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Abstract

Mitochondria are ancient organelles that are thought to have emerged from once free-living a.-
proto-bacteria. As such, they still possess several bacterial-like qualities, including a semi-
autonomous genetic system, complete with an independent genome and a unique genetic code.
The bacterial-like circular mitochondrial DNA (mtDNA) has been described to encode 37 genes,
including 22 tRNAs, 2 rRNAs, and 13 mRNAs. Two additional peptides reported to originate from
the mtDNA, namely humanin (Hashimoto et al., 2001; Ikone et al., 2003; Guo et al., 2003) [1-3]
and MOTS-c (mitochondrial ORF of the twelve S c) (Lee et al., 2015) [4], indicate a larger
mitochondrial genetic repertoire (Shokolenko and Alexeyev, 2015) [5]. These mitochondrial-
derived peptides (MDPs) have profound and distinct biological activities and provide a paradigm-
shifting concept of active mitochondrial-encoded signals that act at the cellular and organismal
level (7.e. mitochondrial hormone) (da Cunha et al., 2015; Quiros et al., 2016) [6,7]. Considering
that mitochondria are the single most important metabolic organelle, it is not surprising that these
MDPs have metabolic actions. MOTS-c has been shown to target the skeletal muscle and enhance
glucose metabolism. As such, MOTS-c has implications in the regulation of obesity, diabetes,
exercise, and longevity, representing an entirely novel mitochondrial signaling mechanism to
regulate metabolism within and between cells.
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1. Introduction

Mitochondria are ancient organelles that are thought to have emerged from once free-living
a-proto-bacteria. As such, they still possess several bacterial-like qualities, including a semi-
autonomous genetic system, complete with an independent genome and a unique genetic
code. The bacterial-like circular mitochondrial DNA (mtDNA) has been described to encode
37 genes, including 22 tRNAs, 2 rRNAs, and 13 mRNAs. Two additional peptides reported
to originate from the mtDNA, namely humanin [1-3] and MOTS-c (mitochondrial ORF of
the twelve S c) [4], indicate a larger mitochondrial genetic repertoire [5]. These
mitochondrial-derived peptides (MDPs) have profound and distinct biological activities and
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provide a paradigm-shifting concept of active mitochondrial-encoded signals that act at the
cellular and organismal level (/.e. mitochondrial hormone) [6,7]. Considering that
mitochondria are the single most important metabolic organelle, it is not surprising that these
MDPs have metabolic actions. MOTS-c has been shown to target the skeletal muscle and
enhance glucose metabolism. As such, MOTS-c has implications in the regulation of obesity,
diabetes, exercise, and longevity, representing an entirely novel mitochondrial signaling
mechanism to regulate metabolism within and between cells.

2. Mitochondrial signaling

Mitochondria regulate metabolism, growth, and apoptosis, which are vital cellular processes
that have direct impact on survival. Thus, to avoid catastrophic incoordination, a
sophisticated communication system between mitochondria and the cell is inevitable [7-12].
Such communication has been perceived to be predominantly, if not entirely, driven by
signals encoded in the nuclear DNA (nDNA), whereas mitochondria act as functional
organelles on the receiving end. However, mitochondrial communication likely co-evolved
to effectively coordinate the eukaryaotic system that became increasingly complex, and
emerging evidence now position them as signaling units that actively regulate various
biological processes [10,13]. In fact, intergenomic coordination and compatibility is
evidently important. Studies in MNX (mitochon-drial-nuclear exchange) mice support the
importance of mtDNA and nDNA compatibility in determining cellular and whole-body
physiology, and perhaps even healthspan and lifespan [14]. The MNX mouse is a model of
mtDNA polymorphism, in which the nuclear genome from one mouse strain is transferred
into an enucleated recipient zygote of a different mouse strain, thus allowing each progeny
to distinctly have 100% of the nDNA and mtDNA from their respective donor strains
(C57BL/6J and C3H/HeN) [15]. For example, MNX mice have the nuclear genome of a
C57BL/6J (C57") or a C3H/HeN (C3H") mouse, and the mitochondrial gen-ome of a
C3H/HeN (C3H™Y) or C57BL/6J (C57™) mouse, respectively. Although MNX mice are
generally healthy and fertile, but, depending on the mtDNA-nuclear DNA combination,
exhibit different cellular bioenergetics, mitochondrial ROS generation and susceptibility to
cardiac stress and atherogenic diet [15,16]. This has direct impact on human health. The
United Kingdom recently approved mitochondrial replacement therapy, which would allow a
woman with a mitochondrial disorder to pair her nuclear DNA with the healthy
mitochondria from a donor’s egg (also referred to as three-parent babies). This has been met
with concerns of mtDNA-nDNA incompatibility and dysregulation of signals encoded in the
mtDNA (7.e., MDPs) [17].

Notably, some mitochondrial-derived signals are capable of acting in a hon-cell-autonomous
manner to regulate distal tissues. For instance, an interesting study in Caenorhabditis elegans
showed that an imbalance between mitochondrial- and nuclear-encoded proteins in neurons
activates the mitochondrial unfolded protein response (UPR™) in intestinal cells, through an
unidentified mi-tokine [18,19]. In addition, as discussed in detail below, peptides derived
from mtDNA have hormonal actions that regulate whole-body physiology.
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3. Mitochondrial-derived peptides (MDPs): a newly recognized role for an
ancient organelle

3.1. mtDNA and short open reading frames (SORFs)

The mitochondrial genome was discovered approximately 50 years ago by electron
microscopy and described as a bacterial-like circular DNA [20,21], and thought to encode
for 13 proteins that are all components of the electron transport chain. However, emerging
studies indicate that the mtDNA contains previously unknown short open reading frames
(sORFs), expanding the mi-tochondrial genetic repertoire [1,4,22—24]. Notably, in various
species, including humans, SORFs have been “genetic blind-spots” [23], largely due to the
traditional computational cut-off of a 100 codons to avoid false-positives [25]. SORF-
encoded polypeptides (SEPs) originating from the nuclear genome have significant
biological activity.

3.2. Humanin and small humanin-like peptides (SHLPS)

Humanin was the first SORF to be identified in the mtDNA [1,3,26]. It is a conserved
polypeptide [3] encoded as a 75-bp polycistronic SORF within the 16S rRNA, discovered in
2001 from an unbiased functional survival screen using a cDNA library created from the
surviving brain fraction of an Alzheimer’s disease (AD) patient [1,27]. It was named by its
discoverer with hopes that could it would recover the “humanity” of AD patients. Humanin
expression is age-dependent [28,29] and detected in various tissues and in circulation in
rodents and humans [1,30]. Humanin was simultaneously cloned by two other groups, who
showed that it binds to the insulin-like growth factor binding protein 3 (IGFBP-3), which
regulates IGF-1 bioactivity, with high affinity and specificity [2] and to the pro-apoptotic
protein BAX [3]. The primary role of humanin, based on a wide range of /n7 vitroand in vivo
studies, appears to be enhancing cellular and organismal protection from various types of
stress or disease states, including AD, cancer, and diabetes [26,31]. Recently, six additional
peptides in the same region of mtDNA as humanin (/.e. 16S rRNA) were identified using an
in silico approach, and have been named small humanin-like peptides (SHLPs) 1-6 [22].
Notably, SHLPs 2 and 3 significantly reduced staurosporine-dependent apoptosis and the
generation of reactive oxygen species, while increasing mi-tochondrial respiration and ATP
production in vitro[22]. SHLP2 and SHLP3 also enhanced 3T3-L1 pre-adipocyte
differentiation. Intracerebral infusion of SHLP2 increased peripheral glucose uptake and
suppressed hepatic glucose production, as determined by systemic hyperinsulinemic-
euglycemic clamp studies, suggesting that it functions as an insulin sensitizer both
peripherally and centrally [22]. Similar to HN, the levels of circulating SHLP2 declined with
age [22].

3.3. The identification of MOTS-c

Following the discovery of humanin, a novel MDP named MOTS-c (Mitochondrial ORF
within the Twelve S rRNA ¢) was recently identified [4]. MOTS-c is expressed in various
tissues and in circulation (plasma) in rodents and humans, suggesting both a cell-
autonomous and hormonal role [32], and co-localizes with mitochondria in the cell [4].
Notably, there were hints of additional genes in the 12S rRNA, but no specific ORFs were
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identified [33,34]. In a search for interferon-responsive genes in the early 80s, Maeda et al.,
cloned cDNAs that were induced by interferon stimulation in a myeloblast cell line [33].
Later Tsuzuki et al. reported that the majority (~80%) of such clones with strong positive
responses mapped to the mitochondrial rRNA locus, but no further investigations to identify
potential genes were undertaken [34]. A recent /in silico search of a human 12S rRNA
revealed MOTS-c, a 51 base pair SORF with a strong Kozak sequence that yields a bioactive
16 amino acid peptide (GenBank accession# KP715230) [4]. Episodic lateral gene transfer
from bacteria to eu-karyotes is evident and coincides with major evolutionary transitions at
the origin of mitochondria, and the entirety of the current mtDNA sequence is found
scattered throughout the nDNA in a fragmented and degenerate manner, a.k.a nuclear
mitochondrial sequences (NUMT) [35,36]. Using the NCBI Basic Local Alignment Search
Tool (BLAST) [37], none of the NUMT sequences were fully homologous to the MOTS-c
ORF and all alignments to the human expression sequence tag (EST) were identical to the
mtDNA sequence [4]. This also suggests that the cDNAs that Tsukiji et al. obtained were
likely mitochondrial and not nuclear [34]. Currently, targeted mutagenesis of mtDNA is not
feasible, let alone the lack of sequencing sensitivity to verify the successful incorporation of
such mutations in hundreds to thousands of mtDNA in a given cell [38]. However, the
selective elimination of mtDNA is possible by chronic low-dose ethidium bromide
treatments in HelLa cells (HeLa-p0) [39]. MOTS-c and mitochondrial-encoded cytochrome
oxidase | and Il (MT-COI/II) expression was undetectable in HeLa-p0 cells, whereas
nuclear-encoded GAPDH levels were unaltered, supporting mitochondrial origin of MOTS-
c. In addition, the selective depletion of mitochondrial RNA using actinonin [40] caused a
time-dependent loss of MOTS-c and MT-COI, but not GAPDH, again, supporting
mitochondrial origin of MOTS-c [4]. MOTS-c translation most likely occurs in the
cytoplasm, based on the disparity between mitochondrial and nuclear genetic codes [41]; the
human mitochondria use “AGA” and “AGG” as stop codons, which would be recognized as
arginine using on the conventional human code. Thus, mitochondrial translation of MOTS-c
would lead to tandem start and stop codons [4]. The mechanism regarding the mitochondrial
export of polyadenylated MOTS-c transcripts is currently under investigation. Notably,
proteomics studies have begun to provide sequence-based evidence of mi-tochondrial origin
at the peptide level (unpublished data).

3.4. The conservation of MOTS-c

Mitochondria are universal among eukaryotes [42]. Mammalian mtDNA encode for two
ribosomal RNA genes (12S and 16S rRNA) that are key for mitochondrial translation. There
is great diversity of mtDNA sequences across the phylogenetic tree, and the mitochondrial
12S and 16S rRNA genes are widely used as molecular markers for species identification
[43]. The mitochon-drial genome has a relatively higher evolutionary rate compared to the
nuclear genome, likely due to a higher mutation rate and clonal propagation, which can
cause sequence variations between closely related species [44—-46]. However, some regions
in 12S and 16S rRNA are highly conserved among species, likely resulting from a strong
positive selection force [43]. The first 11 amino acid residues of MOTS-c (total 16 amino
acids) are highly conserved in 14 mammalian species [4]. The ratio of divergence at non-
synonymous and synonymous amino acid sites, calculated by dN/dS ratio, identified the
presence and position of residues under positive or purifying selection [4]. Notably, “dwarf”
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SORFs that encode for peptides of ~20 amino acids are less conserved [47], which could
explain the lack of MOTS-c conservation in some lower eukaryotes, including C. elegans
and Drosophila melanogaster.

3.5. Cellular action of MOTS-c

3.6. MOTS-c

3.5.1. Cell-autonomous targets of MOTS-c—Proliferating cells are in constant need
of cellular building blocks for the production of nucleic acids, proteins, and lipids, and for
the regulation of epigenetic and redox status [48,49]. A key cellular component to achieve
this is the one-carbon metabolism comprising of the folate cycle and its tethered de novo
nucleotide biosynthesis pathways and methionine cycle [48,50,51]. Recent studies show that
the folate cycle is directly involved in the regulation of metabolism. The pro-longevity
diabetes drug metformin [52,53], has been proposed to regulate metabolism viathe folate
cycle and the master metabolic regulator AMPK (AMP-activated protein kinase), which can
be activated by purine intermediates [54-57].

A systematic approach combining unbiased global metabo-lomics and gene microarray
identified the folate-methionine cycle and its directly tethered de novo purine biosynthesis
pathway as the cellular metabolic target of MOTS-c [4]. MOTS-c inhibited the folate cycle
at the level of 5Me-THF, resulting in an accumulation of AICAR [5-aminoimidazole-4-
carboxamide ribonucleotide), a well-defined AMPK activator [58]. Interestingly, MOTS-c
also increased cellular NAD™ levels, which are also nucleotide precursors, suggesting the
possible involvement of SIRT1 in AMPK activation [59]. In fact, these pathways mediate the
metabolic actions of MOTS-c [4].

3.5.2. The role of MOTS-c in cellular metabolism—MOTS-c is a mitochondrial
signal that stimulates cellular glucose uptake while suppressing respiration. This is
consistent with the “Crabtree effect” whereby glucose can inhibit cellular respiration and
oxidative phosphorylation [60]. Notably, the glucose taken up in response to MOTS-c was
routed to the anabolic pentose phosphate pathway (PPP), which provides carbon sources for
the synthesis of purines, rather than being metabolized through glycolysis [4]. In addition,
MOTS-c increased the levels of carnitine shuttles, which transport activated fatty acids into
the mitochon-dria for B-oxidation, increased the level of a B-oxidation intermediate, and
reduced intracellular levels of essential and non-essential fatty acids, suggesting enhanced
lipid utilization [4]. Although p-oxidation is commonly associated with increased
respiration, it can also occur under reduced respiration as shown by AICAR [61] and
metformin [52].

as a metabolic hormone

MOTS-c is detected in circulation, thus qualifying as a mi-tochondrial hormone
[4,32,62,63]. Its primary target organ appears to be skeletal muscle and fat. Fasting mice for
48 h significantly reduced endogenous levels of MOTS-c in skeletal muscle and plasma [4].
In addition, acute systemic treatment of MOTS-c by intraperitoneal injections significantly
reduced non-fasting glucose levels and significantly improved the response in glucose
tolerance tests (GTT) [4]. The hyperinsulinemic-euglycemic clamp technique, a gold
standard for measuring insulin action [64], provided evidence that MOTS-c regulates
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glucose homeostasis by targeting the skeletal muscle to increase clearance, but not the liver
to reduce production [4]. Interestingly, MOTS-c levels in mice decline with age in skeletal
muscle and in circulation concomitantly with the age-dependent development of insulin
resistance [4]. Restoring MOTS-c levels by systemic injections in older mice (12 mo.)
successfully reversed age-dependent skeletal muscle insulin resistance; myocytes that stably
overexpress MOTS-c also exhibited increased glucose uptake [4]. In a disease model of
insulin resistance in mice, established by feeding a high-fat diet (HFD), MOTS-c prevented
diet-induced obesity and insulin resistance, and showed increased activation of AMPK and
expression of its downstream glucose transporter in skeletal muscles [4]. Notably, MOTS-c
also caused a significant reduction in HFD-induced visceral fat and hepatic steatosis, but it is
unclear if this is a result of reduced adipogenesis or increased lipolysis, also observed /n
vitro as mentioned above (Fig. 1). The effect of MOTS-c in preventing metabolic symptoms
following a HFD was not due to reduced caloric intake or increased total activity, but was
associated with increased body heat production [4], indicating thermal energy dissipation as
a feasible caloric outlet. This suggests a potential effect of MOTS-c on increasing the level
of thermogenic brown and/or beige adipose tissue [65]. Further, these mice showed
increased glucose utilization, determined by the respiratory exchange ratio (RER), likely by
skeletal muscle that showed increased AMPK activation and glucose transporter expression.

3.7. Implications of MOTS-c in health and disease

Mitochondria are strongly implicated in aging and age-related diseases. Given the promising
beneficial effects of MOTS-c in regulating metabolic homeostasis, the therapeutic
implications in obesity and diabetes are evident [23]. Future studies are required to
understand the natural course of MOTS-c expression and activity in patients with diabetes,
especially from a diagnostic perspective, and determine the therapeutic potential in such
disease conditions. MOTS-c is also implicated in lung [66] and heart disease [67]. In
addition, structural modifications, generating analogs, and conjugation for half-life
extension, may be important for therapeutic development of MOTS-c [23]. Further, based on
its fundamental role in regulating metabolic homeostasis, with specific effects on skeletal
muscle and glucose metabolism, MOTS-c is also implicated in other areas of study,
including exercise and longevity.

3.7.1. Exercise—Mitochondria are key bioenergetics sources that fuel the skeletal muscle
during exercise, but they are also actively engaged in transmitting exercise-induced signals
to other organs [4,32,68-71]. Muscles secrete myokines, such as irisin [72] and musclin
[73], in response to exercise that mediate inter-organ communication and coordination [74].
Although the effect of exercise on regulating MOTS-c production and secretion is unknown,
its beneficial effects on HFD is mirrored by MOTS-c [75]. Further, MOTS-c increases
cellular levels of AICAR (an AMPK agonist) and activates AMPK [4], a well-described
regulator of exercise [76—78]. MOTS-c injections in mice showed activation of skeletal
muscle AMPK and increased the level of its downstream glucose transporter GLUT4 [4,79].
MOTS-c may also act as a potential mitochondrial signal that mediates an exercise-induced
mitohormesis response, thereby stimulating physiological adaptation and increased tolerance
to exercise [70,80,81]. Thus, it is plausible that MOTS-c may add an unprecedented
mitochondrial layer to such exercise-induced signaling systems and act as a mimetic or
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enhancer [70,71,81-84]. The effects of exercise are broad and achieved through a
complicated network of signaling factors that work seamlessly to coordinate physiological
functions. Therefore, an “exercise pill” that can fully recapitulate the effects of exercise is
unlikely to be developed, but exercise-mimetics could still greatly benefit those with limited
mobility and improve metabolic conditions [82].

3.7.2. Longevity—Mitochondria are strongly implicated in aging, but the mechanistic
details are poorly understood [85]. Mitokines [19] or MDPs [32,86], as described above,
provide a paradigm-shifting concept of mitochondrial-derived endocrine factors that may
regulate of aging and provide novel therapeutic and diagnostic targets for age-related
diseases. For example, circulating humanin levels are (i) negatively correlated with
circulating IGF-1 levels, which is seen in many long-lived animal models, and (ii) positively
correlated with longevity [87]; humanin expression also declines with age in rodents and
humans [29].

MOTS-c, whose levels also decline with age, has many implications in the regulation of
healthspan and/or lifespan. The mitochondrial m.1382A>C polymorphism, which is found
specifically in the D4b2 haplogroup that is associated with exceptional longevity in the
Japanese population [88]. This polymorphism occurs within the MOTS-c ORF and causes a
Lys14GIn change that may have functional alterations [89]. Further studies are required to
test if MOTS-c, and its analogs, can positively extend healthspan and/or lifespan in model
organisms.

There are also metabolic links between known age-modifiers and MOTS-c. NAD™ is a key
metabolic coenzyme involved in redox reactions that declines with age, and restoring its
levels can improve age-related disease conditions [90,91]. Further, NAD* is a potent
activator of sirtuins, which are conserved multifunctional regulators of aging and age-related
diseases in various model organisms from yeast to mammals [90-92]. On that line, MOTS-c
increases intracellular NAD™ levels and MOTS-c-dependent gly-colytic effects are mediated
by sirtuin 1 (SIRT1) [4]. In addition, MOTS-c restricts the folate/methionine cycle, causing a
reduction in methionine metabolism. In rodents, methionine restriction can increase lifespan
by about 45%, decrease age-related diseases (e.g., cancer), delay lens deterioration, reduce
visceral fat, and increase the major antioxidant glutathione (GSH) [93-96]. Similar
observations have been made in other model organisms [97,98]. Based on these connections
to known aging regulators, future studies focusing on the role of MOTS-c in modulating
healthspan and lifespan may unveil novel mitochondrial-derived pro-longevity signals.

4. Conclusion

Mitochondria are multifaceted functional organelles that are increasingly being appreciated
as major regulators. The survival of eukaryotic cells requires a close intergenomic
coordination between mtDNA and nDNA. Communication is key to achieve such high-level
coordination. Humans have two genomes, but only the nuclear genome has been thought to
encode signaling factors. Thus, the neglect of the other half of our genome may hold lost
opportunities for the identification of novel therapeutic and diagnostic targets for a wide
range of diseases. MDPs are unprecedented candidates for such development and will allow
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the targeting of mitochondrial communication in health and disease. In particular, MOTS-c
holds much potential as a target to treat metabolic syndromes by regulating muscle and fat
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Fig. 1.
A model of the systemic metabolic effects of the mitochondrial-derived peptide hormone

MOTS-c. Exercise, diet (pro-longevity dietary interventions), and aging may affect the
production, secretion, and activity of MOTS-c. Skeletal muscle is a major target of
circulating MOTS-c, but experimental evidence also points to fat cells as a potential target.
Depending on the environment, MOTS-c may have dual roles as an anabolic and a lipolytic
hormone.
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