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Bérénice A. Benayoun and Changhan Lee*

Mitochondria are increasingly being recognized as information hubs that sense
cellular changes and transmit messages to other cellular components, such as
the nucleus, the endoplasmic reticulum (ER), the Golgi apparatus, and
lysosomes. Nonetheless, the interaction between mitochondria and the nucleus
is of special interest because they both host part of the cellular genome. Thus,
the communication between genome-bearing organelles would likely include
gene expression regulation. Multiple nuclear-encoded proteins have been
known to regulate mitochondrial gene expression. On the contrary, no
mitochondrial-encoded factors are known to actively regulate nuclear gene
expression. MOTS-c (mitochondrial open reading frame of the 12S ribosomal
RNA type-c) is a recently identified peptide encoded within the mitochondrial
12S ribosomal RNA gene that has metabolic functions. Notably, MOTS-c can
translocate to the nucleus upon metabolic stress (e.g., glucose restriction and
oxidative stress) and directly regulate adaptive nuclear gene expression to
promote cellular homeostasis. It is hypothesized that cellular fitness requires
the coevolved mitonuclear genomes to coordinate adaptive responses using
gene-encoded factors that cross-regulate the opposite genome. This suggests
that cellular gene expression requires the bipartite split genomes to operate as a
unified system, rather than the nucleus being the sole master regulator.

1. Introduction

Eukaryotic cells are multigenomic by
virtue of the unique union forged one
to two billion years ago between our
ancestral cell (thought to have derived
from the archaea Lokiarchaeota™) and
free-living bacteria (thought to originate
from a proteobacterial lineage!).>*
Multiple prokaryotic signatures are still
present in the mitochondria, including a
circular genome and the usage of a
distinct genetic code. The mitochondrial
and nuclear (mitonuclear) genomes have
coevolved, continuously adapting to each
other to establish a unified dual-genomic
cellular system. The survival advantage
of a dual genome over a single genome,
in which the genetic information is
consolidated in the nucleus, is unclear.
From an economic and administrative
perspective, a single centralized genome
seems more sensible, especially consid-
ering that lateral transfer of mitochon-
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drial DNA (mtDNA) to the nuclear

genome occurred multiple times, as

evidenced by the degenerate copies of
mtDNA sequences scattered throughout the nuclear gen-
ome.l”! Also, only 13 protein-coding genes remain hosted in
the mtDNA, entailing that >98% of mitochondrial proteins
are encoded in the nuclear genome. However, the recent
discovery of small peptides or microproteins that are encoded
in the mtDNA and have regulatory roles!® indicates a more
complex mitochondrial transcriptome.”? Such mitochon-
drial-derived peptides (MDPs) are encoded in the mtDNA
as short open reading frames (sORFs) and have various
biological actions.!*®! We have recently reported that one
particular MDP, MOTS-c (mitochondrial open reading frame
of the 12S ribosomal RNA type-c), can translocate to the
nucleus to regulate adaptive gene expression in response to
cellular stress.’'?l Here, we discuss the implications of
MOTS-c, a mitochondrial-encoded regulator of the nuclear
genome, and propose that the dual mitonuclear genomes
should be considered a singular genetic system that is
coordinated through dynamic intergenomic communication
using reciprocal gene-encoded regulators. We suggest a more
inclusive approach to gene network analyses for basic
research and therapeutic development.
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2. How Do Mitochondria Communicate?

A cell must constantly adapt to the ever-changing environment to
maintain homeostasis. Such dynamic responses require a highly
coordinated network of processes and signals that are largely
compartmentalized to specific organelles and subcellular com-
plexes. To orchestrate the vastly complex cellular system,
communication between organelles is paramount.** Mitochon-
dria act as a cellular hub that senses and integrates environmental
changes, and as a coordinator of adaptive responses through
constant communication with other cellular compartments,™¥
including the nucleus, regulate key cellular processes that have a
significant impact on health span and life span.***~*! Many of the
known mitochondrial communication mechanisms include those
that respond to cellular stress and help to maintain cellular
homeostasis.**>** Some prominent pathways include the
mitochondrial unfolded response (UPR™), whereby mitochon-
drial perturbations activate stress-responsive transcriptional re-
sponses in the nucleus via factors, such as activating transcription
factor associated with stress-1 (ATFS-1) in Caenorhabditis elegans
(C. elegans) and ATFS-5 in mammals,****) reactive oxygen species
(ROS) signaling that has a broad cellular impact including nuclear
gene regulation,”” and mitochondrial damage-associated mole-
cular patterns that consist of molecules released from injured
mitochondria.***”) Well-described mediators of mitochondrial
retrograde communication can be largely categorized as i) primary
metabolites (e.g., acetyl-CoA),*®*?! secondary metabolites (e.g.,
ROS),***! transient molecules (e.g., Ca**),*¥ damaged mitochon-
drial components (e.g., fragmented mtDNA),**" or nuclear-
encoded proteins (e.g., cytochrome ¢).**) However, none of these
signals, despite their importance, are inherently encoded in the
mtDNA. We hypothesize that cellular homeostasis is maintained
through a balancing act between regulators independently
encoded in each genome, unifying the dual genomes to operate
as a single genetic system. MDPs such as MOTS-c may represent
archaic communication peptides that are transmitted to deliver
specific messages to the nucleus® and perhaps other subcellular
compartments.

3. The Instructions for Life Are Split and Encoded
in Two Separate Genomes

3.1. The Coevolution of Two Genomes in Eukaryotic Cells

Eukaryotic cells are composed of various compartmentalized
organelles that must closely function together to maintain
homeostasis and survive."*! Organellar coordination is possible
through a tight network of communication mechanisms. Of the
various organelles, the communication between mitochondria
and the nucleus is special in that they both possess independent
genomes. Owing to their endosymbiotic bacterial ancestry,
mitochondria presumably retained part of their prokaryote-
derived genome in coevolution, first with the ancestral archaeal
genome and later the nuclear genome. This suggests that an
ancient bidirectional communication system encoded in both
genomes may have been the basis of eukaryotic cellular gene
regulation, in addition to other possibilities, such as redox
regulation of gene expression.*®! However, whereas the nuclear
genome is known to encode over 1000 proteins that regulate the
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mitochondria, there were no known factors encoded in the
mtDNA with active roles in regulating the nuclear genome. In
fact, all 13 proteins encoded in the mtDNA are structural
components of the electron transport chain (ETC) with no
evident regulatory roles.

For the past one to two billion years, mitochondria have
retained their prokaryotic circular genome that is equipped with
a unique genetic system.?* Although the exact period when a
fully developed nucleus emerged is still unclear,*”*® the
mitochondrial and nuclear genomes have been coevolving to
coordinate complex biological networks at the cellular and
organismal levels. The evolutionary benefits of operating cells
based on a bigenomic system, which would be energetically
unfavorable compared to a unigenomic system, are unclear.
Further, coordinating gene expression between two genomes
adds regulatory complexity compared to an operation based on
a single consolidated genome. This is especially puzzling as
lateral gene transfer from mitochondrial genomes to the
nuclear genome has evidently taken place over time!*” and is
observed even today in cancer cells.”” Such highly homo-
logous, yet degenerate, mitochondrial sequences within the
nuclear genome, collectively referred to as nuclear mitochon-
drial transfer,” provide strong evidence that genetic consolida-
tion in the nucleus was, and is, possible. The question then
remains on the survival advantage that a dual-genome system
confers and the regulatory mechanisms underlying bigenomic
coupling.

The human mtDNA encodes for 2 ribosomal RNAs (rRNAs),
22 transfer RNAs (tRNAs), 13 proteins (all structural compo-
nents of the respiratory chain complexes), and multiple small
peptides (see Section 4). Over 1000 proteins that are required
for diverse mitochondrial functions are encoded in the nuclear
genome and imported into the mitochondria. With 13
mitochondrial-encoded proteins involved in oxidative phos-
phorylation (OXPHOS), nuclear-encoded proteins constitute
more than 98% of the currently known mitochondrial
proteome. Some nuclear-encoded mitochondrial proteins
synthesized by mitochondria-associated cytoplasmic ribosomes
are cotranslated and translocated into the mitochondria.®'>%
Interestingly, switching yeast to a different carbon source
triggers a synchronous mitochondrial and cytosolic translation
program, especially for complex III and IV subunits.”* The
orchestration of mitonuclear translation is likely layered and
context-specific. Also, because of insufficient tRNAs encoded
within mtDNA, a range of cytosolic (nuclear-encoded) tRNAs
must be imported in many species,” including tRNA®™ in
humans.?!

Although smaller in size compared to its nuclear counter-
part, mutations in mtDNA are linked to several diseases,
including MELAS (mitochondrial encephalopathy, lactic acido-
sis, and stroke-like episodes), cancer, and drug-induced deaf-
ness.’®*”) mtDNA exists in high copy numbers, often reaching
hundreds to thousands of copies.’® Thus, a single mitochon-
drion can frequently harbor a mix of wild-type and mutant
mtDNA, a phenomenon known as heteroplasmy.”” mtDNA
point mutations and deletions increase with age and drive
heteroplasmy,’®®® which is thought to underlie various
pathophysiological aspects of aging. The mitochondrial free
radical theory of aging posits that ROS, formed by free radicals
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generated during mitochondrial respiration, promote mtDNA
mutations due to their proximity and relatively primitive
mtDNA repair mechanism.® However, recent reports have
shown that the major source of mtDNA point mutations in
aged tissues arises from replication infidelity (i.e., DNA
polymerase errors) rather than ROS-induced damage.l®*~%®
Thus, ROS-induced mtDNA damage does not seem to increase
with age. In fact, mtDNA are i) protected by tightly bound
protein clusters (i.e., nucleoids) and ii) positioned more distal to
ROS-producing ETC complexes than previously thought.”*~"%
So, if not mtDNA damage per se, how do mitochondria
contribute to the regulation of life span and/or health span?
ROS are pleiotropic. They cause oxidative stress at higher
concentrations (pathological), but act as signaling molecules at
lower levels (physiological).”® In fact, physiological ROS
response has been suggested as eustressl’ that increases
adaptive responses to promote health and extend life span,
referred to as mitohormesis.” Increasing interest in ROS as
signaling molecules that regulate normal physiological pro-
cesses has provided insight into its role in regulating life span
and/or health span.">**”* In fact, ROS is likely a component of
a broader integrated mitochondrial signaling program elicited
in response to mtDNA damage accumulation. Yet, how the level
of age-dependent mtDNA mutations and heteroplasmy is
sensed and communicated by mitochondria is an area of
ongoing research.

3.2. Mitonuclear Epistasis: Transgenomic Interactions Are
Important for Cellular Fitness

The importance of mitonuclear genomic compatibility in
cellular fitness has been demonstrated in various organisms,
even in closely related species. In yeast, artificially coupling
incompatible mitonuclear genomes of two species (Sacchar-
omyces bayanus and Saccharomyces cerevisiae ) caused the hybrids
to be sterile.”®! In flies, mtDNA introgression (i.e., Drosophila
simulans mtDNA on a Drosophila melanogaster nuclear genome
background) showed variable life spans, in which some
combinations were long-lived while others were short-lived,
indicating the importance of mitonuclear genomic compat-
ibility on gene expression.’”! Also, mitonuclear mismatch in
flies affected the expression of nuclear genes in a sex-dependent
manner, plausibly due to the maternal inheritance of
mtDNA.”® Further, polymorphisms in a mitochondrial-en-
coded tRNA and a nuclear-encoded tRNA synthetase, which are
independently silent, cause significant developmental and
reproductive defects in flies when combined.” In worms,
association mapping in a panel of hybrids, generated by a cross
between C. elegans strains (N2 and HW), indicated that the
quantitative trait of aging may depend on genome-wide
quantitative variations in mitonuclear genomic compatibility.®”!
Interspecies cytoplasmic—nuclear hybrids (cybrids) within
Caenorhabditis briggsae showed that mitonuclear discord can
reduce fecundity, increase adiposity, and elevate ROS levels.®"
Chimeric cybrids generated from mouse cells that harbor rat
mitochondria showed greatly reduced respiration even though
rat mtDNA could replicate and translate mitochondrial-encoded
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proteins, indicating subtle but nontrivial mitonuclear incom-
patibility.®?l Mitochondrial nuclear exchange (MNX) mice, in
which mitonuclear genomes derived from different strains of
mice are cross-paired, demonstrate the significance of inter-
genomic compatibility in organismal fitness.®*#** MNX mice
exhibit altered cellular metabolism and oxidative stress levels
and resistance to cardiac damage and an atherogenic diet.*5°!
In addition, mtDNA replacement between conplastic mice (i.e.,
Mus musculus domesticus and Mus musculus musculus ) can cause
varying degrees of sex-dependent infertility to embryonic loss
and stillbirths.®® These observations support functional mito-
nuclear genome incompatibility as a key factor to reproductive
fitness and a contributor to reproductive isolation. In humans,
the impact of mitonuclear incompatibility on health and life
span is an ongoing field of research, but it has been reported to
affect certain disease phenotypes, including cardiomyopathy
and insulin resistance.®”) Notably, specific nuclear gene
expression can also be affected by specific mitochondrial
variants. A mutation in the adenine nucleotide translocase
(ANT1) gene, which transports adenosine diphosphate (ADP)/
adenosine triphosphate (ATP) in mitochondria, can cause
autosomal-recessive cardiomyopathy. However, the ANTI
mutation can differentially manifest depending on the mtDNA
it resides with.®® Further, discordant mitochondrial and
nuclear protein subunits of the respiration complexes may
underwrite mitonuclear incompatibility;®%?% the subunits of
ETC complexes are encoded in both mitochondrial and nuclear
genomes, and a suboptimal match will compromise energy
production and other mitochondrial functions and even impact
speciation.

4. Regulatory Peptides Encoded in the
Mitochondrial Genome: New Ancient Cellular
Alphabets?

The discovery of humanin (HN), an sORF encoded within the
mitochondrial 16S rRNA locus,”" suggested a more complex
bacterial-like polycistronic mitochondrial genome that encodes
for short gene-within-genes, adding an entirely novel layer to
mitochondrial signaling and gene expression.””! The need for
intracellular and endocrine messages to be encoded in the
mitochondrial genome is just beginning to be unveiled.
Nonetheless, considering that i) hundreds to thousands of
mitochondria can exist in a given cell, ii) mitochondria are
dynamic (fusion and fission), and iii) are mobile, it would be
challenging for the nucleus to keep track of each individual
mitochondrion without inherent mitochondrial retrograde
signals to initiate the communication. Peptides, or micropro-
teins, encoded in the nuclear and mitochondrial genomes are
increasingly being identified, owing to technological and
computational advances!®* ¥ that aid in the discovery of SORFs
that fell short of the minimum 100-amino-acid (a.a.) cutoff for a
bona fide protein-coding gene during earlier genome annota-
tion predictions.”>*® Together with the fact that the mitochon-
drial transcriptome is far more complex and richer in RNA
species than previously thought,*”! the identification of addi-
tional MDPs is very likely and will provide a higher resolution
of the mitochondrial proteome. To date, eight different MDPs
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have been reported, including HN,*?%%° SHIP1-6 (small
HN-like peptides 1-6),'°? and MOTS-c.'°Y Although the
genetics of MDP expression is currently being investigated by
several groups, it is clear that each MDP has distinct and
redundant functions.!**?

4.1. Humanin

HN was the first MDP to be identified. It was discovered in
2001 from an intact occipital lobe of an Alzheimer’s disease
(AD) patient as a 75 bp ORF sequence within the mitochondrial
16S rRNA gene yielding a 24-a.a. peptide.°"**'%%) Functional
studies have shown HN to be protective against AD-related
toxins.”*? HN was then cloned by a second group as a binding
partner of the insulin-like growth factor-binding protein-3,
which regulates the bioavailability of IGF-1 via its heparin-
binding domain.”® We subsequently showed that circulating
HN levels are under the regulation of IGF-1, hence making a
connection between MDPs and aging."® HN also binds to Bax,
which triggers apoptosis once it moves to the mitochondria.
HN keeps Bax from translocating to the mitochondria, thereby
acting as an antiapoptotic factor.”®! The cytoprotective effects of
HN have been demonstrated in various pathophysiological
conditions, including the brain,'™*! the cardiovascular
system,1117118] eyeg 11411971211 06 1122123 1 aafyolim, [124125]
and cellular senescence.[*%)

4.2. Small Humanin-Like Peptides

In addition to HN, the 16S rRNA hosts six additional
peptides (20-38a.a.), named SHLP1-6.'%) SHLP2 and
SHLP3 were cytoprotective, whereas SHLP6 promoted
cellular apoptosis. Akin to HN, SHLP2 protected primary
mouse cortical neurons from B-amyloid (Af;_4;) toxicity.
SHLP2 and SHLP3 accelerated insulin-dependent adipocyte
differentiation. However, the intracerebroventricular treat-
ment of SHLP2, but not SHLP3, enhanced insulin respon-
siveness as indicated by increased glucose clearance and
suppressed hepatic glucose production. This indicates that
SHLP2, but not SHLP3, may affect hypothalamic response to
peripheral insulin. However, in cells, both SHLP2 and
SHLP3 enhanced mitochondrial respiration and ATP pro-
duction, indicating distinct metabolic roles for these peptides
in vivo. Notably, SHLP2 and HN can bind to and prevent the
misfolding of islet amyloid polypeptide, which is implicated
in type 2 diabetes (T2D) mellitus.'*”) Further, circulating
SHLP2 levels were negatively correlated with prostate cancer
risk in white men, but not in black men; circulating SHLP2
levels above 350 pgmL™" ruled out prostate cancer in both
races with >95% accuracy, indicating a key role in the
development and racial disparity of prostate cancer.'*®]

4.3. Mitochondrial Open Reading Frame of the 12S rRNA Type-c

MOTS-c is a 16-a.a. peptide that is encoded within the
mitochondrial 12S rRNA gene as a 51bp ORF. MOTS-c
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translation obligatorily occurs in the cytoplasm using the
standard genetic code because mitochondrial translation, using
the mitochondria-specific genetic code, will face tandem start
and stop codons."®" Because selective depletion of mitochon-
drial RNA causes a time-dependent loss of MOTS-¢,'°! it is
plausible that the MOTS-c transcript is generated in the
mitochondria, which is then exported to the cytosol by an
unknown mechanism. Interestingly, MOTS-c localizes to the
mitochondria under resting conditions.”’°" As described
earlier, some mitochondrial proteins synthesized by mitochon-
drial-associated cytoplasmic ribosomes are cotranslated and
translocated into the mitochondria.®*? It is possible that the
exported MOTS-c transcript may be cotranslated and translo-
cated to the mitochondria using such mitochondrial-associated
cytoplasmic ribosomes. Work is also in progress to understand
cellular cues that induce MOTS-c expression, and metabolic
alterations"?*'** and inflammation™**'** may be key. Similar
to HN, MOTS-c has both intracellular and endocrine
roles.”>*! TIts role as a regulator of adaptive nuclear gene
expression will be discussed in detail in Section 5. Initially,
MOTS-c was identified while screening, both genetically and
pharmacologically, for metabolic regulators in human cells.**!
Indeed, multiple studies have confirmed its metabolic actions
in various pathophysiological conditions (Table 1). In cells,
MOTS-c increased glucose uptake and glycolysis in a 5'-
adenosine monophosphate-activated protein kinase (AMPK)-
dependent and sirtuin-1-dependent manner.™®” In mice,
MOTS-c targeted skeletal muscle to improve insulin sensitivity
and i) prevented diet-induced obesity and insulin resistance and
ii) reversed age-dependent muscle insulin resistance.’®" In
humans, circulating MOTS-c levels were significantly lower
(20.3%) only in obese male children/adolescents (5-14 years) of
Chinese descent but not in their female counterparts.'*"
Further, the male cohort exhibited a negative correlation
between MOTS-c and body mass index, waist circumference,
waist-to-hip ratio, fasting insulin level, homeostasis model
assessment of insulin resistance (HOMA-IR), and glycated
hemoglobin (HbAlc). Another study in adults (31-38 years)
showed that plasma MOTS-c levels were comparable between
lean and obese subjects, but only the lean cohort showed a
significant (anti)correlation between circulating MOTS-c and
blood lactate (r=0.65), HOMA-IR (r=0.75), as well as the
Matsuda index (r=-0.65)."*" MOTS-c also plays a role in
endothelial health. Coronary endothelial function was signifi-
cantly correlated with circulating MOTS-c levels in humans.[*¥
Notably, MOTS-c improved mouse and rat endothelial function
in vitro.'*¥ Further, in a mouse ovariectomy model, MOTS-c
improved i) metabolic function by reducing adipose accumula-
tion"**"! and ii) bone density by inhibiting osteoclast formation
in an AMPK-dependent manner.'*”) However, MOTS-c can
also improve bone density by promoting the differentiation of
bone mesenchymal stem cells (BMSCs) to osteoblasts via the
transforming growth factor-8 (TGF-)/Smad pathway.!*
Interestingly, MOTS-c has a significant impact on inflam-
matory pathways. DNA microarray analysis on HEK293 cells
treated with MOTS-c showed substantial anti-inflammatory
gene signatures!’®" and mice systemically treated with MOTS-c
showed reduced levels of circulating interleukin-6 and tumor
necrosis factor-o.'%1*% Notably, in a 1983 study, the majority
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Table 1. Summary of the literature on MOTS-c.

www.bioessays-journal.com

Author Year Reference Main findings Model
Lee, C. et al. 2015 o Identification of MOTS-c as a mitochondrial-encoded regulator of metabolic homeostasis. Mammalian
Reverses age-dependent muscle insulin resistance and diet-induced obesity/insulin resistance in cells, mice
mice. Regulates cellular glucose, nucleotide, and fatty acid metabolism.
Fuku, N. et al. 2015 (136l A biological link between an MOTS-c polymorphism (m.1382 A > C; K14Q variant) and Humans
exceptional longevity in a Japanese population.
Ming, W. et al. 2016 (37 Inhibition of osteoporosis via MOTS-c-regulated osteoclastogenesis in an AMPK-dependent Mammalian
manner. cells, mice
Zempo, H. et al. 2016 (129 Correlation between the MOTS-c variant (m.1382 A > C; K14Q variant) and diabetes in Humans
Japanese men.
Thevis and Schanzer 2016 (38 Development of qualitative identification of MOTS-c using mass spectrometry. Mass spectrometry
Zhai, D. et al. 2017 (139 Therapeutic efficacy of MOTS-c against MRSA. Mammalian
cells, mice
Cataldo, L. R. et al. 2018 [130] Positive association between circulating MOTS-c and insulin sensitivity in lean, but not obese, Humans
(adult) individuals.
Du, C. et al. 2018 3 Reduced circulating MOTS-c levels in obese male children/adolescents and negative correlation Humans
to insulin resistance and obesity.
Hu and Chen 2018 (140 BMSC differentiation to osteoblasts by MOTS-c via the TGF-8/Smad pathway. Mammalian cells
Kim, K. H. et al. 2018 19l Stress-responsive nuclear translocation of MOTS-c and direct regulation of adaptive gene Mammalian cells
expression in the nucleus.
Qin, Q. et al. 2018 (34 Positive correlation between circulating MOTS-c levels and coronary endothelial function. MOTS- Rats, humans
c improves endothelial function in vitro.
Che, N. et al. 2019 g Collagen (type 1) synthesis promotion by MOTS-c in osteoblasts via the TGF-8/Smad pathway. Mammalian cells
Knoop, A. et al. 2019 (42 Development of a mass spectrometry-based method to detect MOTS-c in plasma samples for Mass spectrometry
doping control purposes.
Li, Q. et al. 2019 (431 Prevention of fat accumulation in p-galactose-treated mice by MOTS-c. Mice
Lu, H. et al. 2019 (144 Prevention of ovariectomy-induced fat accumulation and insulin resistance and regulation of Mammalian
adipose tissue homeostasis by MOTS-c. cells, mice
Raijmakers, R. P. et al. 2019 (133 Differential expression of MOTS-c in circulating monocytes of QFS patients. Humans
Ramanjaneya, M. et al. 2019 132 Significantly reduced serum MOTS-c levels in T2D patients. Serum MOTS-c negatively correlates Humans
with HbATc and age.
Ramanjaneya, M. et al. 2019 (133 Lipid infusion significantly increases circulating MOTS-c levels, which is negated by insulin Humans

infusion.

MRSA, methicillin-resistant Staphylococcus aureus; QFS, Q-fever fatigue syndrome.

of complementary DNA clones (>75%) from interferon-
induced human monoblast cells (KG-1) were mapped to the
mitochondrial 12S and 16S rDNA loci, although no specific
genes were identified at that time."*) We referenced this work
during the early stages of MOTS-c identification.'"’] Consistent
with this work, we recently reported that MOTS-c significantly
downregulated interferon-related genes under metabolic
stress.”! The role of MOTS-c may fall in the interface between
immune and metabolic, or immunometabolic signaling.

5. MOTS-c: a Mediator in a Two-Way Genomic
Dialogue?

5.1. Mitochondria Are Regulators of Nuclear Gene Expression

Mitochondria dynamically sense the constantly changing
intra- and extracellular environmental milieu, including
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substrate/nutrient availability and oxygen levels, and relay
messages to other subcellular compartments, including the
nucleus. The perturbation of cellular homeostasis, either
because of increased cellular functions that change the
energetic demand and balance (e.g., skeletal muscle during
exercise) or environmental challenges (e.g., starvation), can
trigger mitochondria to propagate distress calls. In that
sense, mitonuclear communication is uniquely important in
that it occurs between organelles that possess independent
genomes, indicating that gene regulation is a likely end-
point for both. Mild mitochondrial perturbation in C. elegans
can extend the life span by activating UPR™" that remodels
chromatin through histone modifications, including H3K9
methylation by the histone methyltransferase MET-2 and
the nuclear cofactor LIN-65'*®) and H3K27 demethylation
by histone demethylases (jmjd-1.2 and jmjd-3.1).'*”) Multi-
ple proteins that are nuclear-encoded reside in the
mitochondria, which then translocate to the nucleus in
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response to various stimulations. This is reminiscent of a
reconnaissance factor of sorts that reports back information
to the nucleus that mitochondria sense. ATFS-1 is a dual-
localizing basic leucine zipper transcription factor, which
contains both a mitochondrial targeting sequence and a
nuclear localization sequence in C. elegans.'*®1 ATFS-1 is
imported into mitochondria under resting conditions,
where it gets degraded by the Lon protease. However, under
stress conditions mitochondrial import of ATFS-1 is
reduced, causing it to translocate to the nucleus.'*® In
the nucleus, ATFS-1 promotes the expression of mitochon-
drial stress-adaptive genes that are involved in protein
folding, glycolysis, and antioxidant pathways.*®) In mam-
mals, ATF5, a functional ortholog of ATFS-1, mediates
UPR™.I'* There are multiple other nuclear-encoded
mitochondrial-targeted proteins that can also reside in the
nucleus as a means to transmit mitochondrial signals.!"*>"!
ROS can also lead to epigenetic alternations.!>*'*? ROS
can regulate the chromatin-binding capacity of histone
demethylase Rphlp, thereby extending the chronological
life span in yeast.'**! In addition, mitochondrial metabo-
lites, such as tricarboxylic acid (TCA) cycle intermediates,
provide various substrates required for epigenetic modifica-
tion of chromatin (e.g., acetyl-CoA for histone acetylation)
and consequently regulate the gene expression.>*! Notably,
some TCA cycle enzymes can translocate to the nucleus and
provide an onsite synthesis of metabolite substrates for
epigenetic remodeling.!***

5.2. MOTS-c: Mitochondrial-Encoded Regulators of Nuclear
Gene Expression?

As mentioned above, mitochondria originate from endosym-
biotic bacteria. It is not unusual to find endosymbiotic
bacteria even today, but receiving tenure as an organelle is
undoubtedly an exceptional event. Communication between
endosymbiotic bacteria and the archaeal ancestral cell is
likely to have played a crucial role in coordinating the
extraordinary merger. It is plausible that each entity
attempted to communicate using an already existing
mechanism encoded within their genome. Further, it is
likely that such communication mechanisms reciprocally
targeted gene expression. Even today, bacteria communicate
to other bacteria using gene-encoded peptides or small
molecules that are synthesized by gene-encoded processes
(e.g., quorum sensing and niche protection).!***~**# Notably,
many bacterial communicators target key cellular processes,
such as ribosome synthesis (translation inhibition), cell
membrane synthesis, and DNA synthesis,[**”! setting up a
foundation for complex eukaryotic cellular regulators. If such
factors were crucial for effective communication not only
during the endosymbiotic period and the establishment of
mitochondria, but also throughout eukaryotic evolution, the
selection pressure would have been strong. Also, sORFs can
evolve faster!*®®?¢! and are less conserved!**>**? than larger
canonical genes. This suggests that SORFs support species-
specific adaptive evolution and fine-tuning of gene
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regulation,!*®*! especially considering that they yield peptides
with specific functions.!'*!! On this line, MDPs presumably
derived from archaic communication mechanisms originally
encoded within the protomitochondrial bacterial genome and
have been selected or evolved over time for functional
adaptation. One such function of MDPs could be nuclear
gene regulation, especially because the communication
between genome-containing organelles likely involves
cross-genomic regulation. However, whereas “nucleus-to-
mitochondria” gene regulation is known, active and direct
“mitochondria-to-nucleus” gene regulation has been largely
unknown.

In resting conditions, MOTS-c is largely extranuclear and
colocalizes mainly to the mitochondria.”'*"! However, MOTS-c
can rapidly translocate to the nucleus within 30 min upon
metabolic or oxidative stress in an AMPK-dependent manner.?’
AMPK was also required for the physiological effects of MOTS-
G IOLB714) qugoesting that these effects may have been
exerted, in part, through nuclear gene regulation. Further, the
hydrophobic core, but not the cationic tail, was required for
MOTS-c to enter the nucleus,”” indicating potential interaction
with other proteins.'*Y In the nucleus, MOTS-c was able to
bind to i) chromatin using its hydrophobic and cationic regions
and ii) adaptive stress response transcription factors, including
nuclear factor erythroid 2-related factor 2 (NFE2L2/NRF2) and
activating transcription factor-1 (ATF1).”! Using RNA sequen-
cing, we found that MOTS-c significantly regulated 802 genes
in response to glucose restriction.””! Further, motif analysis in
the promoters of regulated genes revealed a number of putative
coregulators of MOTS-c nuclear actions, including motifs
related to the interferon signaling pathway.”! Ultimately,
MOTS-c protected cells from glucose and serum restriction,
an in vitro model of energetic stress driven by a disrupted
supply and demand balance.”’) In summary, metabolic stress
triggered MOTS-c to dynamically translocate to the nucleus,
bind to chromatin, and regulate nuclear gene expression to
regain homeostasis (Figure 1A). Although MOTS-c may be the
first mitochondrial-encoded message to be identified that is
sent to the nucleus to mount an adaptive stress response,
considering the redundant nature of various cellular signaling
pathways, it may be a token of multiple MDPs with diverse
nuclear roles.

Notably, in yeast, the nuclear 25S rRNA gene encodes a
peptide, Tarlp, that acts in the mitochondria."®>**® Tar1p has
been suggested to suppress the formation of extrachromosomal
ribosomal circles,'*”! which accumulate in yeast with mito-
chondrial deficiency via the retrograde response protein*®® and
replicative aging.!'*” Although no homolog of Tarlp has been
identified in humans, the fact that both mitonuclear rDNAs
encode for peptides that function in opposing subcellular
compartments suggests a general paradigm where these types
of peptides may sense and cross-regulate ribosomal func-
tions.' This is especially interesting considering that mito-
nuclear translation is tightly coordinated, as mentioned
above.”*! Further, translation is a highly energy-dense process
that is subject to regulation under metabolic stress,7% a
condition that triggers MOTS-c to migrate to the nucleus. Thus,
MOTS-c may have multiple roles in the nucleus, including
ribosome metabolism and assembly in response to stress.

© 2019 WILEY Periodicals, Inc.
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Figure 1. Mitonuclear genome cross-regulation and the composite gene network. A) The mitochondrial proteome consists of over 1000 proteins that
are encoded in the nuclear genome. On the contrary, the nuclear proteome was devoid of regulatory factors encoded in the mitochondrial genome.
MOTS-c is the first MDP that has been shown to enter the nucleus and directly engage in adaptive nuclear gene expression. MOTS-c may be a
harbinger of many other MDPs with nuclear roles. This notion would be consistent with the observation that the coevolved mitonuclear genomes
independently encode for reciprocal gene-regulatory factors to coordinate gene regulation. B) In line with (A), eukaryotic gene networks are dyna-
mically built based on a unified, yet split, bipartite genome compartmentalized in the nucleus and mitochondria. The unified mitonuclear gene
network may provide a richer cellular context during adaptive gene responses to diverse pathophysiological cellular stimuli (stress, damage, function,
fate) that are often accompanied by energetic imbalance. Thus, integrated gene analyses that account for the interaction of the two genomes would

provide a more comprehensive biological perspective.

6. What Does a Dual-Genome System Mean for
Health?

6.1. Our Dual Genomes Are Programmed for a Singular Unified
Genetic Network

Traditionally, the nucleus was thought to host all gene-encoded
regulators for both genomes, providing an image of a nuclear-
centric unidirectional communication between the mitonuclear
genomes. However, the recent discovery of the nuclear actions
of MOTS-c suggests that gene expression can be coordinated by
factors encoded in each genome that regulate the other genome
(Figure 1A). A possible role for MDPs would be to fine-tune the
adaptation of mitonuclear gene expression (Figure 1B). There-
fore, the ability of a cell to differentiate between subtly distinct
and complex cellular cues (e.g., stress response, differentiation,
and proliferation) and to precisely mount the appropriate
response is dependent on the detailed coordination of the dual
genomes, and in effect, MDPs, such as MOTS-c, may present a
mitochondrial context to the nucleus.

In bioinformatic analyses, it is currently a common practice
to analyze datasets (e.g., chromatin immunoprecipitation
sequencing and assay for transposase accessible chromatin
with high-throughput sequencing) only after filtering out
repetitive sequences, including key mitochondrial sequences
of interest (e.g., those encoding MDPs). Indeed, any ChIP- or
ATAC-enriched regions identified on the mitochondrial chro-
mosome are usually discarded as spurious findings or even
used to estimate the background noise of the method."”"
However, growing evidence suggests that some nuclear factors
may be imported into the mitochondria and bind mtDNA in a
sequence-specific manner (e.g., JunD, MafK, and Rfx5)!7?
(Figure 1A). In addition, sequence motifs seemingly bound by
nuclear transcription factors in the mitochondria show evidence
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of negative selection, thus supporting their functionality.'”*!

Together, these observations support the existence of a complex
dialogue between the nuclear and mitochondrial genomes, far
more involved and dynamic than previously estimated. Because
of the sheer amount of rRNA sequences in cellular transcrip-
tomes (usually 95% of total RNAs), rRNA depletion of both
nuclear and mitochondria-encoded sequences has been adopted
as a cost-effective measure to analyze gene expression
regulation."”*75) In addition, any repetitive sequences remain-
ing in RNA-sequencing datasets are usually eliminated from
downstream analyses as well. Because of this experimental
analytical pragmatism, very little is known about the differential
regulation of mitochondrial rRNA sequences (encoding many
known MDPs), and more largely of mitochondrial genomes, as
well as their impact on cellular physiology. Together, this
suggests that appropriate tools and pipelines are still missing to
fully grasp the importance and prevalence of bidirectional
genomic communication between the nuclear and mitochon-
drial compartments.

As mentioned above, mitonuclear epistasis can have
profound effects on cellular and organismal fitness. Artificially
placing entire mitochondrial and nuclear genomes together,
which have a wide range of nucleotide variants, can cause
significant cellular dysfunction and even death.®® However,
specific nuclear gene expression can also be affected by specific
mitochondrial variants. For instance, a mutation in the ANTI
gene can manifest as a cardiomyopathy of differing degrees
depending on the specific mtDNA variant with which it is
coupled.®® Thus, mitonuclear linkage disequilibrium (LD) may
provide a more detailed and comprehensive intergenomic
interaction map. Although mitonuclear LD in humans is
currently largely unexplored, a recent analysis indicated weak,
albeit significant, correlation using SNPs associated with
annotated genes; interestingly, mitonuclear LD were

© 2019 WILEY Periodicals, Inc.
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substantially higher in X-linked genes.l'”®! With the increasing
appreciation for previously nonannotated sORFs, the (re)
discovery of new species of noncoding RNA genes (i.e., long
noncoding RNA, circular RNA), and the potential roles of
transposable elements (previously labeled as “junk DNA”) in
the nuclear and mitochondrial genomes, it will be interesting to
examine mitonuclear LD in this new light.

Hence, mitonuclear compatibility and communication has
direct and timely translational implications. Mitochondrial
replacement therapy (MRT) has been developed to help women
who are carriers of pathogenic mtDNA mutations to conceive
healthy offspring to prevent transmission of diseases. The
procedure involves the transfer of the nuclear DNA from an
oocyte with mtDNA mutations into an enucleated donor oocyte
bearing healthy mitochondria.'””) Children born from MRT
will have three genetic parents; hence, they are also referred to
as “three-parent babies.” MRT is no simple over-the-counter
battery pack exchange, but an extensive form of germline gene
therapy that requires much consideration at the biological and
ethical levels.®7#7%) Hyuman cybrids have altered mtDNA
copy number, ATP turnover rates, ROS production, and
OXPHOS gene expression.!"®!) Incompatible mitonuclear com-
binations are thought to be selected against the oocyte stage,
leading to readsorption of failed development.’”®! The results
from mice and invertebrates suggest that many deleterious
effects of MRT may not be revealed until adulthood!"”® and may
further be exacerbated with aging.

7. Conclusions and Outlook

Nuclear gene regulation by mitochondrial-encoded MOTS-c
adds another gene-centric layer to mitonuclear communication.
However, MOTS-c may just represent the proverbial tip of the
iceberg in this case, the first in a long list of many other MDPs
that may regulate the nuclear genome. It is plausible that
various MDPs may have distinct, or even multiple, tasks in the
nucleus, being targeted at various compartments such as
nucleoli, RNA-processing sites (a.k.a. “transcription factories”),
DNA repair foci, nuclear bodies (e.g., promyelocytic leukemias
or speckles), and nuclear envelope. The biology of nuclear-
residing MOTS-c, and perhaps other MDPs, is just starting to
unravel, and several outstanding questions remain. A funda-
mental question lies on the chromatin state (ie., eu- or
heterochromatin) and the precise locations that MOTS-c binds
to. MOTS-c is likely to function as an adaptive cofactor involved
in providing context to larger transcriptional programs and may
dynamically interact with chromatin depending on the type of
cell and stimuli. This hypothesis is consistent with the fact that
genes regulated upon MOTS-c overexpression were enriched
for various promoter motifs, likely underlying distinct partners.
We reported MOTS-c as an adaptive transcriptional cofactor
upon metabolic stress, but the mechanism that we have
described could apply to any cellular condition where the
energetic balance is shifted, including differentiation, prolifera-
tion, or even immune responses.

Another key question is the mechanism by which MOTS-c
crosses the nuclear envelope. Based on the requirement of the
hydrophobic core, MOTS-c may require other partners, which
could be regulated by AMPK, to facilitate the shuttling. The
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connection to AMPK is also clear, but its role as a nuclear
gatekeeper for MOTS-c is an intriguing phenomenon. Note that
because AMPK is mainly known as a serine/threonine kinase,
residues devoid of MOTS-c, it is likely that intermediates are
involved. The identification of MOTS-c-specific binding part-
ners may provide further insight into the coordinated network
of mitochondrial- and nuclear-encoded signals.

Technological advances will also accelerate our understanding
of MOTS-c. mtDNA editing technology is currently possible for
targeting heteroplasmy using mitochondrial nucleases, including
mitoTALEN"® and mitochondrially targeted zinc finger-nucle-
ase."® However, widely accepted methods for targeted mtDNA
mutagenesis, akin to clustered regularly interspaced short
palindromic repeats for nuclear genes, have yet to be devel-
oped.™® In addition, an easily accessible and highly sensitive
method to confirm homoplastic targeted mtDNA alteration in a
cell population will be required. Nonetheless, targeted mtDNA
mutagenesis will prove to be an invaluable genetic tool to further
explore not only the role of MDPs, but also a wide range of
mitochondrial pathophysiology. Further, peptidomic advances will
greatly aid in the analysis of known MDPs and the identification of
additional peptides.***"

The role of MDPs in regulating diverse cellular and organismal
functions has just begun to unravel and the field is in its infancy.
Until recently, mitochondrial-encoded gene products (i.e., pro-
teins, tRNA, and rRNA) have not been thought to play regulatory
roles. Consequently, mtDNA was not considered a source of active
regulators of aging and age-related chronic diseases, which have a
genetic basis. This is reflected, in part, by the absence of FDA-
approved drugs that are based on mtDNA-encoded factors, even
though mitochondria are strongly implicated in multiple diseases.
Further studies on MDPs at multiple levels, including peptide
chemistry, regulation of expression, mechanisms of interfacing
with subcellular compartments and plasma membrane, and
nuclear genome regulation, will add an enriching layer to basic
research and translational development.
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