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ABSTRACT

Introduction:

Intrauterine growth restriction (IUGR) and preecpmma (PE) are pregnancy disorders characterized
by placental insufficiency with oxygen/nutrient trestion and oxidative stress, all influencing
mitochondria functionality and number. Moreover@R and PE fetuses are predisposed to
diseases later in life, and this might occur thioegigenetic alterations.

Here we analyze content and methylation of mitodni@hDNA (mtDNA), for the first time in

IUGR and PE singleton fetuses, to identify possatilerations in mtDNA levels and/or epigenetic
control of mitochondrialoci relevant to replication}-loop) and functionality ifit-TF/RNR1:

protein synthesisnt-COL1: respiratory chain complex).

Methods:

We studied 35 term and 8 preterm control, 31 IUGRPE/IUGR and 17 PE human singleton
pregnancies with elective cesarean delivery. Fetad blood was collected and evaluated for
biochemical parameters. Extracted DNA was subjeitd®eal-time PCR to assess mtDNA content
and analyzed faD-loop, mt-TF/RNR1 and mt€O1 methylation by bisulfite conversion and
pyrosequencing.

Results:

MtDNA levels were increased in all pathologic gregpmpared to controls. Mitochondriati
showed very low methylation levels in all sampledpop methylation was further decreased in the
most severe cases and associated to umbilicap@immt-CO1 methylation levels inversely
correlated to mtDNA content.

Discussion:

Increased mtDNA levels in IUGR, PE/IUGR and PE doimbd may denote a fetal response to
placental insufficiency. Hypomethylation Bfloop, mt-TF/RNR1 and mt€OL1 loci confirms their

relevance in pregnancy.



ABBREVIATIONS

IUGR: intrauterine growth restriction

PE: preeclampsia

mtDNA: mitochondrial DNA

CO1: Cytochrome C Oxidase |

TF/RNR1: tRNA Phenylalanine / 12S RNA
BMI: body mass index

pO,: oxygen partial pressure
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INTRODUCTION
Intrauterine growth restriction (IUGR) and preecpmma (PE) are pregnancy disorders characterized
by defective placental functions, leading to impdioxygen and nutrients transfer to the fetus [1-5]
and increased oxidative stress and inflammationA@yerse intrauterine conditions are known to
have an impact also on adult health of newborregipposing them to later pathologies such as
diabetes, cardiovascular diseases and allergidtizatisn [7-9]. Reprogramming of fetal
epigenome by intrauterine exposures can occur ¢irowethylation of DNA, affecting gene
expression and activity without changes in DNA sme.

Mitochondria, as cell energy producers, have beeantly investigated as potentially associated
with the pathogenesis of placental insufficienclye humber of mitochondria is proportional to the
energy requirements of the cells and can deviata & “healthy range” in conditions of altered
oxygen/nutrients availability or oxidative stresgpiairing mitochondrial functionality [10].
Mitochondria have their own DNA, coding for resping chain enzymes, which is distinct but in
continuous cross-talk with the nuclear genome. aheunt of mitochondrial DNA (mtDNA) is
recognized as a measure of the mitochondrial cofitéh Changes in mitochondrial DNA levels
have been consistently reported in placenta andrmmltblood of pathologic pregnancies [12-17].
However, no data are available about mtDNA conitefetal blood of IUGR and PE singleton
pregnancies.

Mitochondrial DNA, in addition to nuclear DNA, isilgjected to cytosine methylation by a
mitochondrial-specific DNA methyltransferase [1B]ethylation makes DNA less accessible to
replication and transcription, therefore it mayeatally interfere with the expression of respirgto
chain complexes, impacting on mitochondrial funaaility. Few studies have been conducted on
MtDNA methylation, focusing on degenerative diseasancer, aging and exposition to

environmental pollutants [19-24].
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In this study, we investigated mitochondrial DNAf@tal cord blood of pregnancies affected by
IUGR and/or PE. In particular, we evaluated whe#itrations of mitochondrial content, reported
for placentas and maternal blood, are also presehe fetus, and we analyzed the methylation
levels of three mitochondrial genes in pathologasus control fetuses to evaluate for a possible
epigenetic control of mitochondrial number and gexgressionD-loop, mt-CO1 and mtTF/RNR1
are mitochondrialoci relevant to mtDNA and mitochondrial functionalttyat have been already
tested in methylation studies on other patholoffi8s24]. D-loop control region is involved in
MtDNA replication, mtTF/RNRL locus contains two genes respectively constituting pleagine
tRNA (TF) and 12S rRNARNRL), both needed for protein synthesis, wherea€@it-encodes for
Cytochrome C oxidase subunit 1, belonging to respiy chain and thus involved in mitochondrial

function.

METHODS

Population

One hundred and eight pregnancies were studiedrat@negnancies at term (n=35) and preterm
(n=8), and pregnancies complicated by placentaifflcsency (IUGR: n=31; PE/IUGR: n=17; PE:
n=17).

Only patients with singleton pregnancies undergeilegtive Cesarean section were included in this
study. Exclusion criteria for all groups were matdrdrug or alcohol abuse, maternal or fetal
infections, fetal abnormal karyotype or major matiations. All pregnant women were of
Caucasian origin.

Controls were term (> 37 weeks) or preteth87 weeks) pregnancies with normal intrauterine
growth and appropriate-for-gestational-age birtligiveaccording to reference ranges for the Italian
population [25]. Indications for Cesarean secti@rerbreech presentation, previous Cesarean

delivery or maternal indications not influencingaiegrowth.
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IUGR fetuses were identified utero, through longitudinal measurements indicating abical
circumferences below the ®@ercentile of age-related reference values arifefiom the
reference growth curve greater than 40 centilel [R&R pregnancies were further classified
according to umbilical artery pulsatility index, aseired by Doppler velocimetry [27-29].
Preeclampsia was defined as blood pressure >14#98g in two measurements/24h and
proteinuria >300mg/24h after the™®eek of pregnancy in a previously normotensive and
nonproteinuric woman [30]. PE pregnancies werenharrtivided in two subgroups, with disease

onset before or after the 34veek of gestation.

The study was approved by the Institutional Etidosnmittee, and all pregnant patients gave their

informed consent.

Sampling

Umbilical blood was collected from a doubly-clamssdyment of the cord at the time of Cesarean

section and stored at -20°C until analysis.
Oxygenation and acid-base parameters of umbilitaiyaand vein blood were measured
immediately after delivery using a GEM Premier 3@@0dtable system (Instrumentation

Laboratory).

MtDNA analysis
Total DNA was extracted from cord blood samplesag$plAamp DNA Blood Mini Kit (Qiagen;
Valencia, CA, USA) and quantified by NanoDrop NDOQGpectrophotometer (NanoDrop

Technologies; Wilmington, DE, USA).

MtDNA content was assessed in Real-time PCR expeatsrby normalizing the levels of a
mitochondrial geneQytochrome B) to those of a single-copy nuclear geRBldse P). For each

gene, 30 ng of total DNA were analyzed in tripleatth TagMan assays (Hs02596867_s1 and
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4316849) on the 7500 Fast Real-Time PCR Systemli@pBiosystems by ThermoFisher
Scientific; Carlsbad, CA, USA). Cq values with stard deviation exceeding 0.25 were excluded
and experiments repeated. The median inter-rurficeeft of variation was 1.90%. For each
sample, mtDNA level was calculated &3 obtained after subtractiRNase P average Cq value

to Cytochrome B average Cq value\Cq).

mtDNA methylation analyses were performed in a stib§cord blood samples (24 term controls,
6 preterm controls, 24 IUGR, 14 PE/IUGR and 9 PE).

Total DNA samples (100-500 ng) were bisulfite-catee using EZ DNA Methylation-Direct Kit
(Zymo Research Corporation; Irvine, CA, USA) anatedl in 30ul of M-Elution buffer.
Bisulfite-converted DNA (20-50 ng) was subjectedPtoR of mitochondriaD-loop, TF/RNR1 and
CO1 segments, in a final volume of 50 with GoTaq Hot Start Polymerase (Promega; Madiso
WI, USA) and specific primers (Supplementary Tab®tosine methylation was quantified by
pyrosequencing using primers described in Suppléngiiable and PyroGold SQA Reagent Kit
(Qiagen). Pyrosequencing also allowed to verifylfite conversion occurred properly: data from
incompletely converted samples were excluded apédraxents repeated. The methylation
percentage at each CpG site was quantitativelyaedlby PyroMark ID instrument and software
Q-CpG v.1.0.11 (both Qiagen). Methylation valugzesent the mean between at least two
independent PCR and pyrosequencing experiments angtandard deviatiorB%. The median

inter-run coefficient of variation was 8.08%.

Real-time PCR and pyrosequencing runs were capuéd a blinded and randomized fashion.

Statistical analysis

Data distribution was evaluated with the Kolmoge&mirnov test. Maternal age abdloop

methylation levels, showing normal distribution,rereompared between two groups using
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independent-samples t-test, with applied correattben the equality of variances assumption was
violated (Levene’s test). All other clinical and lecular data were analyzed by independent-
samples Mann-Whitney U test. Correlation betwednesawas assessed using bivariate Pearson
correlation and the r coefficient reported. Difieces and correlations were considered statistically
significant when p<0.05. No adjustments for muétipbmparisons were made.

Analyses were performed using the statistical pgel&PSS (IBM SPSS Statistics, v.23; Armonk,

NY, USA).

RESULTS

Clinical data of the study population

Maternal and fetal characteristics of cases anttalsrare compared in Table 1.

As expected, PE women had higher pre-pregnancy BMpathologic cases had lower gestational
age, placental and fetal weight than term contidtsvever, gestational age of IUGR and PE

fetuses was similar to the preterm control subgroup

MtDNA content

No significant relationship was observed betweeDM# content and gestational age in control
pregnancies. Moreover, there were no significaiféidinces between term and preterm controls
(Figure 1A). Based on these observations and diveismall size of the preterm control group, we
pooled the term and preterm controls for all subsagcomparisons.

All cases presented a strong significant increasetDNA levels compared to controls (Figure 1B;
IUGR p=0.000; PE/IUGR p=0.004; PE p=0.000).

We further examined pathologic samples after digsg) them for disease severity: IUGR (with or
without PE) were divided in two subgroups with natror altered pulsatility index, PE pregnancies

with disease onset before or after the @ek of gestation. As shown in Figure 2, mtDNA teor
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was significantly increased in all cases, indepatigdérom their severity, and no differences were

observed within IUGR or PE groups.

MtDNA methylation

We then further analyzed mitochondrial DNA by ewing, in a subset of cord blood samples,
methylation levels of three mitochondrial segmebDt$oop, CO1 andTF/RNRL, involved in
mitochondrial replication and function. In this galmsubset, clinical characteristics and the nadati
number of cases and controls were similar to thieespopulation.

No significant relationship was observed betweethgiation levels and gestational age in control
pregnancies, nor significant differences between &@nd preterm controls (Figure 3A), in any
analyzed mitochondrial region.

Both cases and controls displayed low percentafgeethylated cytosines (Figure 3B), pointing
out a shared hypomethylation pattern in all combdlsamples¥-loop: 0.55-10.75 %; mEO1: 1-
8.5 %; mtTF/RNRL1: 0-14.75 %). MoreoveD-loop methylation levels were significantly decreased
in PE/IUGR compared to controls (p=0.04; Figure.38)pplementary Figure 1 sho®soop
methylation levels of each investigated CpG foresaand controls.

We then re-analyzed-loop data after classifying pathologic cases accorditpeir severity. The
most severe cases, both in IUGR and in PE, dis@lays&gnificant reduction d-loop methylation
compared to controls (Figure 4), even greater tiaat observed for the PE/IUGR groug sus

controls (Figure 3B). Conversely, mild IUGR and $dnples did not show significant differences.

D-loop, mt-CO1 and mtTF/RNR1 methylation levels displayed a significant postoorrelation
with each other (Supplementary Figure 2).

Methylated cytosines (%) iD-loop region were significantly related to umbilical n&xygen
partial pressure (pFigure 5A). A significant relationship was aldoserved betwee-loop

methylation and both gestational age and fetal mgigigures 5B and 5C).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

10

Finally, we found a significant and inverse cortiela between mEO1 methylation levels and
mtDNA content, both in pathologic samples (r=-0.4320.014; data not shown) and in the whole

population (r=-0.369, p=0.006; Figure 5D).

DISCUSSION

Here we analyzed the mitochondrial DNA amount malfelood from pregnancies characterized by
IUGR or preeclampsia compared to control pregnandée found significantly higher mtDNA
levels in all pathologic groups than in controlieh included also preterm pregnancies with
gestational age similar to cases. These resultsom@stent with a previous study comparing cord
blood mtDNA in monochorionic twins with one IUGRtde, that reported higher mtDNA amount
in the IUGR fetuses than in their respective latgens [31]. Moreover, our findings give novel
insights into preeclamptic pregnancies, being tokoowledge the first mtDNA data in PE cord
blood to be described.

We previously reported that mtDNA levels, accoumtior mitochondrial content, are increased in
IUGR placental tissue and placental mesenchymainstk cells but decreased in cytotrophoblast
cells, compared to controls, suggesting differebohondrial contents depending on the analyzed
cell lineages [12,13,32]. A different cell compasit may indeed account for the lower mtDNA
amount conversely found in [IUGR placentas in armashedy [14]. Increased mtDNA levels were
also reported in blood of women with IUGR [16] &PE [17] pregnancies.

Our present results suggest that fetuses reata¢erntal insufficiency and to the adverse
intrauterine environment by increasing their mitmotirial content, with a compensatory
mechanism facing the oxidative stress and/or hypard calorie restriction occurring in
pathologies related to placental insufficiency 133In particular, IUGR fetuses are characterized
by oxygen and nutrient restriction, which is knowwnnduce mitochondrial biogenesis [34].

Preeclamptic pregnancies are instead charactdmizatreased oxidative stress, reported in
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placenta, mothers and fetuses [35-36] where it trdginage mitochondria, thus inducing their

biogenesis.

Given the recent demonstration of mitochondrial DiMAthylation [18] and the known impact of
adverse intrauterine conditions on epigenetic meatibns, we analyzed methylation of important
mitochondrial genes in cord blood of fetuses grawan impaired environment. We focused on
three mitochondridloci, relevant to mtDNA and mitochondrial functionality

The first result of our analysis is the common hypthylation pattern shared by all cord blood
samples (controls and pathologic pregnancies), pgticentages of methylated cytosines below
15%. Low methylation levels had already been regubfor two of theséoci, D-loop (mean %: 4.0)
and mtRNR1 (mean %: 11.7), in cord blood of fetuses fromBEN/IRONAGE birth cohort, which
includes a very heterogeneous population but pratortly composed by normal pregnancies with
vaginal deliveries [37]. This study [37] also refsom wide variability for mRNRL methylation,
similar to our mtTF/RNR1 methylation data in control samples, which cowvaver be partially
explained by assay sensitivity. The observed hyployheion, making mtDNA accessible to
replication and transcription with the potentiabexpressed, confirms that these mitochondrial
loci and their products are essential and requiredyrpaggnancy condition.

Nevertheless, we found further decreaBedop methylation in the most severe cases, namely
PE/IUGR (14 cases), early-onset PE (3 cases) a@RIWith altered umbilical artery pulsatility
index (15 cases). Moreover, ldloop methylation levels were associated to poorer fetal
outcomes, as indicated by their significant positterrelation with gestational age, fetal weighd an
umbilical vein pQ, all reflecting fetal conditions, in pathologicses. A similar negative
association betwedbd-loop methylation levels and disease severity was reganteolorectal

cancer [21].

TheD-loop region controls mtDNA replication and its hypomg#tion makes it more accessible to

replication machinery. Although the mild decreasereport might not be functionally meaningful,
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we can hypothesize that it may partially explaia iticreased mtDNA content we found in
pathologic samples. However, additional factors rmadiate mitochondrial DNA replication, such
as POLG DNA polymerase or helicases [38], and ti&drations would probably contribute to
MtDNA increase.

In addition, we found a significant negative caateln between m&O1 methylation and mtDNA

content.

Limitations

One possible bias for the analysis of IUGR and RIgmancies in control/case studies is the
different gestational age, as in pathologic casdiseaty is frequently induced earlier to preserve
fetal and maternal health. In our study we were &blinclude 8 preterm control pregnancies, with
normal intrauterine growth and gestational agelaimto cases. This type of population is very
uncommon, as preterm deliveries are often assacvete fetal growth-related pathologies, thus we
were not able to have a larger group, and this rapsesent a limitation. Of note, in cord blood of
preterm fetuses we did not find any significanfetiénce compared to term controls, in either
mitochondrial DNA content or methylation, nor wesebved significant correlations of these
molecular data with gestational age in the comgogulation. We may thus hypothesize that both
MtDNA content and methylation are independent fg@stational age in our population.
Mitochondrial DNA in blood derives from white bloaglls (that also bear nuclear DNA), platelets,
microvescicles and cell-free DNA. Since plateletd enicrovescicles do not contain nuclear
genome, an increase in their number would be tteiteie higher abundance of mtDNA in whole
blood. Unfortunately, we did not have hematocriadar platelet indices for our population, thus we
cannot exclude a different blood composition in samples. Nevertheless, newborns from PE
pregnancies or weighting less thar' t@ntile often present lower platelet number [39at@i

increasing platelet counts were found with advagpgestational age [41]. We can thus hypothesize
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that the increased mtDNA levels we observed wetelue to higher platelet counts in pathologic

cord blood, although we cannot totally exclude timst.

Conclusions

In this study we describe increased mitochondpakent in fetal blood of IUGR, PE/IUGR and PE
pregnancies, suggesting a fetal response to restnutrients and oxygen availability as well as to
oxidative stress.

Moreover, this is the first study to our knowledgeestigating DNA methylation of important
mitochondrial regions in cord blood of pregnanaigth placental insufficiency. We found a
common hypomethylation pattern shared by both osand pathologic cases, indicating the
relevance of these mitochondrial genedgop, CO1, TF/RNRL1) that need to be expressed.

Future analyses, e.g. investigating mitochondrgilegexpression and function, are needed to
further explore these hypotheses and to identéyréiative contributions of cord blood cells orlcel

free DNA to the observed results.
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TERM PRETERM
CONTROLS | CONTROLS IUGR PEAIUGR PE
(n =35) (n=18) (n=31) (n=17) (n=17)
Maternal age, 34 36 35 36 * 37
years (19-39) (27-40) (22-45) (33-43) (17-44)
Pre-pregnancy 21.2 20.2 20.2 23.2 * 22.8 *
BMI, kg/m 2 (18.7-25.2) (19.3-31.3) (17.2-32.1) (17.5-37.7) (18-35.6)
Gestational age, 39.0 36.0 *kk 35.9 *okk 33 *kk * 34.6 *kk
weeks (37.6-40) (31.7-37) (28.4-39.7) (26.7-37.4) (27.7-38.9)
Fetal weight 3200 2745 wx 1820  *** 7 1230 ok 2020 ok
(F), g (2630-3920) (2580-3300) (500-2620) (660-2250) (800-3170)
Placental weight 670 600 273 ok 215 kT 350 ek
(P), g (415-950) (520-750) (120-580) (113-378) (135-700)
. . 4.84 4.62 571 * 5.56 5.52
F/P weight ratio (3.37-6.63) (3.49-5.31) (3.32-10.75) (3.3-12.3) (2.43-9.45)

**p<0.01, ***p<0.001 versus term controls’p<0.05,""p<0.01,

+++

p<0.001versus preterm controls.

Table 1.Maternal, fetal and placental data of cases antt@s. Data are presented as median and range. Bddly Mass Index. *p<0.05,

14
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Gene Positionin | PCR primers 5" > 3" | Amplicon size / | Pyrosequencing primers Sequence to analyze
the mtDNA Annealing 5=2>3
Temperature

TF/RNRL | 597 - 765 | F: 168 bp / 52°C | Seq1: Seql:
TAAAGTAATATATT TATTGAAAATGTTTAGA | YGGGTTTATATT
GAAAATGTTTAGA Seq2: Seq2:
R(bio): GATTATATATGTAAGTA | TYGTTTTAGTGAGTTTATTTTTTA
TACTTAATACTTAT TTT AATTATTAY GA
CCCTTTTAATC

D-loop 6 — 259 F: 253 bp / 54°C | Seq1: Seql:
TGTGTAGATATTTA TATTTTAGTAAGTATGT | TYGTTTGTAATATTGAATGTAGG
ATTGTTATTATTA Seq2: TGYGAT
R(bio): TATTGTGATATAGGGT Seq2:
CAAATCTATCACCC GTTTYGGTTTTAGYGTTTYGTAA
TATTAACCAC TGTTATYGYGTGTAT

COo1 5882 — 5999 F(bio): 117 bp / 54°C TAAAACTCCAACTCATA | CRCRAATAATAAATATAATATT
TATTTTATTTTATTT CCAATATCTTTATAATTTATAAA
TTATTGATGT AAATAATCAACRATCRACRA
R:
AACTATACCTAAAA
CTCCAACTCA

Supplementary Table.PCR and pyrosequencing primers and conditionfartvard, R: reverse, (bio): biotin-labeled. Analgz28pGs are

underlined.
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Figure 5: Correlations between molecular and clinical data.

Correlation betweeB-loop methylation andA) umbilical vein oxygen partial pressure (r=0.457,
p=0.011), B) gestational age (r=0.378, p=0.013), a@il fetal weight (r=0.385, p=0.008), in
pathologic pregnancies. pGxygen partial pressur 4: [UGR, €: PE/IUGR,O : PE.

(D): Correlation between mtDNA content and @®1 methylation (both natural logarithm
transformed) in the whole population (r=-0.369, 888). o : controls A: IUGR, ®: PE/IUGR,

O: PE.
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