model of the paediatric
neurodegenerative disease Leigh syndrome, caused by mitochondrial
complex I deficiency, has grown into a broader framework in which
the balance of oxygen delivery and cellular consumption, rather than
hypoxia-inducible factor (HIF) signalling, drives disease progression™”.
Inthisissue of Nature Metabolism, Garg et al.° broadly extend this frame-
work beyond primary complexIdeficiencies. They show that hypoxia
therapy may be amenable to treat diseases of mitochondrial protein
quality control that generate a secondary complex I deficiency.

This work naturally builds on earlier studies that establish
hypoxia as a potent modifier of mitochondrial disease. Continuous
hypoxia therapy dramatically prolongs survival and reverses neuro-
logical lesions in Ndufs4-knockout mice, awidely used model of Leigh
syndrome?*. This benefit was not reproduced by activating canoni-
cal HIF signalling alone’. Instead, the proposed model suggests that
reduced electron transport chain activity precludes oxygen utiliza-
tion, thus leading to its accumulation, which creates a state of tissue
hyperoxiainthebrainthatbecomes pathogenic. These observations,
together with later mechanistic work in multiple model organisms,
have strengthened the view that hypoxia therapy benefits complex
I deficiencies through modified oxygen handling. Further, abroader
translational argument has begun to take shape that oxygen concentra-
tion may be a tuneable environmental variable in disease'. The amount
of air you breathe may be asimportant as diet or exercise are in other
metabolic contexts and diseases, which suggests that modifying oxy-
gen status can be highly beneficial in select contexts.

Gargetal.began to conceptualize this work after agenome-wide
CRISPR screen that nominated more than 75 disease-associated genes
whose loss impaired cellular fitness in normoxia but not in hypoxia’.
Among these hits was HTRA2, amitochondrial intermembrane space

serine protease genetically linked with the paediatric neurodegen-
erative disease 3-methylglutaconic aciduria (3-MGA) and implicated
more broadly in neurodegenerative movement disorders®. The mito-
chondrial intermembrane space poses unique challenges in proteo-
static maintenance. Proteins moving through this more oxidative
environment must fold, assemble and stay soluble without access
to a proteasome, which makes them reliant on dedicated proteases,
disaggregases and import machineries for their proper localization,
maintenance and/or function’. Perturbations of these systems are
increasingly recognizedinboth rareinbornerrors of metabolismand
inage-related diseases, including 3-MGA.

Theauthors validated these findings in vivo using the short-lived
Htra2-knockout mouse model of 3-MGA, which displays the accumula-
tionof misfolded proteins, severe neurodegeneration, impaired motor
coordination and premature death. Accurately measuring oxygen con-
centrationsinthebrainis challenging, so the authorsinstead observed
indirect evidence for hyperoxia by quantifying increases in canonical
HIF target genes and depletion of iron-sulfur cluster proteins. Impor-
tantly, they also discovered that continuous exposure to 11% O, sub-
stantially extended survival, promoted weight gain, improved motor
coordination and prevented neuroinflammation in the striatum. The
thalamus was less affected, suggesting perhaps that aggregate burden
orrespiratory demand in different brain regions may define this vulner-
ability. Gargetal.s work does not end with thisimpressive rescue; they
instead investigate the biomolecular underpinnings in detail.

Mechanistically, the paper strongly argues that loss of HTRA2
destabilizes complexIin part by modulating the solubility of the critical
complexIsubunit NDUFA13. Proteomic studiesin HTRA2-knockout cell
culturerevealed reduced abundance of complex Isubunits with effects
onthe N-module. Thisreduces the overall activity of the electron trans-
portchain, which putatively lowers oxygen consumption andinduces
high striatal tissue partial pressure of oxygen. Immunoprecipitation
studies, proximity labelling and biochemical assays revealed that
HTRA2 formsaco-essential functional complex with the disaggregase
CLPB to collectively improve HTRA2 solubility. CLPB helps to resolu-
bilize any aggregate-prone, misfolded NDUFA13 or other proteins,
while HTRA2 degrades non-productive or damaged conformers. The
improper clearance of misfolded NDUFA13 or its aggregates leads to
complexlinstability and dysfunction. The reduced complexIactivity
impairs electron transport chain activity, allowing hyperoxia-mediated
toxicity. Thus, HTRA2-CLPB acts as a safeguard for proper complex |
assembly in healthy mitochondria.

The timely conceptual advance in this work isimportant as mito-
chondrial medicine has traditionally divided mitochondrial disease
mechanismsinto discrete bins such as respiratory chain defects, issues
withsubstrate delivery, defectsin mitochondrial dynamics and failures
in protein import or turnover'’. Diseases caused by deficiencies in
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Fig. 1| Mechanistic framework for oxygen accumulation in 3-MGA. Simplified
schematic of HTRA2-CLPB proteostatic maintenance of complex I formation
and impairment in a Htra2-knockout mouse model of 3-MGA. Hypoxia therapy
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prevents neuroinflammation and improves performance in Htra2-knockout
mice, presumably by reducing brain oxygen tension. ETC, electron transport
chain; IMS, intermembrane space; pO,, tissue partial pressure of oxygen.

mitochondrial chaperones, proteases, or disaggregases are not nor-
mally grouped with respiratory chain defects as they are more often
discussedin protein aggregation disorders (for example, a-synuclein
in Parkinson’s disease), organelle stress (for example, mitochondrial
dysfunction) and neurodegeneration (for example, reduced neuro-
transmission). This study suggests that some proteostasis disorders,
suchas3-MGA, should also be viewed as complex I-associated diseases.
Itis not because the mutated gene encodes a respiratory chain subu-
nit or assembly factor, but because failure in protein quality control
ultimately compromises the assembly, stability, or function of the
respiratory machinery. The authors strongly demonstrate this by
showing that the mitochondrial protease HTRA2 and the mitochon-
drial chaperone CLPB pair together and are crucial in preventing the
improper aggregation of complexIsubunits such as NDUFA13 (Fig. 1).
Garget al. further connect improper oxygen status in deficiencies of
HTRA2by demonstrating that housing Htra2-knockout mice (a model
of 3-MGA) in hypoxia (11% O, instead of the normal 21% O,) prevents
neuropathology in the striatum, improves motor performance and
more than doubles the median lifespanin mice (Fig. 1).

This work has many broader implications. Mitochondrial pro-
teostasis defects contribute not only to rare inborn errors such as
HTRA2-associated 3-MGA, but also to common neurodegenerative dis-
easesin which misfolding, stress responses and mitochondrial remod-
elling intersect. A better pathogenic understanding of the primary
deficiencies is needed to understand whether secondary respiratory

defects are involved. Indeed, although NDUFA13 is an attractive can-
didate, itis unclear whether it is a primary target of HTRA2-CLPB or
whether complex I modulationis mediated throughbroaderimprove-
ments in cristae architecture, membrane organization, or protein
import. Further, the region-specific rescue is also intriguing, but
unexplained. Answering why the striatum improves more robustly
thanthe thalamusis likely to illuminate fundamental questions of neu-
ronal vulnerability, local oxygen delivery and compartment-specific
proteostatic maintenance.

These caveats do not diminish theimportance of Gargetal.s work.
Single-cell analysis of vulnerable brain regions and deeper dissection of
the complexIassembly should be high prioritiesinthe future. It will also
beimportant to learn where hypoxia therapy ceases to help. The field
isincreasingly appreciating that not all respiratory chain diseases are
equal and may not be amenable to chronic hypoxia. Although hypoxia
hasrecently been shown to be beneficial iniron-sulfur cluster disease
models (for example, Friedreich’s ataxia) and in ageing models (for
example, ErccI®” mice)*", brainlesions caused by deficiencies in com-
plexesII-IV or disrupted iron-sulfur cluster biogenesis may be outside
the optimal therapeutic window for hypoxiatherapy. The goal should
notbeto cast hypoxiatherapy as auniversal mitochondrial medicine,
but to define the subset of disorders for which altering oxygen status
corrects a key systems-level mismatch between supply and use.

Elucidating the conceptual mechanistic understanding is where
Garg et al. make their strongest advance. By linking HTRA2-CLPB
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proteostasis to secondary complex 1dysfunction and impaired oxygen
handling, they offer a unifying framework that joins mitochondrial
quality control to respiratory metabolism in a clinically actionable
way". The broader message is provocative. In some mitochondrial
diseases, oxygenis not merely a substrate to be delivered, but an envi-
ronmental variable to be dosed. If so, the future of mitochondrial
therapeutics requires a deeper mechanistic understanding of when
tuning oxygen exposure is more appealing than repairing the issue
associated with the dysfunctional machinery itself.
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