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ABSTRACT

Type 2 Diabetes (T2D) is an emerging public health problem in Asia. Although ethnic specific mtDNA
polymorphismshave been shown to contribute to T2Drisk, the functional effects of the mtDNA polymorphism:
and the therapeutic potential of mitochondrialderived peptidesat the mtDNA polymorphismsare underexplored
Here,we showedan Asianspecificmitochondrial DNAvariation m.1382A>Qrs111033358)eadsto a K14Qaminc
acid replacementin MOTSc, an insulin sensitizingmitochondriakderived peptide. Meta-analysisof three cohorts
(n=27,527, 3JMICCMEC and TMM) showthat malesbut not femaleswith the Gallele exhibit a higher prevalence
of T2D.In JMICC pnly maleswith the Gallelein the lowest tertile of physicalactivity increasedtheir prevalenceof
T2D,demonstratinga kinesiogenomicinteraction. Highfat fed, male mice injected with MOTSc showedreducec
weight and improved glucosetolerance, but not K14QMOTSc treated mice. Like the human data, female mice
were unaffected. Mechanistically, KI4Q-MOTSc leads to diminished insulin-sensitization in vitro. Thus, the
m.1382A>Cpolymorphismis associatedwith susceptibilityto T2Din men, possiblyinteracting with exercise,and
contributing to the risk of T2Din sedentarymalesby reducingthe activity of MOTSc.
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INTRODUCTION

The prevalence of type 2 diabetes mellitus (T2D) is
growing dramatically. Over 400 million individuals were
diagnosed with T2D worldwide in 2015, and the
International Diabetes Federation projects that at least
600 million people will need to be treated f62D by
2040[1]. However, treating T2D is challenging because
the disease etiology is genetically heterogeneous and
varies among ethnicitig®]. For example, a recent meta
analysis showed that T2D is 72% heritable (95% Cl: 61
78%) [2], and the Westernaeific Regioni including
China and Japain makes up ~37% of the total T2D
diagnoses in the world[1]. This is particularly
noteworthy because they have a higher susceptibility to
T2D compared to Caucasians althoufast Asian
populations have lower mearody mass index (BMI)
than Caucasian populatiofgj. However, when matched
for BMI, East Asians have a greater percentage of body
fat and a tendency for increased visceral adipdédity
T2D in Asian patients is characterized by early beta cell
dysfunction in contrast to Caucasian populations that
have more insulin resistang®]. Thus, ethnicitybased
DNA variationslikely influence the pathogenesis of T2D.

While diabetes syndromes directly caused by mutations
in mDNA are extremely rarg6], several gestic
analyses reveal that mtDNA polymorphisms contribute to
T2D risk in both European and Asian populatipnss].
Notably, mtDNA sequences are more varied by ethnicity
compared to nuclear DNA sequences, due to theres
higher mutation rate of mtDNAoenpared to nuclear
DNA [9]. The human mitochondrial genome consists of
16,569base pairs and encodes 37 genes including 13
full size proteins involved in oxidative phosphorylation,
2 rRNA, and 22 tRNA genes that are necessary for
protein synthesis withinthe mitochondria. Genetic
polymorphisms in the mtDNA could potentially affect
cell metabolism[10] leading to alterations in insulin
signaling or beta cell function and may explain why
T2D prevalence is different between ethnicities. As a
result, certain mtDNA polymorphisms could contribute
to the T2D prevalence in different ethnicities. Although
the a&sociation is strongly studied in population genetics,
the functional effects of the mtDNA polymorphisms are
underexplored. Sequence variation in mtDNA may cause
slight differences in the function of the respiratory chain,
free radical production, the al&ion of mitochondrial
matrix pH, and intracellular calcium levélsl].

Mitochondriatderived peptides (MDPs) are biologically
active peptides derived from small open reading frames
(ORF) in the mitochondrial genonj&2i 16]. Emerging
studies suggest thamtDNA polymorphisms could
impact mitochondriatlerived peptides levels. For
example, the m.2706A>G variant in the ORF encoding

the mitochondriallerive peptide humanin is associated
with accelerated cognitive aging and a decrease in
circulating humanindvels[17].

Another mitochondriatlerived peptide encoded from the
12S rRNAIn the mtDNA iscalled mitochondrialopen
readingframe of thetwelve S rRNA T type ¢ (MOTS-C)

[14]. MOTSc is a 16amino acid peptide expressed in
multiple tissues, including sk#al muscles, and is
detected in plasma. MO¥Sactivates AMPK and acts as
an insulin sensitizeff14]. MOTSc regulates insulin
sensitivity and metabolic homeostasis in the skeletal
muscle of micg14]. MOTSc reduces weight gain and
decreases fat accumatibn in the liver in higHat diet
induced obese mice. MOTSlevels correlate with muscle
fiber composition in mefil8], leading some to calling it
an ilexne meit $ € [p9k pMOITSHce also
prevents ovariectomyduced metabolic dysfunction
[20]. MOTSc levels are correlated with insulin resistance,
and circulating MOTS: levels are reduced in obese male
(but not female) childrerf20, 21] MOTS<c levels are
inversely correlated with markers of insulin resistance and
obesity including BMI, waist citemference, waidb-hip
ratio, fasting insulin level, HOMAR, HbA::[21].

The East Asiaspecific mtDNA $hgle Nucleotide
Polymorphism (SNP), m.1382A>C (rs111033358)
causesan amino acideplacemenftrom Lys (K) to GIn

(Q) at the 14th aminacid residuein the MOTSc
peptide[22]. This SNP is mainly found in haplogroup
D4b2. A previous study showed that the mitochondrial
haplogroup D4b, which includes D4b2, is associated with
an increased risk of T2[p & 0.002) with arodds ratio of
3.55 (95% confidence interval 18534) in Korean men
[8]. Although that study suggested an association
between the haplogroup that includes mtDNA SNP
(m.1382A>C) at the MOTSc region and T2D,the
relation between the m.1382A>C polymorphisand
human T2D pathophysiology was not explored.
Additionally, whetheMOTS-c and its K14Q variant are
associated with disease risk or have a direct physiological
effect on insulin and glucose metabolism or the
pathogenesis of T2bave not yet been invegdited.

Here, we elucidated the association between T2D and
m.1382A>C in Japanese individuals and established the
abnormal biological effects of the K14Q MOTS
peptide varianti a consequence of the m.1382A>C
polymorphismi on insulin action and adipositg vitro
andin vivo. Additionally, it has been suggested that the
mitochondrial haplogroup D4b2 is associated with
exceptionalongevity according to a previous stugijth

a small sample size 0196) of centenarian@3]. But, as
shown below, our expard data (= 736) indicates that
the m.1382A>C polymorphism associated with the K14Q
MOTS-c variant does not affect lifespan.
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RESULTS

WT and K14Q MOTS-c potentially have different
structure

The m.1382A>C polymorphism (rs111033358) is located
in the 12S rRNA within the mtDNA, which encodes the
ORF for the MOTS peptide. The m.1382A>C
polymorphism could alter both the 12S rRNA structure
and causes K14Q replacement in the MOTFS peptide.
We first predicted the 12S rRNA secondary structure by
m.1382A and m.1382C and found very little difference
between the two models (Supplementary Figure 1A). We
next examined the difference between WT M@TS
(K14) and K14Q MOTL (Q14) peptides. The
electrosttic potential map of the MOT8 and the K14Q
MOTS-c reflect the amino acid change from a positively
charged lysine to a neutral glutamine at thé desidue

of WT MOTSc (Supplementary Figure 1B). As
expected, the net charge of K14Q MQ@ &t pH7.0 was
lower than WT MOT& and the hydrophobicity
increased compared to WT MOTS (Supplementary
Figure 1C). We also utilized a bioinformatics prediction
tool called mPROVEAN (PROtein Variation Effect
Analyzer; http://[provea.jcvi.org), that predicts the
functional effects of protein sequence variations, to
predict whether single amino acid substitutions in the
MOTS-c region could be detrimental or neutfad]. A
PROVEAN score was generated for the m.1382A>C
polymorphism onMOTS-c that makes K14Q MOTE.
The PROVEAN score for MOT8 K14Q replacement
was -4.0 which is below the predicted cutoff score (=
-2.5). If the PROVEAN score is smaller than or equal to
a given threshold, the variation is predicted as
deleterious. Thughe result suggests that K14Q MGES
replacement could be detrimentdP4]. We next
compared the predicted structures of WT and K14Q
MOTS-c which were predicted via the de novo modeling
servers, PEFFOLD3 and {TASSER (Model 1,
Supplementary Figure 1D, 1Model 2, Supplementary
Figure 1F, 1G). The predicted 3D structure of WT and
K14Q MOTSc showed a mainly loop structure and a
small helix at the Merminus, suggesting a flexible
conformation for the peptides. Thus, the primary impact
of the K14Q mutationmay be the reduction of the
positive charge of the peptide which could substantially
alter its molecular interactions with its binding partners
and the related biological function.

Insulin sensitizing effects of WT and K14Q MOTSc
in vitro

To test the possibility that the altered structure of
MOTS-c resulting from the K14Q mutation will lead to
reduced activity of the peptide, we employed both forms
of MOTS-c in severalin vitro mocels. Since MOT&

has been shown to increase insulin sensitivity in L6
myotubes and mouse skeletal muscle via glucose clamps
and insulin action assays, we assessed the effect of
K14Q MOTSc on cellular insulin action by exogenous
peptide administration aray transient transfection.

To examine the insulin sensitizing effect of MOE &nd

its variant, we treated cells with insulin in the absence or
presence of WT or K14Q MOTS in differentiated
C2C12 myotubes. Upon insulin stimulation, insulin
receptor tyosine kinase activates AKT via PI3K. AKT
phosphorylation by insulin is higher in WT MOTShan

in the control and in K14Q MOTFE treatment in
differentiated C2C12 myotubes (Figure 1A). WT MOTS

c further increased AKT phosphorylation in the presence
of inaulin, whereas K14Q MOT$8 showed a blunted
response to insuligtimulated AKT phosphorylation in
the presence of insulin in differentiated C2C12 myotubes
(Figure 1A). In addition, insulin plays an important role
in adipocyte differentiation. Hence, we us¥B-L1 pre
adipocyte differentiation as another model to assess
insulin  sensitivity. During 3T21 preadipocyte
differentiation, cells were incubated with insulin- (1
pg/mL) containing medium. We treated cells with insulin
(0, 0.5, and 4qug/mL) in the preence or absence of WT
MOTS-c. MOTSc increased lipid droplets only in the
presence of insulin, suggesting MOGESas an insulin
sensitizing effect on adipocyte differentiatiotaia not
showr). Next, we treated cells with WT and K14Q
MOTS-c in the preserecof 1pug/mL insulin. WT MOTS

¢, but not K14Q MOTS increased lipid droplets during
adipocyte differentiation (Figure 1B). Next, differentiated
L6 myotubes were treated with WT and K14Q MGJ.S
Glucose levels were measured in the conditioned
medium. WT MOT-c increased glucose uptake,
whereas K14Q MOT8 was less effective at enhancing
insulin-stimulated glucose uptake than WT MGQ@S
(Figure 1C). We also transiently transfected HEK293
cells with WT MOTSc and K14Q MOTS and
measured glucose uptake. WT MQGSincreased
glucose uptake, whereas K14Q MQ@ &ffects were the
same as the control plasmid (Figure 1D). Taken together,
our in vitro studies show that K14Q MOTS has a
dramatically diminished action as an insulin sensitizer
compared to WT MOTS.

WT MOTS-c and K14Q MOTS-c have differential
effects on male mice fed a high fat diet

As MOTS<c has beneficial effects on metabolism and
ads as an exercise mimetic, we speculated that
individuals who carry the C allele, which produces the
K14Q MOTSc peptide will have a reduced insulin
sensitizing effect compared to WT MOTSin animal
models. Previous studies of exogenous M@TS
treatment m mice showed a substantial effect of
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improving insulin action and since peptide treatments
are clinically translatable, we treated mice with
exogenous WT and K14Q MOTSc. We investigated
the effect of WT and K14Q MOTS in a dietinduced
obesity mice moel. We administered WT and K14Q
MOTS-c (75 mg/kg; twice daily (BID); IP) to CD1
male mice fed a highat diet (HFD, 60% by calories) to
examine the roles of K14Q MOTS in dietinduced
metabolic alterations. Our previous studies showed that
MOTS-c reducedbody weight gain and fat mass,
improved insulin sensitivity in skeletal muscle, and
heightened energy expenditure in HFl CD1 male
mice. In this study, we confirmed our previous findings
showing that WT MOTS significantly reduced weight
gain in highfat dietfed male mice (Figure 2A). In
contrast to WT MOTS, K14Q MOTSc failed to
protect against HFEnduced weight gain, showing no
effectin vivg, total body weight was identical between
K14Q MOTSc and watetreated controls (Figure 2A).
Moreover, HP feeding induced a similar fateight
increase in K14Q MOT$ and watetreated control,
whereas WT MOT& showed a reduction in fateight
compared to controls after 3 weeks of HFD consumption
(Figure 2B). There was no effect on lean mass in the
HFD-fed mice treated with either WT or K14Q MOS
(Figure 2C). Although body weight was lower in the WT
MOTS-c treated group, food intake was identical
between the three groups (Figure 2D). Since M@TS
increased cellular glucose uptake and increased insulin
sendivity in vitro, we hypothesized its actions vivo
would be related to glucose clearance indicative of
improved insulin sensitivity. We treated mice with WT
MOTS-c and K14Q MOT& for 21 days and then

subjected them to a glucose tolerance test (GTT). We
observed that WT MOT$8 significantly enhanced
glucose clearance, whereas the gludotsancecurves
were not different between K14Q MOSand water
treated group (Figure 2E, 2F). Taken together, K14Q
MOTS-c is a far less effective metabolic regulaior
male micein vivo compared to WT MOT$ (showing

no discernable effects at the doses tested here).

WT MOTS-c and K14Q MOTS-c lacked effects on
female mice fed a high fat diet

To identify potential sex difference in MOTSeffects in
mice, we administated WT and K14Q MOT& (7.5
mg/kg; BID; IP) in CD1 female mice fed a HFD (60%
by calories). Unlike male mice, female mice did not
respond to WT MOT® treatment (Figure 3A). Female
mice injected with K14Q MOT$ showed no effect
either (Figure 3A). Fat nsg, lean mass, and food intake
were also not altered in WT or K14Q MOTSnjected
female mice (Figure 3BD). We also administrated
female mice with WT MOT& and K14Q MOT& for

21 days and then subjected them to a glucose tolerance
test (GTT). We obseed that glucose curves for both
WT MOTS-c and K14Q MOTS were not different
from controls (Figure 3E, 3F).

The association between visceral fat and the MOF&
polymorphism

The causes and pathophysiology of T2D differs in East
Asians compared to Caucasians. Asian diabetic subjects
typically present with a lower BMI, but wittmore
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visceral fat; they have a younger average ageadifedes
onset and display greater initial pancreatic beta cell
dysfunction [5]. To assess differences between -non
diabetic K14Q MOT& SNP carriers and controls, we
evaluated the Tsukuba cohort of 73 men (67 m.1382A
and 8 m.1382C). We hypothesized that the production of
K14Q MOTSc, that is far less effective in reducing fat
in mice compared to WT MOT®, may be associated
with altered body composition. Importantly, using
duatimpedance analysis, we found that MOGS
SNP carriers exhibited significantly higher visceral fat
compared to controls matched for age and BM{ (05,
Figure 4A). This result suggests that the MGIS
polymorphism could lead to abdominal obesity and
participate in the pathogenesis of T2D in East Asians.

m.1382A>C polymorphism is associated with higher
circulating MOTS -c levels

K14Q MOTSc has reduced actly in cellular and
animal models, compatible with this version of the
peptide being partially bioinactive. In many human
syndromes associated with mutations in peptide
hormones, the relative deficiency of the activity of the
hormone leads to increased gwation and higher levels
of such hormonelR5i 29]. Thus, we examined the effect
of the MOTSc polymorphism on circulating MOTF&
levels.We measured plasma levels of MOTSVT and
SNP carriers by ELISA in the subjects from the Tsukuba
cohort. Compared tage, weight, and gendematched
controls, m.1382A>C carriers displayedramatically
(nearly 206fold) higher MOTSc levels p < 0.0001;
Figure 4B). To understand whether the higher levels of
K14Q MOTSc are due to higher production rates or
slower clearace rates, we infused both WT and K14Q
MOTS-c into mice using intraperitoneal osmotic pumps
and measured steadtate plasma levels of the peptides

A
~1507
£
S
©
$ 100
©
B
s 504
8
@
S
0
A C
m.1382 A>C

by ELISA. Clearance rates and production rates were
calculated as we previously describ@D, 31} The
cleaance rate of K14Q MOT8 was 2.6 times slower
than that of WT, but the production rate of K14Q
MOTS-c was calculated to be 7.4 times higher than that
of WT. These results suggest that MGd Broduction in
subjects with then.1382A>C mutation are increasid

an attempt to compensate for the reduced biological
activity of the K14Q MOTS&: variant.

The m.1382A>C MOTSc polymorphism affects T2D
incidence in Japanese men

So far, we showed K14Q MOTS produced from
individuals carrying m.1382C is less effecties a
metabolic regulatoin vitro andin vivoand is associated
with elevated hormone levels and altered body
composition. We further examined the effect of the
m.1382A>C polymorphism on T2D in three additional
cohorts of individuals of Japanese descent. First, we
usedthe Japan Mukinstitutional @llaborative Cohort
(FMICC) Study, which includes 4,963 men and 6,889
women, of whom 98.2% had documented BMI, smoking
status, diagnosis of T2D, m.1382A>C polymorphism
status (Supplementary Table 1). Second, used
Japanes@émerican subjects in the Mutihnic Cohort
(MEC) study, which includes 1,810 men and 1,577
women of Japanese descent living in the US. Third, we
used the Tohoku Medical Megabank project (TMM),
which includes 4,471 males and 7,817 females
(Supplementary Table 2). Megmalysis of the hree
cohorts showed that the m.1382A>C polymorphism
significantly increases the prevalence of T23<(0.01)

in males but not in females (Figure 5A, 5B).
Furthermore, in the MEC study, men with the C allele
showed increase in T2D risk € 0.04) comparedotA
allele carriers (Supplementary Table 3).
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A Kinesio-Genomic effect of a MOTSc SNP on T2D
incidence in men

As MOTSc has been suggested to interact with exercise
[32], we took advantage of thaccelerometebased
measuremendf daily activity in the MICC study to
examine if the amount of exercise contributes to diabetes
risk in SNP carriers. Surprisingly, then.1382A>C
polymorphism increases T2D risk mainly in sedentary
males in JMICC. Men with the C allele of the
m.1382A>C polymorphism showed a trend for higher
risk for T2D regardless of physical activity status
measured by accelerometer (C allele, 13.1%zll8le,
10.8%;p = 0.196, Supplementary Table 1 top), however,
when assessing potential contributors to T2D risk, the
degree of physical activity, measured by accelerometer,
and expressed as moderdtevigorousintensity physical
activity (MVPA), correlaed with lower risk for T2D in
men with the C allele (MVPA beta = 0.023= 0.035;

Men

A

Cohort n Odds Ratio

[Random-effect model, 95% Cls)
1.29 (0.97 - 1.61)

1.48 (1.01 - 2.15)
1.30 (0.95 - 1.65)

J-MicC 4,963

T —
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Tohoku 4,471 -

Pooled 11,244

1.34 (1.14 - 1.54)

0.5 1.0 15 2.0
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C Men

(=]
wun

p=0.01

[l
o

n.s.
Average

_______ 11.0%

= e
o un

Prevalence of
type 2 diabetes (%)

5

0
[m.1382 A/C A C A C A C
{n)] (1529)(124) (1536€)(119) (1538) (117)

[MVPA Tl T2 T3
(min/day)] (6.8£3.2) (17.4+3.4) (40.8+17.9)

Supplementary Tables 4, 5). As shown in Figure 5C, men
with the C allele and low physical activity (T1 of MVPA:
6.8 £ 3.2 min/day) had a 65% greater rate of T2D than
men wih the A allele and low physical activity (A allele
T2D prevalence = 11.2%; C allele T2D prevalence =
18.5%; p = 0.014; Figure 5C). This relationship is not
seen in men with higher physical activity. The effect of
m.1382A>C is makspecific, as females whitthe C allele
who were classified as sedentary (physical activity T1 =
7.0+ 2.8 min/day) did not have an increased T2D risk (A
allele T2D prevalence = 5.1%; C allele T2D prevalence =
3.7%; p = 0.258; Figure 5D). No significant differences
were found for other characteristics between the
m.1382A>C genotype in men with the lowest MVPA
(Supplementary Table 6). These results strongly suggest
that a combination of sedentary lifestyle and the
m.1382A>C polymorphism contributes to elevated
T2D risk. Unfortunatel, the TMM study and MEC study
only quantified physical activity using a questionnaire,

Women
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Figure 5.The prevalence of type 2 diabetes in m.1382A>C polymorphism carri@)sForest plot for metanalysis (pooled
random effects) on the prevalence of type 2 diabetes in males. Odds ratios are adjusted by age and BMI. Test for théquoked 2.86,

p < 0.01. Heterogeneity was insignificarft£10%,p = 0.84). B) Forestplot for metaanalysis (pooled random effects) on the prevalence of
type 2 diabetes in female. Odds ratios are adjusted by age and BMI. Test for the pooled effedtd& = 0.64. Heterogeneity was
insignificant @= 33.6%p = 0.22). In Japan Mullinstitutional Collaborative Cohort-§ICC) study, m.1382A>C polymorphism carriers divided
by tertile of physical activity in(f males and@) females. Activity was assessed by the degree of modésatégorous intensity physical
activity (MVPA). In meanly, sedentary levels of MVPA were associated with an increased risk of diabetes in the C allele-Aoutaga
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which is different from the accelerometeased
measurement used by-MICC. Physical activity
guestionnaires do not correlate well with accelerometer
based measurements in young and old individuals
[33i 36]. Hence, we are unable to assess physical activity
behavior among the three cohorts using a harmonized
approach (i.e., accelerometer). As a consequence, it
appears that the kinesienomic relationship of
m.1382A>C genotype and T2D can only be teased out
with accurate exercise assessment in-#¢éCIC cohort.

Effects of other polymorphisms on the incidence of
T2D

We assessed the specific effect of the m.1382A>C
polymorphism on T2D risk to show that it is
independent from the other polymorphisms that are
corsidered determining for haplogroups D, D4 and D4b
(that are associated with diabetes riskusing IMICC
cohort The m.1382A>C polymorphism is one of the
determining polymorphisms in the mitochondrial
haplogroup D4b2. This haplogroup is most frequent
amang East Asians including Japanese, Koreans, and
Northern Chinese. Korean men in haplogroup D4b have
previously been shown to have a dramatically increased
risk of T2D (OR 3.55 [95% CI 1.68.34],p = 0.0019)

[8]. We analyzed four additional SNPs defining
haplogroup D: m.4883C>T (ND2: syn), m.5178C>A
(ND2: L237M), haplogroup D4: m.3010G>A (16S
rRNA), and haplogroup D4b: m.15440T>C (CYB:
D4bl) and m.1382A>C (D4b2) for an effect on T2D
risk (Supplementary Table$ ¥0). None of these SNPs
were associated with ZD risk; only m.1382A>C
significantly increased T2D prevalence in sedentary
male subjects (Supplementary Table 11). We did not
look at the effect of m. 8020G>A (D4b) because: 1) m.
8020G>A status was not collected HMICC; and 2)
The polymorphism m.8020¢A is not only a SNP of
haplogroup D4b but also a SNP of other haplogroups
(i.e., M7blalala, D6ala, ROala2, H5k, Jlclgl, F2el,
F4b and Klal4). The D4b haplogroup (defined as
possessing both the m.15440 and m.1382
polymorphisms) and the D4bl determinant SNP
m.15440, also do not show any effect on the risk of
T2D (Supplementary Table 10)A previous study
reported that haplogroup D4b was associated with T2D
in Korean men, but not womgB]. We hypothesized
that the increase of risk in Korean male carriers of
haplogroup D4b is driven by the m.1382A>C
polymorphism. Because m.1382A>C defining sub
haplogroup D4b2 is a major component of haplogroup
D4b, it is likely that this polymorphism influences the
increased risk in T2D in Korean men due to the
resultant K14QMOTS-c variant. We speculate that the
increased risk in Korean male carriers of haplogroup
D4b is driven by the m.1382A>C polymorphism

because the D4b haplogroup itself does not impact T2D
risk in JMICC study.

Effect of K14Q MOTS-c (m.1382A>C) polymorphism
on longevity

m.1382A>C polymorphism is very common in the
mitochondrial ~ haplogroup  D4b2. Interestingly,
haplogroup D4b2 was reported to be associated with
exceptionallongevity, albeitwith small sample size of

96 centenarians,[22, 23] and the m.1382A>C
polymorphism was speculated to be involved in the
extended lifespan of individuals harboring this
haplogroup. To further assess this possibility, we used an
expanded cohort of Japanese centenariars/@6) and
analyzed the allele frequency of the 882A>C variant

to specifically decipher the potential involvement of this
SNP in lifespan. Allele frequency was similar between
centenarian and control groups. C allele frequencies in
centenarians and controls were 7.7% (8.4% in men and
7.6% in women) and.5% (7.3% in merand 7.8% in
women), respectively. Taken together, we concluded
m.1382A>C polymorphism is unlikely to be involved
with exceptional longevity.

WT MOTS-c and K14Q MOTS-c have no effect on
voluntary physical activity

We showed that K14Q MC&c has a reduced effect on
insulin sensitivity and weight gain compared to WT
MOTS-c in mice and speculate that the m.1382A>C
polymorphism increases the prevalence of T2D in
sedentary men because the C allele carriers produce a
less effective K14Q MOT8. However, an alternative
explanation for the increased T2D frequency is that the
m.1382A>C polymorphism can impact voluntary
physical activity, which in turn affects T2D prevalence
(although the frequency of the C allele was not
statistically different beteen the tertile of physical
activity in the IMICC study as shown in Supplementary
Table 4). We analyzed a voluntary wheel running
activity for five days in male and female mice injected
with WT MOTS-c and K14Q MOTS (7.5mg/kg; BID;

IP). Neither WT MOT& or K14Q MOTSc had a
significant effect on voluntary physical activity
(Supplementary Figure 38F). Therefore, we ruled out
the possibility that voluntary physical activity plays role
in the m.1382A>C polymorphism (and MOTS
variation) effect on T2D ngvalence.

DISCUSSION

We found that the C allele of the m.1382A>C
polymorphismin the mtDNA leads to the expression of
an altered mitochondrigerived peptide, K14Q MOTS,
which is associated wittsusceptibility to T2D and
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increased visceral fat imen. The K14Q MOTSc
peptide is less effective in promoting insulin sensitization
and weight loss than wild type MOJSin vitro andin

vivo studies We also identified a sex difference in terms
of the effects of the m.1382A>C polymorphism on T2D
risk in humans and a related difference in the response to
peptide administration in terms of glucose tolerance and
weight gain in response to HFD feediimgmice These
observations represent a mafeecific phenomenon. We
also noted thatthe levels ofMVPA are rdated to the
prevalence of T2D in C allele carrying men, representing
a novel kinesigenomic interaction. These results
provide us a better understanding of the contribution of
mitochondrial genetic variants in biological pathways of
diseases and insightm therapeutic targets in treating
T2D based on personalized medicine in East Asia.

K14Q MOTSc represents a partially bioinactive form of
WT MOTS-c. The circulating levels of MOTS, as
measured by ELISA, are dramatically elevated in
subjects carrying he m.1382C allele, supporting a
compensatory attempt to respond to the mutation. This

polymorphism on T2D risk in men. Exercise could be an
especiallyimportant beneficial intervention fat allele
carriers of this SNP. Developing optimized exercise
guidance for pople with the m.1382A>C polymorphism
could be clinically translatable. It is compelling to
hypothesize that MOTB is an exercise mimetic peptide
that helps prevent T2D in sedentary men while in men
who are frequent exercisers there is no further metaboli
benefit of MOTSc, or further protection from T2D by
MOTS-c. However, the bioinactive K14Q MOTSmay
increase T2D risk, particularly in the susceptible
sedentary group. We propose the concept that some
variants of mtDNA evolved to best fit living conidihs
characterized by highly active lifestyles and limited
caloric intake, where K14Q MOTS§ which might be
less effective in fasib-slow type muscle fiber transition
and increase fast type fiber [18], might present an
advantage, but in the twenfiyst century, it is a
metabolic liability.

Our data shows that the effect of K14Q variantT2D
is malespecific. The motheto-son transmission of an

type of phenomenon is typical in conditions where unfavorable mitochondrial genetic trait has been
mutations in genes of various hormones lead to the previ ously described and na
compensatory oveuroduction of bioinactive forms of [38]. Hormonal differences between males and females
these hormonesat have been shown to be associated could interact differentially with MOT$ on metabolic

with decreased activity at the receptor levels. Examples function [39]. MOTSc was shown to prevent

for this include patients with short stature with KGF ovariectomyinduced metabolic dysfunctionMOTS-c

gene mutations that produce bioinactive {GRvho did not change the metabolic phenotype in female mice
display elevated immunoreactive 1GF levels [37], with nomal hormonal function (similar to our finding

short patients with mutant GH gene and high levels of here), but MOTS improves metabolic function in
measured growth hormone which is bioinac{2g], as ovariectomized female mid@0]. These results suggest

well as patients with glucocorticoid deficiency caused by a link between ovarian hormones and the effect of

a mutation leading to bioinactive ACTH and elevated MOTS-c. Thus, it could be clinically relevant to idemgtif
immunoreactive ACTH leveld26]. Similarly, TSH what sexspecific factors permit females to overcome the
mutations reducing the affinity of the hormone to its  potentially harmful effect of the m.1382A>C
receptor and causing hypothyroidigi’], bioinactive polymorphism on T2D seen in sedentary men. These
leptin associated with obesitj28], and bioinactive may include sespecific variations in mitochondrial

insulin leading to MODY diabetef29] have all been mass or function or direct effects of s&eroidson
described. In all these cases, thereserretion of the mitochondrial biology that favor femalg#0].

completely or partially bioinactive peptide hormone that

is unable to fully compensate is eventually associated We believe these results are generalizable to the entire
with a state resembling a hormone deficiency. In the Japanese population and likely to many other East
case of bioinactive MOT-8, our data clearly shows that Asians. The prevalence of T2D in the present study was

the K14Q varianis bioinactive in somén vitro assays similar to the general Japanese population t hei r 5
and does not elicit the normal biological effgctivo. It (men = 11.7%; women = 5.591], and the su
is rational to assume that Japanese males with the characteristics are representative of the mean BMI of
MOTS-c mutation that leads to a bioinactive formofthis t he Japanese popul ation in

metabolic regulator can compensdteough certain 1.3 kg/n¥; women = 21.7 + 1.1 kg/n[42].
mechanisms including the insulin sensitization resulting
from exercise, but in some subjects, this compensation
eventually fails, leading to increased diabetes rates,

especially in combination with sedentary lifestyle.

The East Asian populations that megrry theK14Q
MOTS-c SNP include around half a billion people in
which the frequency of the m.1382A>C polymorphism
varies from 5 to 8%. Sedentary behavior is alarmingly
common in modern Asian citig¢43]. The reported rate
of diabetes in East Asian couet is well over 10%,

The results suggedhat higher MVPA rescues the
potentially deleterious effects of the m.1382A>C
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and rising rapidly{44], suggesting that several million
men with T2D carry the kinesigenomic MOTSc
SNP. As MOTSc analogues are currently in clinical
development for the treatment of T2D complications,
including nonalcoholic stéahepatitis, the recognition
of the m.1382A>C associated kinegijenomic T2D
risk may inform future clinical trials. This novel
discovery suggests that additional ethspecific
MtDNA polymorphisms, that might affect the structure
or expression of MOT$ or other MDPs, may be
involved in metabolic disease risk.

In summary, we found that th&€ allele of the
m.1382A>C polymorphism changes body composition
and increasesthe risk of T2D in Japanese men,
especially in sedentary individuals. This polymorphism
causes an amino acid replacement from Lys (K) to Gin
(Q) at amino acid 14 in the MOTGS peptide, which
renders it a less potent insubensitizer compared to
WT MOTS-c. A deeper understanding the effects of this
genetic polymorphism will provide a basis o
developing physical activity strategies to maximize the
benefits of exercise in T2D.

MATERIALS AND METHODS
Epidemiological study

Japanmulti-institutional collaborative cohor{J-

MICC)

A cohort in which the relationship between genes and
lifestyle was examinef¥5]. This crosssectional study
consisted of 12,068 subjects in Saga City (men, 5,078;
women, 6,990) who were betweeri 80 years old. The
Saga MICC Study was approved by the ieth
committees of both the Saga University Faculty of
Medicine and Nagoya University Graduate School of
Medicine. The study conformed to the principles
outlined in the Declaration of Helsinki. Written informed
consent was obtained from all subjects beftreir
inclusion in the study. A variety of lifestyle
measurements were recorded. The baseline survey was
conducted from November 1, 2005 through December
22, 2007[46]. A selfadministered questionnaire was
used to collect data on smoking, dietary haluitsrent
medication, disease history, and family history. Daily
physical activity wasobjectively measured using an
accelerometer (Lif€€order; Suzuken, Nagoya, Japan) as
previously described47]. Height and weight were
measured to the nearest 0.1 cm aridk@, respectively.
Body mass index (BMI) was calculated as the weight in
kilograms divided by the square of the height in meters
(kg/m?). Waist circumference was measured to the
nearest 0.1 cm at the midpoint between the lower costal
margin and the iliacrest using a calibrated measuring
tape. The HbA: (%) level was measured and converted

from the Japan Diabetes Society (JDS) to the National
Glyco-hemoglobin Standardization Program (NGSP) by
using the following equation published by the JDS:
NGSP (%) =1.02 x JDS (%) + 0.259%48]. T2D in
subjects was defined as either a positive response to a
questionnaire, prescription of a diabetes medication, or
an HbA over 6.5%. Mitochondrial genetic variants
were captured as described previoysly 49]. Briefly,
mitochondrial polymorphisms were determined with
sequencespecific  oligonucleotide  probes (G&G
Science, Fukushima, Japan) by use of suspension array
technology (Luminex 100).

Multiethnic cohort (MEC)

MEC is a populatiotbased prospective cohort study
including approximately 215,000 men and women from
Hawaii and California that is part of the Population
Architecture using Genomics and Epidemiology
(PAGE) study. All participants were 4% years of age

at baseline, and primarily of 5 ancestries: Japanese
Americans, African Americans, European Americans,
Hispanic/Latinos, and Native Hawaiians. All cohort
members  completed baseline and foHow
questionnaires. For the current study, MEC contributed
data from Japanese Americans with T2D and Japanese
American caecontrol subjects (1,799 cases and 1,588
controls), both men and women with complete covariate
data. Single variant association testing was completed
among 3,387 MEC Japanese Americans with complete
genotype data for the m1382A>C variant
(rs111033358)A logistic regression model adjusted for
age and BMI was used to identify stratified gender
specific associations. All analyses were performed in
SAS and adjusted beta values, odds ratios, 95%
confidence intervals andyalues were reported.

Tohoku medical megabankroject(TMM)

Over 80,000 apparently healthy adults living in the
Pacific coast of the Tohoku region in Japan were
recruited from May 2013 to March 2016 for thiM

as previously describefb0]. Approval was obtained
from the relevant ethics committees. All participants
gave written informed consent at the time of study
enrolment. A total of 9,559 participants were genotyped
using the HumanOmniExpressExome BeadChip Array
(llumina Inc., San Diego, CA, USA). 3,552 participants
were genotyped by whole genome sequencinggusi
HiSeq 2500 systemSubjects reported histories of
medical conditions, including that of T2D, in a research
guestionnaire. Association between mtDNA 1382A>C
and T2D was tested by linear regression analysis using
R version 3.5.1.

Centenarian cohort
This cohort (subjects aged 100 years or older) consisted
of 743 Japaneseentenariang119 men; 617 women)
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who were registered by the Center for Supercentenarian
Medical Research of Keio University School of
Medicine. The study was approved by the ethics
commitee of Keio University School of Medicine and
written informed consent was obtained from all
individuals. The m.1382A>C polymorphism
(rs111033358) was analyzed by using custom TagMan
SNP Genotyping Assay. An alleldrequency of
m.1382A>C variant in the-MICC cohort (4069 years
old) was used as control. Statistical analyses were
performed using JMP Pro version 12 (SAS Institute).

Tsukuba male cohort

This study was approved by the ethical committee of
the Faculty of Medicine at the University of Tsukuba,
conformed to the principles outlined in the Helsinki
Declaration, and all participants were provided written
informed consent before inclusion. Participants were
recruited through local newspaper advertisements and
personal contacts around Tsukdiy in Japan. A total

of 75 subjects (age range: -88 years old) were
included in the analyses. Visceral fat area was measured
using the dualmpedance analysis method (HZDOO;
Omron Healthcare, Kyoto, Japaiml]. Blood samples
were taken in the morning aftd2-h overnight fast.
Total DNA was isolated form plasma samples by using
QlAamp DNA Blood Mini Kit (Qiagen, Hilden,

Manassas, VA, USA) and cul
modi fied Eagledbs medium ( DMI
+10% MBS, and DMEM + 10% Bovine Calf Serum (pre
adipocyte expansion medium), respectively (FBS;
ThermoFisher Scientific, Waltham, MA, USA) at 37° C

in 5% CQ. To differentiate C2C12 and L6 myoblasts to
myotubes, media was replaced with DMEM + 2% horse
serum eveyr 24 h for 67 days until cells were fully
differentiated. To differentiate 3F31 pre-adipocytes,
preadipocyte expansion medium was replaced with

di fferentiation medi um ( DM
Dexamet hasone, 0.5mM | BMX,
48 h, then replackwith adipocyte maintenance medium
(DMEM 10% FBS, 1lpg/mL insulin) every 2 days for 7

days. HEK293 cells were cultured in high glucose
DMEM (Sigma) supplemented with 10% fetal bovine
serum at 37° C in 5% CO2. For transient transfection of

the wild type (W7 and K14Q MOTS: in pcDNA3.1(+),
lipofectamine 3000 was used (ThermoFisher Scientific).

Insulin signaling

To examine insulin signaling, a fully differentiated
C2C12 medium was replaced with low glucose DMEM
+ 0.1% fatty acid free BSA for 2hr at 37° CThen,
the medium was replaced with PBS + 0.1% fatty acid
freeBSA for 30 min and 10nM bovine insulin was

Germany), according to t headdedtothé alts tvith orevithdus pepticdes formimat t i o n .

m.1382A>C  (rs111033358) polymorphism  was
analyzed by digital droplet PCR mutationtetsion
assays according t o t he
(Biorad, Cat#10049047).

Meta-analysis

We performed a metanalysis to compare the prevalence
of T2D between m.1382A and C allele to pool the results
from the three cohort$3MICC, MEC, and TMM)
Metaanalysis was conducted using the R package
i me t aTheosubfects of analysis have all the date
DerSimoniarand Laird randonreffects model were used,
and analysis was performed with odds ratio adjusted by
age and BMI that were associated with the onset of T2D.
This analysis takes into account confounding factors and
population heterogeneity among the cohortstgptial
bias between studies). The between population
heterogeneity was assessed by using’tkgiistic, that a
higher P values mean higher heterogeneity. Significance
of the pooled effect was determined by the Z test, and
95% Cls were calculated.

Cdl culture
C2C12 mouse myoblasts, L6 rat myoblasts, andl3I3

mouse embryonic fibroblasts were purchased from
ATCC (Cat#. CRE1772, CRL-1458, Cat#. CL173;

37° C. After the incubation, cells were washed with
PBS, and protein was extracted. Totald phospher

AKT Hevels avere measured sy MSDn(BIESO (BCALE o n
DISCOVERY, Rockville, MD, USA).

Nile red staining

Seven days after 3T3L cells were differentiated, lipid
droplets were quantified using the Lipid Droplets
Fluorescence Assay Kit (Cat#. 500001;ay@an
chemical; Ann Arbor, MI, USA). Cells were plated and
differentiated in a black cledoottom 96well plate. Cells
were fixed for 16min at RT, and stained with Nile Red
staining solution for 1Bnin at RT. After washing the
staining solution, the fluescence intensity of lipid
droplets read with filter sets designed to detect FITC
(ex/fem 485/535 nm).

Measurements of glucose levels in culture media

Extracellular glucose in the cell culture medium was
measured using glucose assay kits per the manufactu 6 s
instructions (Eton Biosciences, USA). The standard
glucose solution and cell culture medium were incubated
with glucose enzyme mix for 3@in at 37° C. After
30-min, the absorbance was measured on a plate
spectrophotometer (Molecular Designs, Suratgy CA)

at 570 nm. We calculated the value of glucose in the
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medium using the equation obtained from the linear
regression of the standard curve. The glucose utilization
was calculated by [Total amount of glucose in the media]
T [remaining glucose amouint the media].

MOTS-c ELISA

WT MOTSc levels were measured as described
previously [14]. For K14Q MOTSc measurements in
plasma, we ascertained that K14Q MQGJ $ould be
detected by the MOTE ELISA albeit with less
sensitivity (Supplementary Figure 2). We spiked various
amount of synthetic K14Q MO peptide (4, 8, 16, 32
and 64ng) into D¢ L human pl as ma
spiked samples were prepared and analyzed as described
above for WT MOT& to create a K14Q MOT8
standard curve for the MOTS ELISA. To calculate
K14Q MOTSc levels in the plasma of the K14Q SNP
carriers and in K14Q MOT&-infused mice, K14Q
MOTS-c levels were calculated using this K14Q
MOTS-c standard curve.

Animals

Male and female CEL mice at 14 weeks (n =B) and

12 weeks (n =81) of age, respectively, were obtained
from Jackson Laboratory (Bar Harbor, ME USAjda
treated with K14Q MOTS and WT MOTSc peptides.
Mice were singly housed under standareht Zght-dark
cycle with access to water and rodent food a-fegldiet
(HFD, 60% by calories; Research Diets, MO). Mice
were randomly assigned to one of threg@ezimental
groups: 1) a control group receiving BID (twice a day)
intraperitoneal (IP) injection of vehicle (sterilized
water); 2) a WT MOTS:-treated group receiving BID
IP injection of 7.5mg per kg body weight; 3) a K14Q
MOTS-c-treated group receivin@ID IP injection of
7.5-mg per kg body weight. Mice were anesthetized with
isoflurane and sacrificed after two weeks of treatment.
Tissues were collected from the mice, fldisizen in
liquid nitrogen and stored aB0° C. To examine direct
effect of K14Q MOTS-c polymorphism on T2DM in
human studies, a glucose tolerance test was performed.
7-week old male (= 8-10 for each group) and female (n
= 89 for each group) CEL mice were obtained from
Charles River, Japan. After a weekw8ek of age),
mice were singly housed under standaréhd Bght-dark
cycle with access to water and rodent food a HFD (60%
by calofes; High Fat diet 32: CLEA, Japan). Mice were
randomly assigned to one of three experimental groups
1) a control group receiving IP injection of sterilized
water; 2) a WT MOTS-treated group receiving IP
injection of 0.5 mg per kg body weight; 3) a K14Q
MOTS-c-treated group receiving IP injection of 0.5mg
per kg body weight, daily for 21 days. After four hours
fasting from the last injection of water, WT MOTSor

K14Q MOTSc (1l}week of age), arintraperitoneal
glucose tolerance test (GTT) was performeadder
isoflurane anesthesiand blood glucose was measured
using a glucometer (Lab gluco, ForaCare Japan; Tokyo,
Japan). GTT consisted of adlucose injection (/kg;

IP) and blood was sampled from the tail at 0, 15, 30, 45,
60, 90, and 120nin postglucose injection. To compare
WT MOTS-c and K14Q MOTS& clearance rate in mice,
we implanted ALZEP osmotic pumps carrying WT
MOTS-c and K14Q MOTS synthetic peptides into
C57BL/6 mouse (18ng/kg body weight, IP). The mice
were sacrificed after 24 hours imaptation and plasma
samples were collected to measure stesddie WT

MO anck K14Q MDTSe levels by MOTS ELISA.

The peptide concentrations of the WT and K14Q
MOTS-c remaining in the mini pumps after implantation
were also measured. All experiments witlice were
performed in accordance with the appropriate guidelines
and regulations and approved by the Juntendo University
and University of Southern California Institutional
Animal Care and Use Committee.

Statistical analysis

Statistical analyses were rfmmed using PASW
Statistics 18 (series of SPSS Statistics) for Windows.
Differences in physical characteristics by sex were
determined using unpairedte st s andtedsear s o
The relation of the m.1382A>C genotype distribution and
prevalence of TR was evaluated 2using
test. Logistic regression was also used to predict the
prevalence of T2D. All logistic regression models
included the following covariates: age, BMI, smoking,
and moderatéo-vigorous intensity physical activity
(MVPA). The statistical significance for linearity between
the prevalence of T2D and MVPA was evaluated using
CochrarArmitage trend tests. In animal and cell culture
studies, group comparison was performed-est or one

way analysis of variance (ANOVA). ThHgonferronipost

hoc test was performed when the ANOVA indicated a
significant difference. Delta body weight, fat mass, lean
mass and glucose tolerance test were analyzed with two
way (group x time) ANOVA with replications. Values
expressed as mean + Spx 0.05 are considered to be
statistically significant. Cell and mouse data are presented
as mean = S.E.M. Significant differences were determined

by St ud etastssonstay ANOVA and Tu
post hoc test by use of GraphPad Prism 5 software.

P vales of *< 0.05, **< 0.01, or ***< 0.001 were
considered statistically significant.

Abbreviations

ANOVA: one-way analysis of variance; BMI: body mass

i ndex; DME M: Dul beccobs mod

GTT: glucose tolerance test; HFD: High fat diet; IP:
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intraperitoneal; -MICC: Japan Multiinstitutional
Collaborative Cohort; JDS: Japan Diabetes Society; K:
Lysine; MDP: mitochondrial derived peptide; MEC:
Multiethnic Cohort; MOTSc: mitochondrial open
readingframe of the twelve S rRNAtype c; MSD:
MESO SCALE DISCOVERY; MVPA: moderateto
vigorousintensity physical activity; NGSP: National
Glyco-hemoglobin Standardization Program; ORF: open
reading frames; Q: Glutamine; SNP: Single Nucleotide
Polymorphism; T2D: Type 2 Diabetes; TMM: Tohoku
Medical Megabank project.
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Supplementary Figure IThe impact of m.1382 A>C polymorphism in the structure of 12S rRNA anddv@ptide A) The predicted 12S
rRNA structure by m.1382 A>C polymorphism by RiNActure fttps://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/
Predictl.htm). The box is the enlarged view of the pointed with arrdg). The electrostatic potaral map of the the MOT8 and the K14Q
MOTSc by PyMOL.Q) Theoretical physiochemical properties of M@TRutant peptide. D, E) The models were obtained via the program
PEPFOLD3 (model 1). The left two structures show the model of MOIZK peptideThe right two structures show the model of MG’ S
14Q peptide. The lower view is generated by rotating peptide structure 90° arounddkis yrom upper view.H G) The 3D structure of
MOTSc 14K and 14Q models obtained via the prograMASSER (model .2)The figure is generated by Molmil viewer

(https://pdbj.org/molmil/).
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Supplementary Figure 2. Recovery of WT and K14Q MO3@thetic peptidesPurchased human plasma was spiked with various
concentrations oWWT MOT& peptide (1.2, 1.8, 2.4 and 3.0 ng/ml) and K14Q MOp&ptide (40, 80, 160 and 320 ng/ml). Spiked WT and
K14Q MOT-8 peptides were measured by MOESVT ELISA described in materials and methods. Based on spiked and measured levels of
MOTSc K14Qwe calculated a conversion factor to convert M@Tgvels to K14Q levels for human subjects carrying K14Q genotype
measured by MOFSWT ELISA.
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Supplementary Figure 3. The effects of MG $n voluntary wheel running activityd) total distance run, B) total distance run
per day, and @ hourly running activity in malesD) total distance run,H) total distance run per day, and)(hourly running activity in
females.
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