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Throughout the animal kingdom, mitochondria are the only organelles that retain their own genome
and the transcription and translation machineries that are all essential for energy harvesting.
Mitochondria have developed a complex communication network, allowing them to stay in tune with
cellular needs and nuclear transcriptional programs and to alleviate mitochondrial dysfunction. Here, we
review recent findings on the wide array of mechanisms that contribute to these mitocellular
communication networks, spanning from well-studied messenger molecules to mitonuclear genetic
interactions. Based on these observations and developments, we advocate a broad and inclusive view on
mitocellular interactions, which can have profound impacts on physiological, pathological, and

evolutionary processes.

itochondria are essential components

of eukaryotic cells. They are not, how-

ever, isolated organelles; mitochondria

exchange molecules—from ions and

small metabolites to proteins and
lipids—with the rest of the cell and the organism.
Mitochondria originate from the endosymbiotic
interaction between an a-proteobacterium and
its host cell >1 billion years ago. During evolu-
tion, most genes encoded in the mitochondrial
genome were transferred to the nucleus, leaving
only a few protein-coding genes in the vestigial
circular mitochondrial DNA (mtDNA); there-
fore, mitochondria and nucleus need to com-
municate to ensure optimal cellular function.
Moreover, mitochondria actively influence other
cellular components such as the lysosomes, the
endoplasmic reticulum (ER), and cytosolic
pathways, creating a mitocellular communi-
cation network that is based on a variety of
signals and cues, akin to different languages
(Fig. 1A).

Mitochondria can use such signals to adapt
to various stresses, leading to a beneficial out-
come in a phenomenon termed mitohormesis.
In other cases, deleterious consequences for the
cell or the organism ensue. Understanding the
differences between adaptive and maladaptive
responses to stress is key to leveraging mito-
chondrial communication to maintain health
at the cellular or organismal level. The cellular
response to mitochondrial dysfunction ranges
from up-regulation of chaperones and pro-
teases to improve proteostasis to the degra-
dation of mitochondria by mitophagy. During
aging, mitochondria lose function and mito-
cellular communication pathways break down;
strategies to maintain and invigorate mito-
chondrial function therefore increase the
health span and life span.
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Small molecules as mitochondrial messengers

As the focal point of cellular metabolism, it comes
as no surprise that metabolites play a prime
role in signaling changes in mitochondrial acti-
vity to other cellular compartments (Z) (Fig. 1B).

AMP

Because mitochondria are the major site of
adenosine 5'-triphosphate (ATP) generation,
ATP levels are a sensitive signal of mitochon-
drial health. In the wake of decreases in ATP
production, ongoing energy utilization leads
to an increase in the cellular adenosine 5'-
monophosphate (AMP)/ATP ratio, which ac-
tivates a specialized signaling pathway, the
AMP-activated protein kinase (AMPK) path-
way. Active AMPK phosphorylates key enzymes
and regulatory nodes involved in various meta-
bolic pathways, such as lipid and glucose me-
tabolism, mitochondrial dynamics, autophagy,
and protein synthesis, to restore energy balance
(2). In addition, AMPK also leads to transcrip-
tional adaptations to energy stress, allowing
cells to further match their metabolism to mito-
chondrial signals, such as decreased ATP levels.
Exploiting these mitohormetic energetic stress-
signaling pathways through activation of AMPK
holds promise for the management of several
diseases.

NAD*

The nicotinamide adenine dinucleotide (NAD™)/
NADH ratio is another indicator of the meta-
bolic status of the mitochondria. NAD™ is a
cofactor for numerous metabolic reactions,
but it also serves as a cosubstrate for enzymes
such as CD38, poly-ADP-ribose polymerases,
and the sirtuins, a family of seven protein de-
acetylases and deacylases localized in the nucle-
us (SIRT1, SIRT6, and SIRT?7), cytosol (SIRT2),
and mitochondria (SIRT3 to SIRT5). Changes
in the abundance of NAD" directly affect the
activity of the sirtuins in multiple cellular com-
partments, allowing the fine tuning of metab-
olism through the deacetylation of multiple
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metabolic regulators often linked to mito-
chondrial homeostasis (3). NAD" levels not
only vary with metabolic activity, e.g., caloric
restriction and high-fat diets, but also decrease
during aging (4) and increase during exercise
and upon pharmacological or nutraceutical
interventions that increase NAD" levels. Ele-
vated NAD™ levels are linked to improved
health span and life span in multiple model
organisms (5). Therefore, NAD" levels and their
commanding function on the activity of the
sirtuins are key contributors to sensing and
communicating the mitochondrial metabolic
status to other cellular compartments.

Oxygen

Mitochondria require oxygen for ATP genera-
tion, so low oxygen levels, or hypoxia, influence
mitochondrial function. In return, mitochon-
dria consume oxygen and thus potentially
reduce local oxygen concentration. Cells are
capable of sensing low oxygen through prolyl
hydroxylase domain proteins (PHDs) that
stabilize hypoxia-inducible factor (HIF)-1/20.
HIF-1a stabilization mediates some of the
deleterious effects of decreased NAD™ levels
and sirtuin activity on mitochondrial function
in aged mice, a process that is reversed by
boosting NAD" levels or by caloric restriction
(6). Stabilization of HIF-1o in vivo by knocking
out the VHL (Von Hippel-Lindau) gene in
zebrafish or by chronic hypoxia in mice im-
proves the viability of mitochondrial disease
models (7). This sounds counterintuitive at
first, as restricting oxygen availability may
further impair mitochondrial function. How-
ever, the fact that hypoxia and HIF signaling
allow cells to adapt to lower mitochondrial
function and thus decrease the strain imposed
on dysfunctional mitochondria explains this
apparent conundrum.

ROS

Mitochondrial dysfunction can also generate
toxic by-products such as reactive oxygen spe-
cies (ROS). Under physiological conditions,
ROS act as signaling molecules to control hy-
poxic responses, immunity, and stem cell func-
tion (8). Several lines of evidence also point to
ROS as a mediator of longevity downstream of
mitochondrial modulation. ROS produced by
mitochondria stabilizes HIF-1o (9), which is
important for life-span extension induced by
mitochondrial inhibition in Caenorhabditis
elegans and replicative life span of mamma-
lian cells (Z0). Thus, mitochondrial ROS and
modulation of HIF signaling participate in
the mitohormetic response.

Metabolites

Metabolites that are produced and used inside
mitochondria, most notoriously tricarboxylic
acid (TCA) cycle components, also signal mito-
chondrial health. For example, acetyl-coenzyme
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Fig. 1. Overview of mitocellular interactions. (A) Mitochondria interact with the cellular environment through physical contacts, signaling molecules, and
extracellular signals. (B) Mitochondrial metabolic languages. Various mitochondrial metabolites are sent by the mitochondria and translated by cellular signaling
pathways into an appropriate response. Green indicates metabolites that activate the pathway and red indicates inhibitory signals.

A (acetyl-CoA), which is produced from various
sources inside mitochondria—e.g., pyruvate,
amino acids, and fatty acids—enters the TCA
cycle to generate citrate. Citrate can either con-
tinue within the TCA cycle or exit mitochondria
and produce acetyl-CoA, which is an essential
cosubstrate for the acetyl transferases to fuel
histone and protein acetylation (11). Variations
in acetyl-CoA are thus mitochondrial signals
that can modulate broad gene expression pro-
grams. o-Ketoglutarate (¢KG), succinate, and
fumarate also act as signaling molecules. cKG
serves as a cofactor for dioxygenase enzymes
such as the Jumonji C domain-containing his-
tone demethylases (JMJDs), TET (Ten-Eleven
Translocation) DNA demethylases, and PHDs;
conversely, succinate and fumarate inhibit these
0KG-dependent enzymes (72). Dioxygenases
can also be inhibited by 2-hydroxyglutarate
(2-HG), a metabolite similar in structure to
oKG. Whereas D2-HG is produced by iso-
citrate dehydrogenase (IDH)-1/2 mutant can-
cer cells, mitochondria produce L2-HG during
hypoxia (13) or respiratory chain inhibition
(14) and regulate metabolism through epi-
genetic modifications.

Proteotoxic stress: Transcriptional and
epigenetic regulation

The mitochondrial stress response (MSR) or-
chestrates the remodeling of gene expres-
sion programs after mitochondrial proteotoxic
stress. The mitochondrial unfolded protein re-
sponse (UPR™), an arm of the MSR that sig-
nals proteotoxic stress to induce an adaptive
response aimed at resolving protein-folding
stress, has been particularly well studied in
C. elegans (15), although recent work suggests
its conservation in vertebrates (16-18). The
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MSR is induced by toxins or mitochondrial
dysfunctions typified by a stoichiometric mis-
match between nuclear DNA (nDNA)- and
mtDNA-encoded oxidative phosphorylation
complex (OXPHOS) subunits, resulting in the
accumulation of orphan, unassembled OXPHOS
subunits in the mitochondria. Most UPR™"-
triggering insults are accompanied by a drop
in mitochondrial protein import capacity. The
localization of ATFS-1 (activating transcription
factor associated with stress-1), the master
transcriptional regulator of the C. elegans
UPR™, is also controlled by mitochondrial
protein import. Whereas ATFS-1 is normally
imported in healthy mitochondria, mitochon-
drial stress blocks its import, favoring its nu-
clear localization (19). ATFS-1 induces UPR™
genes, including chaperones, proteases, de-
toxification enzymes, and mediators of meta-
bolic reprograming. Worm UPR™" involves
active epigenetic reprogramming; chromatin
decompaction and induction of UPR™ genes is
mediated by the H3K27 demethylases JMJD-3.1
and JMJD-1.2, and a global chromatin com-
paction is achieved by the histone lysine trans-
ferase MET-2, assisted by LIN-65, to avoid
transcription of nonessential genes in stress-
ful conditions (20, 21) (Fig. 2A). Epigenetic
remodeling caused by mitochondrial stress
extends the life span (20) and is transmitted
over four generations through histone H3K4:
methylation (22). JMJD expression also cor-
relates with life span and UPR™" genes in the
BXD mouse genetic reference population, in-
dicating that this link between epigenetic re-
modeling and life extension may be conserved
in mammals (20).

In mammalian cells, several mitochondrial
insults, including proteotoxic stress and ROS,
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signal through the integrated stress response
(ISR) (23, 24). The activated GCN2 kinase is
one of the kinases known to phosphorylate the
translation initiation factor eIF2a (25). elF20.
phosphorylation generally leads to a global
slowdown of cytosolic, cap-dependent trans-
lation, transitioning to stress-induced alterna-
tive translation, a mechanism used by various
stressors (24). This favors the translation of
stress transcripts containing upstream open read-
ing frames, including the Atf4, Atf5, and Chop
transcription factors that coordinate a gene
expression program considered the mamma-
lian equivalent of UPR™" (Fig. 2A). It also
suggests that signaling of the mammalian
UPR™ is directly connected to and partially
dependent on the same actors that govern cyto-
solic proteostasis, a functional link supported
by the mitochondria-to-cytosol stress response
in C. elegans (24). Another mediator of the
mammalian MSR was recently shown to adopt
a mechanism recalling ATFS-1 signaling in
C. elegans. After mitochondrial membrane
depolarization, G-Protein Pathway Suppres-
sor 2 (GPS2) translocates from mitochondria
to the nucleus, where it binds to target pro-
moters and induces H3K9 demethylation, en-
abling transcription of mitochondrial- and
stress-responsive genes, which partially overlap
with ATF4 targets (26).

Mitochondrial stress signaling in both in-
vertebrates and vertebrates, albeit different,
shares similarities: in both cases, it is depen-
dent on the ATF transcription factor family and
involves the modulation of H3 methylation
and the mitonuclear translocation of transcrip-
tion factors. Together with the antioxidant
response, the MSR is one of the major mito-
chondrial pathways mediating mitohormesis.
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Fig. 2. Main mechanisms of translational control of the MSR in C. elegans

and mammals. (A) A variety of mitochondrial stressors (unfolded proteins, electron
transport chain loss-of-function, ROS) can induce nuclear translocation of
transcription factors and changes in chromatin conformation and gene expression.
The top part of the panel summarizes MSR signaling in C. elegans, and the bottom part
focuses on mammalian cells. (B) Overview of the mitophagy pathway mediating the
removal of mitochondria. Cross-talk between mitochondria and lysosomes through
regulation of lysosomal genes is essential for efficient execution of MSR pathways
such as mitophagy. (C) Quality control pathways involving the mitochondrial protein
import machinery. (i) In yeast, mitochondrial protein translocation-associated

Cdc48 to prevent clogging of the TOM complex with mitochondrial precursor
proteins. (ii) Mitochondrial stress slows down mitochondrial protein import and
leads to the accumulation of precursors in the cytosol. This “mitochondrial
precursor overaccumulation stress” (mPOS) and the UPR activated by mistargeting
of proteins (UPR*M) triggers programs to restore cytosolic proteostasis, inhibit
translation, and activate the proteosome. Protein import stress activates the
mitochondrial-compromised protein import response (mitoCPR). It induces gene
expression and recruits the AAA-ATPase Mspl through Tom70 and Cisl to degrade
precursors stalled in the TOM complex. (iii) Protein aggregates that form at
mitochondrial surface upon heat shock are disaggregated by the chaperone Hsp104,

degradation (mitoTAD) is mediated by Ubx2, which recruits the AAA-ATPase

As mentioned before, such adaptations are not
always beneficial; the persistent induction of
mitohormetic signature genes (e.g., antioxi-
dant and mitophagy genes) by the SIRT3
arm of the UPR™ contributes to breast cancer
invasiveness (17). The remodeling of mito-
chondrial signaling therefore appears to be a
key step in malignancy, because mitohorm-
esis allows tumor cells to resist oxidative stress
and favors their survival.

Lysosomes, ER, and cytosol

Mitocellular communication also encompasses
how mitochondria affect other organelles’
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function through direct contact and indi-
rect signaling. Mitochondria physically inter-
act with many other organelles to ensure
proper cellular function (27). For example,
mitochondria-associated ER membranes
(MAMS) are sites of physical proximity of
the ER and the mitochondrial outer mem-
branes, allowing lipid and calcium exchanges
and dictating how mtDNA is replicated and
segregated, as well as when and where mitochon-
dria divide (28).

Mitochondria also physically interact with
lysosomes (29). They affect the regulation of
lysosomal function, which is essential for au-
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imported by the TOM complex, and degraded by the LON protease Piml.

tophagy and mitophagy, a process by which
damaged mitochondria are removed (Fig. 2B)
(30). Lysosomal function is regulated in part
by the TFEB (transcription factor EB) family
of transcription factors through induction of
the CLEAR (Coordinated Lysosomal Expression
and Regulation) network, a gene set involved in
lysosome biogenesis and function. TFEB activ-
ity is modulated downstream of mitochondrial
dysfunction by AMPK (31, 32) and through
an AMPK-independent, PINK1- and Parkin-
dependent pathway that also requires the
autophagy gene ATG5 (33). Thus, mitochon-
drial dysfunction signals to increase lysosomal
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function, which in turn ensures proper removal
of damaged mitochondria. Lysosomal storage
disorders are accompanied by mitochondrial
dysfunction and, conversely, mitochondrial
diseases are associated with impairments in
lysosomal function (34).

This reciprocal regulation of mitochondrial
quality by lysosomes and lysosomal function
by mitochondrial quality plays a key role in
neurodegeneration. Mutations in PINK1 and
Parkin and impaired mitophagy are associated
with familial forms of Parkinson’s disease
(PD). Mitochondrial deficiency also occurs
in patients with f-amyloid diseases such as
Alzheimer’s disease (AD). An MSR gene sig-
nature typifies patients with AD and cognitive
impairment, and activating two components
of the MSR, UPR™' and mitophagy, in AD
models delays protein aggregation and disease
progression (35). From a therapeutic perspec-
tive, it is interesting that boosting mitophagy
by administration of urolithin A improves mito-
chondrial and muscle function in C. elegans,
mouse, rat (36), and humans (37); has benefi-
cial effects in animal models of AD (38); and
extends life span in C. elegans (36). Consistent
with these observations, activation of lysosomal
function reestablishes youthful proteostasis in
old C. elegans oocytes immediately before fer-
tilization, a phenomenon accompanied by im-
provement of mitochondrial parameters (39).

Proteostasis in the mitochondria is also in-
timately connected to cytosolic proteostasis
(24). Despite uncoordinated transcription of
nDNA- and mtDNA-encoded OXPHOS mRNAs,
OXPHOS stoichiometry is maintained through
coordinated protein synthesis (40). During
mitochondrial stress in mammals, activation
of cap-independent cytosolic translation and
activation of the ISR is part of the defense sys-
tem (23, 24). In yeast, mitochondrial protein
translocation-associated degradation (mitoTAD)
constitutively monitors mitochondrial protein
import to prevent obstruction of the TOM
(translocase of the outer membrane) import
channel with mitochondrial protein precursors
(41) [Fig. 2C(@1)]. During mitochondrial stress,
the impairment of protein import causes pre-
cursor proteins to accumulate in the cytosol,
referred to as “mitochondrial precursor over-
accumulation stress” (mPOS), leading to the
induction of cytosolic genes promoting alter-
native cytosolic translation mechanisms and
protein folding and degradation (24) [Fig.
2C(ii)]. Cytosolic proteostasis is also restored
by the UPR activated by mistargeting of pro-
teins (UPRAM), which inhibits protein syn-
thesis and activates the proteasome (24), and
by the mitochondrial-compromised protein
import response (mitoCPR), which removes
stalled precursors accumulated on the mito-
chondrial surface (42) [Fig. 2C(ii)]. Conversely,
mitochondria buffer cytosolic protein aggregate
load by importing and degrading aggregation-
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prone proteins in normal physiological and
heat-stress conditions in yeast (43) [Fig. 2C(iii)].
Mitochondria maintain a degree of special-
ization across tissues and even within the same
cell, leading to the coexistence of several mito-
chondrial subpopulations (44, 45). In brown
adipose tissue, peridroplet mitochondria are
specialized and dedicated to lipid synthesis
and droplet expansion; mediators of mitochon-
drial dynamics are pivotal in segregating these
mitochondria pools (45). In mammalian breast
tissue, stemness of daughter cells is conserved
by asymmetric sorting of young mitochondria;
Parkin and mitochondrial fission are neces-
sary to confine old mitochondria to the peri-
nuclear region of mother cells (46). Likewise,
mitochondrial dynamics (fusion) determines
the asymmetric distribution of mitochondria
and the fate of mammary stem cells in the
epithelial-mesenchymal transition (47).

Nucleic acids: Linking mitochondria and
inflammation

Cells depend on pattern-recognition receptors
and innate immune pathways to detect and
contend with viral and bacterial components
in the cytosol. Accommodating an endosym-
biotic guest such as the mitochondria implies

“...reciprocal regulation
of mitochondrial quality by
lysosomes and lysosomal
function by mitochondrial
quality plays a key role in
neurodegeneration.”

a possible reactivity toward the components
inherited from its bacterial ancestry. Accord-
ingly, immunostimulation can ensue from the
release of N-formylated peptides or mtDNA, as
well as of several nucleic acid species gener-
ated by mitochondria, such as double-stranded
RNA (dsRNA) or DNA-RNA hybrids (48). A
wide range of mitochondrial insults can lead to
the presence of mtDNA in the cytosol or even
in the circulation, which upon detection by Toll-
like receptors (TLRs), NOD-like receptors (NLRs),
or interferon (IFN)-stimulatory DNA recep-
tors, triggers proinflammatory and type I IFN
responses (48) involving the cGAS-STING
pathway. This pathway is responsible for the
inflammation observed in PinkI”~ and Prin ™~
mice upon an exercise challenge and for the
loss of dopaminergic neurons and motor de-
fects in aged Prkn™";mutator mice, which
accumulate mtDNA mutations (49). Therefore,
mitophagy is key in preventing mitochondrial
leakage and the resulting immunostimulation,
which seems crucial in the pathogenesis of PD.
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Cells also conserved immunity against highly
unstable mitochondrial dsRNA, highlighting
the pivotal role of the polynucleotide phos-
phorylase (PNPase), which limits dsRNA accu-
mulation in the mitochondrial matrix and
intermembrane space (50). Moreover, mtDNA
synthesis is instrumental in activating the
NLRP3 inflammasome: various NLRP3 acti-
vators induce the release of mtDNA, which
amplifies initial NLRP3 priming (57). Together,
these findings reinforce the contribution of
mitochondria and mitochondrial quality con-
trol in immune regulation and warrant the
study of mitochondrial contributions to per-
vasive inflammatory processes that are common
in many age-related diseases. Mitochondria can,
however, regulate innate and adaptive immu-
nity through multiple mechanisms (52). As an
example, disrupted mitophagy and the result-
ing presentation of mitochondrial antigens
are responsible for autoimmunity and PD-
like symptoms upon bacterial infection in
the intestine of PinkI™~ mice (53).

Mitokines: Mitochondrial hormones

Mitochondria not only signal within the cell,
but also communicate with distant tissues in
a non-cell-autonomous manner through cir-
culating molecules. Mitokines are nuclear-
encoded signaling molecules secreted by cells
experiencing mitochondrial stress. They are
thought to mediate metabolic adaptation of
distant tissues by enhancing oxidative metab-
olism, lipolysis, and ketogenesis as a logical
reaction to the energy crisis produced by mito-
chondrial dysfunction. In mammals, circulat-
ing levels of FGF21 (25) and GDF15 (54) are
increased in mouse models with mitochondrial
dysfunction in an ATF4- and CHOP-dependent
mannetr, respectively, as well as in patients with
mitochondrial diseases (15). In C. elegans, the
‘Wnt/EGL-20 ligand is the best characterized
neuronal mitokine and is dependent on sero-
tonin secretion to transduce an MSR to distant
tissues (55). Mitochondrial-derived peptides,
which are encoded within alternative read-
ing frames in the mitochondrial genome,
can also act as signaling factors to achieve
systemic cytoprotective effects and stress
resistance by improving insulin sensitivity
and adiposity (56).

Finally, one can speculate about mitochon-
dria communicating with distant tissues
through mitochondria-derived vesicles con-
taining mtDNA or mitochondrial components
(57, 58) or even through intercellular transfer
of mitochondria (59). These processes can be
triggered upon acute neuronal or cardiac
stress (60, 61), leading to positive feedback
and cytoprotection of the recipient cells. Worm
and mouse neuronal cells can also transfer
mitochondria to outsource their degradation
to other cells (62, 63). Although the signaling
role of these mechanisms has not yet been
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established, it is tempting to speculate that the
molecular content of these different vesicles could
trigger adaptive responses in recipient cells.

Interactions between mitochondrial and
nuclear genomes

Because both the mitochondrial and nuclear
genomes encode mitochondrial proteins, they
have evolved functional and genetic interac-
tions as another form of mitonuclear commu-
nication that determines mtDNA maintenance,
expression, and transmission (64).

mtDNA encodes 13 subunits that play key
roles in the proper function of the OXPHOS
complexes (65). Despite the importance of
these proteins, mtDNA has a high mutation
rate that is resolved at both the organism
and population levels (65). At the organism
level, mechanisms exist in female germline
cells to prevent transmission of deleterious
mtDNA mutations to the next generation,
underpinning mitochondrial germline bottle-
neck effects (66, 67) (Fig. 3A). Early primordial
germ cells (PGCs) experience a profound de-
crease in mtDNA copy number, reducing the
number of mtDNA variants in each cell. This
is followed by a phase of mtDNA replication,
resulting in increased level of homoplasmy in
each PGC (67). The subsequent shift from
glycolytic to oxidative metabolism in the PGCs
acts as a soliciting test allowing expression and
selection of mtDNA variants that do not impair
mitochondrial function.

Because four out of five OXPHOS complexes
combine subunits from mixed origins, bio-
energetics are crucially affected by the compa-
tibility of mitochondrial and nuclear OXPHOS

Mottis et al., Science 366, 827-832 (2019)

subunits and by extension by the compatibility
of the two genomes (65). Nuclear and mito-
chondrial genomes coevolved in populations
of the same species, ultimately leading to the
complementarity of mtDNA haplogroups and
their nuclear background (65). This mitonuclear
compatibility at the population level reflects
the fact that mitonuclear genetic interactions
profoundly affect mitochondrial function and
whole-body physiology. In the mouse C57BL/6
strain, replacing mtDNA with that of the NZB/
OlaHsd strain triggers a limited level of stress
and induces proteostasis, UPR™, and ROS
signaling, ultimately remodeling mitochon-
drial dynamics and improving metabolism
and aging (68). In humans, discordance of
ancestry between nuclear and mitochon-
drial genomes leads to incompatibility that
affects crucial markers of mitochondrial fit-
ness such as mtDNA copy number (69). Analyz-
ing ~13,000 human whole-genome sequences
demonstrated that selection of mtDNA var-
iants is influenced by the nuclear genetic
background: new polymorphisms more likely
converge to match the nuclear rather than the
mitochondrial genetic ancestry (Fig. 3B) (70).
In other words, the nuclear genome has a
selective power over mtDNA polymorphisms.

mtDNA can thus be seen as an uncontrol-
lable guest evolving in a selfish manner and
eventually causing mitonuclear conflicts (71);
therefore, mitonuclear genetic interactions
were shaped into mechanisms guiding the fate
of mtDNA, such as the germline bottleneck at
the organism scale and the nucleus-imposed
selection on mtDNA at the population level. A
detailed understanding of mitonuclear genomic
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compatibility and its consequences must be
sought to master the promise of mitochondrial
replacement therapy (72) and to improve the
genotype-specific efficacy of some treatments.
Genome-wide association studies often ignore
mtDNA variants (73) and mitonuclear genetic
interactions, advocating for systematic investi-
gation of mitonuclear genotypic predisposition
to diseases.

Conclusions and perspectives

Mitochondria have a versatile and complex
nature; they can take the appearance of a
unified network or of individual units depend-
ing on the context, continuously communicat-
ing and interacting with the cellular milieu
and thus challenging our vision and working
models. As an example, mtDNA haplogroups
are known to directly affect physiology and to
be associated with diseases such as degenera-
tive or autoimmune disorders, although the
exact mechanisms remain unclear (65). The
intricate links between multiple aspects of
mammalian physiology and the gut micro-
biome are well established. The results of this
review suggest that we also consider the im-
portance of our so-called mitobiome, which
is 10-fold larger than our microbiome and
more complex (given that there are multiple
differences in subcellular and cellular pools
of mitochondria). Mitochondria should thus
be thought of as small, “semiautonomous”
(bacterial-like) entities that have their own
genome and are occasionally shaped into
populations that are able to communicate with
each other, with other organelles, and even
with distant tissues through a multitude of
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languages. If these mitochondrial languages
are fully understood, then this will certainly
unveil their central impact on homeostasis
in a deeper and more integrated dimension
than ever thought and would allow the de-
velopment of mitochondrial medicines to
treat diverse pathologies (74, 75).
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