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Abstract

Our main goal is to identify mitochondrial susceptibility genes for human complex diseases. Using
different genotyping platforms we performed mitochondrial genome wide association analysis
(mMGWAS) in the KORA population (3,080 individuals) with several complex diseases (post-
traumatic stress disorder, metabolic syndrome, depression, and asthma), physiological parameters
(BMI, cholesterol profile, and triglycerides) as well as with life style factors (smoking, alcohol
consumption, and physical activity). In this study we report several mitochondrial genetic variants
associated with post-traumatic stress disorder and metabolic syndrome. BMI, HDL cholesterol and
triglyceride (TG) levels were also associated to mitochondrial variants, indicating that the presence of
heteroplasmy in these variants may influence the balance of HDL cholesterol and TG levels. We also
observed that lack of physical activity, alcohol abuse, and smoking may increase the heteroplasmy
levels of mitochondrial genetic variants. As fluctuations in mtDNA heteroplasmy may signify
alterations in cellular activity, our findings highlight the important role of the mtDNA as a biomarker
for aging-related diseases, metabolic syndrome, and lifestyle factors.

Introduction less attention. Although the mtDNA dwarfs it

in size — a short, circular genome with just

The study of human genetic diseases has often
centered on the human nuclear genome - the
sprawling linear code of about 3.2 billion
nucleotides and more than 20,000 genes
spread across 23 pairs of chromosomes
(nDNA). In contrast, the “other” genome, the
mitochondrial genome (MtDNA), has received
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16,569 nucleotides and exactly 37 genes (2
rRNA genes, 22 tRNA genes, and 13 structural
genes) — it is arguably just as important as the
nDNA. The mitochondrial genes are essential
for encoding subunits of the mitochondrial
respiratory chain responsible for oxidative
metabolism and adenosine triphosphate (ATP)
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generation. In addition mitochondria are major
producers of reactive oxygen species (ROS).
ROS levels can increase drastically during
times of environmental stress and cause
significant damage to cellular structures
including the mitochondria themselves which,
in turn, can lead to mitochondrial dysfunction,
possibly even to apoptosis.

There can be tens, hundreds or thousands of

mitochondria  per  cell.  Since  each
mitochondrion carries on average five
mitochondrial genomes, there can,

theoretically, be tens, hundreds or thousands of
mitochondrial genomes per cell. MtDNA is
characterized by a high rate of mutation, much
higher than nDNA. When there is a mutation
in a mitochondrial genome, it may occur in
only one mitochondrion in a cell, or the
mitochondrion may have many exact copies,
so the same mutation is seen either in a few,
some, or most of the mitochondria in the cell
or the person as a whole. Consequently mutant
and wild-type mtDNA can co-exist (Wallace
and Chalkia, 2013). This is known as
heteroplasmy effect which was originally
believed to be a rare phenomenon. New
studies found that heteroplasmy is quite
common (Ye et al.,, 2014) — and tends to
increase with age. Currently, mutations of
mtDNA are under a growing scientific
spotlight and there is increasing evidence that
these mutations play a central role in many, if
not most, human diseases.

Methods

Study design and population: Data are based
on the Cooperative Health Research in the
Region of Augsburg (KORA) study. The
KORA study is a series of independent
population-based epidemiological surveys and
follow-up studies of unrelated participants
living in the region of Augsburg, in southern
Germany (Wichmann et al., 2005). The most
recent KORA studies are KORA S4 (1999-
2001) with its follow-up KORA F4 (2006-
2008) and KORA S3 (1994-1995) with its
follow-up KORA F3 (2004-2005). The present
study includes data of the studies F3, F4, and
additionally from those individuals of S4 that
did not participate in F4, including a total
number of 6,528 unrelated persons. Testing for
population stratification using EIGENSOFT
and principal components analysis found no
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evidence of population stratification in the
KORA genotype data.

Genotyping: DNA was extracted from full
blood after the blood draw and then stored at -
80°C. Genotyping was performed using
different platforms such as the Affymetrix 6.0
GeneChip (465 mtSNPs), Affymetrix Axiom
chip (252 mtSNPs), Illumina Human Exome
Beadchip (226 mtSNPs), and Illumina
MetaboChip 200K (135 mtSNPs). Only 9
positions are common to all four chips. In
total, 645 independent mtSNPs have been
genotyped. However, when all chips are
considered together, good overall coverage of
the mitochondrial genome is obtained (Flaquer
et al., 2014).

Phenotypes investigated within this project:
Table 1 summarizes the investigated disease

phenotypes, physiological parameters, and
lifestyle phenotypes.
Table 1: Summary of the phenotypes Type of KORA Sample size
investigated within this project. variable survey cases/controls
Disease phenotypes
Posttraumatic stress disorder (PTSD): . . 1,238 (total)
No PTSD* / Partial PTSD / Full PTSD | C2tegerical F4 875/312/51
Metabolic syndrome Binary F4 1,076 /1,937
Asthma Binary S4.F4 269 /2768
Depression Binary F4 581 /1970
Physiological parameters
Body mass index (BMI) | Quantitative | 54.F4.F3 6.528
Cholesterol profiles: o y .
Total cholesterol (TC) /HDL / LDL | Quantitative | F4 2,804
Triglycerides (TG) | Quantitative F4 2,804
Lifestyle factors
Physical activity (hours/week): 3,021 (total)

frequently (2)/ regularly (1)/ unregularly (1)/ | Categorical F4
no physical activity (0)
Alcohol intake (g/day):

noalcohol (0)/light (1-20)/ moderate (21— Categorical F4
60)/ heavy intake (>60)
Smoking:
non-smoker, former smoker, occasional | Categorical F4

smoker, regular smoker

732/915/398 /976

3,021 (total)
912/1,223 /766 /120

3021 (total)
1332/ 1145 /79 / 465

Sample size: total number of individuals with phenotype
and genotype information after quality control.

*In the category no-PTSD (controls) are considered
individuals that had a trauma but having no symptoms
of PTSD.

Statistical methods: After stringent quality
control we approached the heteroplasmy
present in 978 mtSNPs using raw signals of
luminous intensity (Flaquer et al., 2014),
where every measurement is associated with a
specific mtSNP and represents one of its
alleles. The number of measurements n per
MtSNP  depends on the vendor-specific
technology employed on the genotyping chip.
At the very least there have to be two signals,
one for each of the two alleles. Often,




however, the chip design includes more than
one measurement per SNP and allele. That is,
for every individual and SNP we have
intensity measurements (A, By), ..., (An, Bp)
with n >= 1 where A; and B; represent the
intensities of the two alleles A and B. To
assess association between phenotype-mtSNP
intensities we applied regression analysis
using the phenotype of interest as response
variable (Y). The mtSNP enters the model as a
covariate via the log,-transformed intensity

ratio, z=|ogz(K /_B) where A and B denote

the mean intensity, or single measure in case
of n=1, for the A allele and B allele,
respectively. Sex and age are introduced in the
model as covariates. The type of the regression
model we used depends on the distribution of
Y; if it is continuous and approximately
normally distributed we wused a linear
regression model; if it is dichotomous we used
logistic regression. For all phenotypes P-
values were obtained from the Wald test, and
adjusted for multiple comparisons applying the
Bonferroni correction or the Benjamini-
Hochberg false discovery rate (FDR) in the
case of BMI. The adjusted significance
threshold was set at 0.05. All the analyses
were performed with the statistical software R
(R Core Team., 2013). For more details about
the statistical method we refer to (Flaquer et
al., 2014).

Results

Disease phenotypes and physiological
parameters

The association results that remained
significant after adjustment for multiple testing
(Pagjustea < 0.05) are plotted in Fig. 1 for each
disease phenotype.

WVRZ =

Phenotype HH

Depression

oo L] L) L] ho0e 13008 1408 Rl
1P - EE o E
Mo o e =] o = 2
s Ll aa VI TEH F =

Asthma

PTSD |

Metabolic
Syndrome

Trighycerides —

Cholesteral;
T

1oL
HOL

Body Mass index

Received: 26 October 2016; Accepted: 24 February 2017
© Copyright JISANH 2016-2017 — All rights reserved.

Figure 1. illustrates the significant mtSNPs for
each of the disease phenotypes.

Depression: No significant mtSNPs were
obtained after analysing the depression
phenotype.

Asthma: Nominally significant association was
found for two mtSNPs, but they were not
strongly supportive after correcting for
multiple testing.

PTSD: Significant associations were obtained
between full versus no PTSD in two mtSNPs,
mt8414 located in ATP synthase subunit 8
(MT-ATP8) and mt12501 located in the
NADH dehydrogenase subunit 5 (MT-ND5).
Heteroplasmy for the two variants towards a
larger number of the respective mutated
variant increases the risk of having PTSD
(Flaquer et al., 2015a).

Metabolic syndrome: Two mMtSNPs were
significantly  associated with  metabolic
syndrome, mt14793 located in the subunit of
ubiquinol-cytochrome ¢ reductase of complex
Il (MT-CYB) and mt927 located in the region
coding for 12S rRNA (MT-RNRL1). These
findings suggest that participants with
metabolic syndrome had a significantly higher
level of heteroplasmy for the MT-RN1,927 and
the MT-CYBnu470s MtSNPs than participants
without metabolic syndrome. The effect
estimates for sex and age were significant,
indicating that men are at higher risk of
developing  metabolic  syndrome  with
increasing age than women.

Triglyceride (TG) levels: For TG levels the
only significant mtSNP, mt15074, was found
in the MT-CYB gene. Those individuals with
presence of mt15074 heteroplasmy show a
higher level of TG than those individuals
being homoplasmic for the wild type allele at
this mtSNP. In the regression model the
estimates of sex and age were both significant,
indicating significantly higher TG levels in
males than in females and with older age
(Flaquer et al., 2015b).

Cholesterol levels: No significant mtSNPs
were obtained for TC. However, when
analysing cholesterol subtypes, ten mtSNPs for
HDL cholesterol reached significance. Six of
the ten significant mtSNPs for HDL are



located in the NADH subunit dehydrogenase
genes of complex | (MT-ND1nsszs, MT-
ND2mis285, MT-NDS5nt13gss, miisses, mtido00, and
MT-ND6n4ss0), the others are located in the
ATP synthase subunit 6 (MT-ATP6o163),
cytochrome c¢ oxidase subunit 1 (MT-
COLnsers, mwso), and tRNA (MT-TL1azss).
Taking the most strongly associated variant
mt3285T>A, in the MT-TL1 gene, based on
our estimates HDL cholesterol increases with a
higher proportion of T (wild type variant) at
this locus, making the T variant favourable to
HDL. Similar arguments can be applied to the
other mtSNPs.The regression models for all
significant mtSNPs regarding HDL showed no
significant effect for age; however, the
estimate of sex was significant with Bex<O
indicating significantly higher levels of HDL
cholesterol in females than in males (Flaquer
et al., 2015Db).

BMI: Five mtSNPs resulted to be significant
when analysing BMI. The two most significant
mtSNPs are located in the Cytochrome c¢
oxidase 1 and 3 (MT-COlnweess and MT-
CO3n069s) genes of complex V. Another three
locations of NADH subunit dehydrogenase
genes of complex | were also significant (MT-
ND1rzss6,  MT-ND2pagss, MT-NDA4Lios50)-
Heteroplasmy in these mtSNPs towards the
mutated variant is associated with a higher
BMI. In all significant mtSNPs the estimates
of sex and age were also significant, reflecting
the fact that on average the BMI is higher in
males and with older age (Flaquer et al.,
2014).

Lifestyle factors

For all lifestyle factors significant effects are
considered when Bonferroni corrected p-
values are <0.05.

Physical activity: Significant results were
obtained in two mtSNPs of the MT-RNR2
gene (MT-RNR2m7s0, mso22) When comparing
the group of individuals with no physical
activity versus those groups of individuals
with at least one hour a week of physical
activity. No difference in heteroplasmy was
observed between the group performing
physical activity 1lh/week and the group
performing physical activity 2h/week. These
results show that, in particular, no physical
activity increases the level of heteroplasmy at
both mtSNPs.
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Alcohol intake: When comparing the group of
people that does not consume alcohol with the
heavy consumers group, two variants showed
a higher heteroplasmy level in the latter group
(MT'NDSmt12633 and MT-CYBm115833). When
comparing the group of moderate alcohol
intake with the heavy alcohol intake group,
one of the former mtSNPs (MT-ND5p12633)
and another one (MT-CYBmtys311) showed a
higher level of heteroplasmy for the latter
group. Anyway, no differences were observed
when comparing individuals who do not drink
alcohol at all with those individuals that
consume a moderate amount of alcohol.
Significant mtSNPs with higher heteroplasmy
were only detected in the group of individuals
with a heavy amount of alcohol consumption.

Smoking: When considering the group of ex-
smokers with the group of regular smokers
significant differences were observed in three
MtSNPs (MT-RNleuOlg’ mt1048, and MT-
CYBmusora). When comparing ex-smokers
with non-smokers significant differences were
obtained in 6 MtSNPs (MT-RNR1705, MT-
COlmt7OZBa MT-ND4m111719, MT'ND5mtl37081
MT-CY Bt1a769, mt15074)- Interestingly,
significant results were only obtained in those
analyses in which the group of ex-smokers
was considered, indicating that ex-smokers are
the individuals with higher heteroplasmy
levels, even higher than regular smokers.
Anyway, interpretation based on these results
needs to be done very -carefully. When
interpreting these results directly the
conclusion might be: if a person is smoker,
she/he should not stop smoking. Evidently,
this conclusion is not true. This kind of
controversy result has been observed in several
epidemiological studies when analyzing the
variable “smoking”. It needs to be considered
that most of the ex-smokers stopped smoking
possibly due to health problems. So, generally
ex-smokers may have some defects on the
mitochondria as a result of the time they
smoked and due to other health related issues.

Conclusion and future research

Our study reports several mtSNPs significantly
associated with various complex diseases,
physiological parameters, and lifestyle factors.
In both cases some mitochondrial genomic
regions seem to be altered and are likely to



influence common human diseases such as
posttraumatic  stress  disorder, metabolic
diseases, and cholesterol levels among others.
Although further analyses are needed to follow
up on the present results, these findings
highlight the important role of the
mitochondrial genome among the factors that
contribute to the risk of complex diseases and
suggest that expression of this genome may be
more important than has previously been
suspected. The exact mechanisms linking
mitochondrial ~ dysfunction and complex
diseases have not been unraveled so far.
Anyway, it is known that a coordinated action
between the nuclear and mitochondrial
genomes is essential for sustaining life. How
the two genomes communicate and interact
has not been clarified yet. Human diseases are
often genetically complex and, and the
penetrance of underlying genetic variants is
variable. The understanding of mitochondrial-
nuclear interaction will provide a plausible
mechanism that contributes to the explanation
of this complexity. However, a plausible
hypothesis is that mitochondrial dysfunction
(possibly due to environmental factors,
somatic mutations, and inherited mutations)
increases the production of ROS. This excess
might induce alteration in the nuclear genome
that can alter miRNA expression, and this, in
turn, could impact other aspects of epigenetic
regulation and ultimately affect the disease
phenotype. If such a pathway were to be
discovered and understood in sufficient detail,
it would help to understand physiological
mechanisms leading to complex diseases.
Furthermore, it would open up entirely new
perspectives for drug development and
therapy.
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