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Abstract

We conducted genome-wide (GWAS) and candidate gene association studies of maternal
mitochondrial DNA copy number. Maternal peripheral blood was collected during labor and

delivery admission from 471 participants of a placental abruption case-control study conducted in
Lima, Peru. SNP genotyping was performed using the Illumina Cardio-Metabo Chip. Whole blood
mtDNA copy number was measured using gRT-PCR techniques. We evaluated 119,629 SNPs in
the GWAS and 161 SNPs (in 29 mitochondrial biogenesis and oxidative phosphorylation genes) in
the candidate association study. Top hits from GWAS and the candidate gene study were selected
to compute weighted genetic risk scores (WGRS). Linear regression models were used to calculate
effect size estimates and related nominal p-values. The top hit in our GWAS was chr19:51063065
in FOXAS3 (empirical p-value=2.20e-6). A total of 134 SNPs had p-values<0.001 including
rs17111633 in CNNM1 (p-value = 6.32e-6) and chr19:51083059 in MYPOP (p-value = 3.23e-5).
In the candidate association study, several SNPs in PPARG, PRKCA, SP1, and THRB were
associated with mtDNA copy number (p-values<0.05). mtDNA copy number was significantly
associated with wGRS based on top GWAS hits (B =0.49, 95% C1:0.38-0.60, p<0.001). Variations
in nuclear DNA are potentially associated with maternal mtDNA copy number.
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Introduction

Methods

Mitochondrial dysfunction underlies cardiometabolic disorders, neurodegenerative disease
and cancer (1-3). Accumulating evidence, including work from our group, supports the role
of mitochondrial dysfunction in adverse pregnancy complications (4-8). Approximately
1,500 proteins encoded by nuclear DNA regulate mitochondrial biogenesis and maintain
mitochondrial structure and function by regulating mitochondrial DNA replication,
transcription, and translation, as well as pathways such as oxidative phosphorylation and
apoptosis (9). Mitochondrial DNA copy number (mtDNA) abundance in various tissues
(including whole blood and placenta) has emerged as a possible biomarker of mitochondrial
dysfunction (10) and related pathophysiologic disturbances, such as oxidative stress (6, 11).
Cells under oxidative stress, such as aging tissues, have higher replication of the
mitochondria (12), which may be reflected by higher mtDNA copy number (10, 13). On the
other hand, severely damaged cells or tissues could sustain mitochondrial replication failure
leading to lower mtDNA copy number (14).

Genetic factors that are related to mitochondrial dysfunction in general, and mtDNA copy
number in particular, have not been fully described. While previous work on genetic
variations and mitochondrial dysfunction has focused on variations in mtDNA, recently,
investigators have noted that single nucleotide polymorphisms (SNPs) in nuclear DNA may
be associated with mitochondrial dysfunction (15). Only one previous study investigated
genome-wide nuclear DNA variation and mtDNA copy number associations (15). The
genome-wide association study (GWAS) was conducted among 386 subjects belonging to 21
Spanish families in the Genetic Analysis of Idiopathic Thrombophilia (GAIT) Project. To
our knowledge, no prior study has investigated variations in nuclear DNA in relation to
maternal mtDNA copy number during pregnancy. We conducted a GWAS and a candidate
gene association study (genes participating in mitochondrial biogenesis and oxidative
phosphorylation) of maternal mtDNA copy number.

Study setting and study population

This study was conducted among participants enrolled in the Peruvian Abruptio Placentae
Epidemiology (PAPE). This case-control study is designed to investigate risk factors of
placental abruption, and has been described previously (16). Recruitment was conducted at
the Hospital Nacional Dos de Mayo, Instituto Especializado Materno Perinatal, and Hospital
Madre-Nifio San Bartolomé in Lima, Peru, between August 2002 and May 2004. Hospital
admission and delivery logs were monitored daily to identify placental abruption cases and
controls among pregnant women who delivered at participating institutes. Placental
abruption cases were selected based on evidence of retroplacental bleeding (fresh blood
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entrapped between the decidua and the placenta) or blood clots behind the placenta and two
of the following: (i) vaginal bleeding in late pregnancy not due to placenta previa or cervical
lesions; (ii) uterine tenderness and/or abdominal pain; (iii) fetal distress or death. Controls
were selected from eligible pregnant women who delivered at participating hospitals during
the study period and who did not have a diagnosis of placental abruption in the current
pregnhancy. We included both placental abruption cases and controls in the current analyses,
described below. Institutional Review Boards of participating institutions approved the
project protocol. All participants provided written informed consent.

Data collection

Participants were interviewed by trained research personnel using standardized structured
questionnaires. Information was collected on socio-demographic, behavorial and medical
characteristics including maternal age, marital status, employment status during pregnancy,
smoking and medical history. Blood specimens from 233 placental abruption cases and 238
controls were processed and analyzed for the current GWAS.

DNA extraction and genotyping

DNA extraction and genotyping procedures were previously described (16). Briefly, DNA
was extracted from collected blood specimens using the Gentra PureGene Cell kit for DNA
preparations (Qiagen, Hilden, Germany). Variants in cardiovascular and metabolism genes
were characterized using 217,697 Single Nucleotide Polymorphisms (SNPs) represented on
the Illumina Cardio-Metabo Chip (Illumina Inc, San Diego, CA). The Cardio-Metabo Chip
is a high-density custom array that captures DNA variation at regions identified by well-
powered GWAS meta-analyses for diseases and traits relevant to metabolic and
atherosclerotic-cardiovascular endpoints, constructed using the Illumina iSelect technology.
Our analyses involved genome-wide and candidate gene components. For the candidate gene
study, we evaluated 161 SNPs in 29 genes that participate in mitochondrial biogenesis
(CAMK2B, CAMK2D CAMK4, CREB1, NR1H3, PPARG, PPARGC1B, PRKCA, SP1,
THRB, and TRNT1) and oxidative phosphorylation (COX5A, COX10, COX4l1, COX7A2,
COX7B2, LRPPRC, NDUFA10, NDUFA12, NDUFA3, NDUFB1, NDUFC1, NDUFC2,
NDUFS3, NDUFS4, PPA2, SDHB, TSFM, and TUFM).

Maternal mtDNA copy number measurement

Maternal peripheral blood was used for measurement of mtDNA copy number. Real-time
gPCR analyses were performed to measure mtDNA copy number using the NovaQUANT ™
Human Mitochondrial to Nuclear DNA Ratio Kit (catalog #72620 EMD Millipore, Billerica,
MA) according to the manufacturer's instructions (21). This kit provides plates pre-aliquoted
with the primers to compare the levels of two nuclear genes (BECN1 and NEB) to two
mitochondrial genes (ND1 and ND6) in a RT-qPCR. 2ng of DNA was added to 80uL of
SYBR Select Master Mix (catalog #4472908 Life Technologies, Carlsbad, CA) and 20uL of
the mixture was applied to each of the four wells of pre-aliquoted primers. Plates were run in
the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA) with
the cycling conditions: 95°C for 10 minutes followed by 40 Cycles of: 95°C for 15 seconds
64°C for 1 minute. Analyses were done using the ABI Prism 7000 SDS software RQ Study
Application version 1.1. Relative copy number method was used to calculate the mtDNA
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copy number. Ct values were defined as the cycle number in which fluorescence first crosses
the threshold, obtained for each of the two target genes and two reference genes. This is
accomplished by averaging the copy numbers calculated from the ND1/BECNL1 pair and the
ND6/NEB pair. To calculate copy number, we determined N = 2-ACt where ACt1 = CtND1
— CtBECNL1 and ACt2 = CtND6 — CtNEB, then averaged 2-ACt1 and 2-ACt2. All assays
were performed without knowledge of pregnancy outcome.

Data quality control and preprocessing

SNP quality control procedures were applied before analyses (17). Participants were
excluded if they had genotyping failure for more than 10% of the sites. SNPs were excluded
if the minor allele frequency was less than 1%, if the SNP failed to be genotyped in more
than 10% of the study participants, or if the SNP was not in Hardy-Weinberg equilibrium
among controls (critical p-value=0.00001). We evaluated 119,629 SNPs in the GWAS and
161 SNPs (in 29 mitochondrial biogenesis and oxidative phosphorylation genes) in the
candidate association study. Principal components were computed to adjust for large-scale
differences in ancestry (17). To determine how many principal components to include in our
set of adjustment variables, we used the scree plot from the principal components analysis.
We found that after the first two principal components, there is no clear breakpoint in the
scree plot. Thus, the first two principal components were identified to explain ancestral
variability and were included in the analyses. The final analytic sample (N=471) included
participants with complete mtDNA copy number measurement, genotype data, and covariate
data.

Statistical analyses

Study participant characteristics were described using mean (standard deviation) and number
(percent) for continuous and categorical variables, respectively, for strata defined by
placental abruption case or control status. Simple linear regression models were fit to
evaluate genetic associations between SNPs and mtDNA copy number in all participants
adjusting for placental abruption status and the first two principal components. The
Bonferroni corrected threshold (p-value < 4.18e-7) was used to identify significant
associations after accounting for multiple testing in overall genome-wide level analyses.

In the candidate gene study, associations of mtDNA copy humber with genetic variations
(N=161 SNPs) in genes involved in mitochondrial biogenesis and oxidative phosphorylation
were evaluated using similar independent linear regression models adjusted for placental
abruption case control status and the first two principal components. For these analyses, the
nominal significance level threshold (alpha=0.05) was used.

In secondary analyses, top hits from GWAS and the candidate gene study were selected to
compute weighted genetic risk scores (GRS) (18). SNPs were included in the final set if they
were common (MAF > 0.10) and they were not in linkage disequilibrium (R2<0.64) with
other SNPs in our set of selected SNPs. Each SNP was weighted according to its relative
effect size estimated from the simple linear regression models. The range of scores (addition
of betas multiplied by number of risk alleles) was from 40.1 to 659.9 when using the 9
selected top GWAS SNPs and 25.2 to 182.8 when using the selected 4 candidate SNPs. We
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then evaluated associations of the GWAS- and candidate gene-based scores with mtDNA
copy number using independent linear regression models adjusted for placental abruption
case control status and first two principal components. In these analyses, we used P<0.05 as
a cut-off to determine statistical significance. In pathway analysis, we examined the
functional relationships of genes represented by the top GWAS hits using Ingenuity Pathway
Analysis. Analyses were conducted using PLINKv1.07 (19), R (R Foundation), SAS version
9.4 (SAS Institute) and Ingenuity Pathway Analysis (IPA, Ingenuity, Redwood City, CA,
WwWw.giagen.com/ingenuity).

Study participant characteristics are summarized in Table 1. Among placental abruption
cases (N=233), mean + SD maternal age at delivery, gestational age at delivery and whole
blood mtDNA copy number were 27.3+6.5 years, 35.5+4.3 weeks and 289.7+153.5,
respectively. Among controls (N=238), mean + SD maternal age at delivery, gestational age
at delivery and whole blood mtDNA copy number were 27.2+6.9 years, 37.9+3.4 weeks and
271.5 + 125.4, respectively.

In the GWAS, we did not observe significant genomic inflation (A = 0.98) as shown in
Figure 1. Identified associations were not statistically significant at the genome-wide level
(p-value <5.00e-8) (Figure 1). However, several signals that suggest associations of SNPs in
chromosome 6 and chromosome 19 with mtDNA copy number were observed. The top hit in
our genome-wide analysis was chr19:51063065 in FOXA3 (empirical p-value = 2.20e-6). A
total of 134 SNPs had p-values<0.001. SNPs represented by the top 20 hits are shown in
Table 2. These included rs17111633 in CNNML1 (p-value = 6.32e-6) and chr19:51083059 in
MYPOP (p-value = 3.23e-5). The top network enriched by the GWAS hits (FOXA3,
CNNM1, MYPOP, RSPH6A, PHACTRL1, LOC105377914, PACRG, PHACTRL) included a
network involved in cellular development, growth, proliferation, death and survival
(score=20) (Supplementary Figure 1). In the candidate association study, SNPs in PPARG
(chr3:12340308), PRKCA (chr17:61731170), SP1 (rs7131938), and THRB (rs17787379)
were associated with mtDNA copy number (p-values<0.05) (Supplementary Table 1).

Two weighted GRSs were computed using nine selected top GWAS SNPs and four selected
MB and OP candidate SNPs. mtDNA copy number was significantly associated with the
WGRS based on top GWAS SNPs (p = 0.49, 95% CI: 0.38 — 0.60, p < 0.001). mtDNA copy
number was marginally associated with the candidate gene-wGRS (B = 0.46, 95% CI: -0.07
-0.99, p=0.09).

Discussion

In this study we identified nuclear DNA variants that are potentially associated with mtDNA
copy number, although associations were not statistically significant at the genome-wide
level (p-value<5.00e-8). The top hits in our GWAS analysis included SNPs in FOXA3,
CNNML1, and MYPORP. In the candidate association study, several SNPs in PPARG,
PRKCA, SP1, and THRB were associated with mtDNA copy number (p-values<0.05). In
addition, we observed significant association between wGRS based on our top GWAS hits
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and mtDNA copy number, and marginal association between wGRS based on our candidate
gene analysis hits and mtDNA copy number.

The significance of diseases with mitochondrial basis, including adverse pregnancy
complications, such as placental abruption and preeclampsia (6, 20), motivate the need to
understand common genetic variations that underlie mtDNA copy number, a trait that
reflects mitochondrial dysfunction (1-3). The first GWAS study in 2012 that identified
nuclear DNA variation that may influence mtDNA levels (measured as the ratio of mtDNA
quantity to nuclear DNA quantity, mtDNA/nDNA) was conducted among 386 Spanish
families of the GAIT (21). This study highlighted the association between mtDNA levels
and rs10888838 in MRPL37, a gene that is involved in mitochondrial protein translation,
among male participants (p-value=4.0e-06). The study analyzed only 485 microsatellite
markers distributed through the autosomal genome. In 2014, the same investigators analyzed
283,437 SNPs in the same participants and reported rs4708928 as their top GWAS hit (p-
value=1.7e-6). Among females, rs4708928 in PARK2, Parkinson protein 2, E3 ubiquitin
protein ligase, may be associated with mtDNA levels (p-value=3.3e-6) (15). Of note, in that
study, investigators did a sex-stratified analysis to detect sex-specific SNPs that could
influence MtDNA. Although the GAIT study did not identify genome-wide significant
SNPs, the findings provided the first evidence from GWAS study that suggests nuclear
genetic variations in the control of mtDNA levels. None of the top 23 SNPs reported in the
study were included in our metabochip samples.

In the present GWAS analysis of 119,629 maternal nuclear DNA variants from 471
participants, we identified some SNPs that may be associated with mtDNA copy number.
Among our top 20 hits, SNPs that warrant further investigation include chr19:51063065 (p-
value=2.2e-06) and chr19:51059105 (p-value=1.1e-04) in FOXAS3, rs17111633 (p-
value=6.3e-06) in chromosome 10 in CNNM1, chr19:51005665 (p-value=5.2e-05) in
RSPHG6A, and rs1008295 (p-value=1.7e-04) in chromosome 6 in PACRG. In addition, a
number of SNPs that participate in mitochondrial biogenesis and oxidative phosphorylation
were potentially associated with mtDNA copy number in our study. These include
chr3:12340308 in PPARG (p=0.03) and rs7131938 in chromosome 12 in SP1 (p=0.04).
Notably wGRS based on the selected top GWAS hits was associated with mtDNA copy
number ($=0.49, 95% CI: 0.38 — 0.60) while the candidate gene based wGRS was
marginally associated with mtDNA copy number.

Previous studies that examined the expression of FOXA (forkhead box transcription factors,
including FOXA3) family, which play important roles in metabolism and homeostasis,
highlighted that FOXAL is essential in regulating mitochondrial citrate carrier (CIC) gene
expression and hence the activity of CIC, the major route for citrate export from
mitochondria (22). In a mouse study, postnatal hepatocyte overexpression of the FOXA2
transcription factor in transthyretin-FOXAZ2 transgenic has been shown to cause
mitochondrial damage while maintaining serum levels of glucose sufficient for survival
without increased levels of ketone bodies and free fatty acids (23). CNNMZ1, cyclin mediator
1 is one of the genes implicated in mitochondrial magnesium homeostasis (24). A haplotype
analysis study of 7,287 African American women showed that carriers of each additional
copy of rs6584273 SNP in CNNM1 had 16% lower risk of type 2 diabetes (24). MYPOP,
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Myb-related transcription factor gene and its functions are largely unknown. No prior study
reported association of genetic variations in FOXA3, CNNM1 or MYPOP in relation to
mtDNA copy number.

In pathway analysis of genes represented by top GWAS hits related to mtDNA copy number,
a network involved in cellular development, growth, proliferation, death and survival was
identified. Our finding highlights the strong relationship between mitochondrial function and
fundamental cellular processes and the potential mechanisms linking mitochondrial
dysfunction and pathogenesis of adverse pregnancy complications. For instance, in a recent
GWAS conducted by our group, we reported that a network involved in cell cycle, growth
and proliferation was associated with placental abruption, a disorder that has been associated
with mitochondrial dysfunction (4, 16).

Our study is among the few that examined genetic variations related to maternal mtDNA
copy number. In addition, there are several strengths of our current study. Participants were
genotyped using the metabochip platform that is designed to support genotyping of SNPs
selected based on evidence for association in GWA meta-analysis of diseases and traits
relevant to metabolic and atherosclerotic-cardiovascular endpoints relevant to adverse
complications of pregnancy. We also conducted a candidate gene study of genetic variations
in Mitochondrial Biogenesis and Oxidative Phosphorylate, relevant to mitochondrial
function and dysfunction. Finally, our study population is relatively homogenous minimizing
issues of potential population stratification.

Several limitations of this study deserve mention, and our findings should be interpreted
with caution. Investigators have previously reported inverse U-shaped relationships between
mtDNA copy number and adverse outcomes (e.g. colorectal cancer risk) (25), suggesting
that lower mtDNA copy number can be observed in cases of failing organ/tissues or in
patients with underlying lipid disorders as a feedback response to compensate defective
mitochondria (6, 11). Our analyses evaluated linear relationships and did not examine such
types of relationships. Our study population comprised of both placental abruption cases and
controls. Although we adjusted for case-control status in analyses, findings need to be
replicated in other cohorts. We conducted a sensitivity analyses to assess whether findings
differ when analyses populations are limited to controls and found no significant differences
in findings to those we report in this manuscript. Our study may be underpowered to detect
associations between variants in nuclear DNA and mtDNA copy number, particularly since
several of the identified SNPs have low MAF. The candidate SNP association findings were
not adjusted for multiple testing, although some priors for our candidate genes exist in other
studies. Finally, several of the identified top hits in the GWAS and candidate gene study are
located in non-coding regions and have not been well-investigated before. Therefore,
additional studies (including larger studies in diverse cohorts as well as functional studies)
are needed to characterize functional relevance of identified genetic variations.

Findings from our current study contribute to the understanding of genetic determinants of
mitochondrial dysfunction, an important pathophysiologic process in a number of pregnancy
complications. Similar studies can have potential roles in risk stratification and public
health/clinical applications in prenatal care.
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Figure 1.
Quantile-quantile plot with 95% confidence intervals for p-values examining genome-wide

genetic variations and mtDNA copy number. Inflation factor, Lambda = 0.98, and Manhattan
plot for p-values examining genome-wide genetic variations and mtDNA copy number.
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Table 1
Baseline Characteristics of Study Population
Placental
Characteristics Atc);r:sigm Controls?
(N=233) (N=238)
Maternal age at delivery (years) 27.3+6.5 27.2+6.9
Gestational age at delivery (weeks) 355+4.3 379+34
Whole blood mtDNA copy number 289.7+1535 2715+125.4
Pre-pregnancy body mass index (kg/m?) 235+35 239+42
Nulliparous 23 (10.0%) 8 (3.4%)
Maternal education < high school 186 (80.0%) 202 (84.9%)
Single marital status 43 (18.0%) 35 (14.7%)
Received prenatal care 194 (83.0%) 215 (90.3%)
Smoked during pregnancy 46 (20.0%) 39 (16.4%)
Chronic hypertension 42 (18.0%) 18 (8.0%)
Preeclampsia 70 (31.1%) 28 (12.0%)
Weighted GRS? (selected candidate genes) ~ 1005+25.7  108.2+24.0
289.3+£106.1 289.8+118.1

Weighted GRS (selected top GWAS?)

amean + standard deviation (SD), otherwise N (%);

bGenetic Risk Score;

EGenome-Wide Association Study
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