',\' frontiers
in Physiology

BRIEF RESEARCH REPORT
published: 31 July 2020
doi: 10.3389/fphys.2020.00938

OPEN ACCESS

Edited by:
Plamen Ch. Ivanov,
Boston University, United States

Reviewed by:

Giorgia Sebastiani,

Hospital Clinic de Barcelona, Spain
David Monk,

University of East Anglia,

United Kingdom

*Correspondence:
Anna Prats-Puig
aprats@euses.cat

These authors share first authorship

Specialty section:

This article was submitted to
Systems Biology,

a section of the journal
Frontiers in Physiology

Received: 06 April 2020
Accepted: 13 July 2020
Published: 31 July 2020

Citation:

Prats-Puig A, Garcia-Retortillo S,
Puig-Parnau M, Vasileva F;
Font-Lladd R, Xargay-Torrent S,
Carreras-Badosa G, Mas-Parés B,
Bassols J and Lopez-Bermejo A
(2020) DNA Methylation
Reorganization of Skeletal
Muscle-Specific Genes in Response
to Gestational Obesity.

Front. Physiol. 11:938.

doi: 10.3389/fohys.2020.00938

Check for
updates

DNA Methylation Reorganization of
Skeletal Muscle-Specific Genes in
Response to Gestational Obesity

Anna Prats-Puig', Sergi Garcia-Retortillo’2t, Miquel Puig-Parnau’, Fidanka Vasilevas3,
Raquel Font-Lladd’, Silvia Xargay-Torrent4, Gemma Carreras-Badosa?,
Berta Mas-Parés®, Judit Bassols® and Abel Lépez-Bermejo*

" University School of Health and Sport (EUSES), University of Girona, Girona, Spain, 2 Complex Systems in Sport, National
Institute of Physical Education and Sport of Catalonia (INEFC), Universitat de Barcelona (UB), Barcelona, Spain, ° Faculty
of Physical Education, Sport and Health, Ss. Cyril and Methodius University, Skopje, North Macedonia, * Pediatric
Endocrinology, Girona Institute for Biomedical Research, Dr. Josep Trueta Hospital, Girona, Spain, ° Maternal & Fetal
Metabolic Research, Girona Institute for Biomedical Research, Salt, Spain

The goals were to investigate in umbilical cord tissue if gestational obesity: (1) was
associated with changes in DNA methylation of skeletal muscle-specific genes; (2)
could modulate the co-methylation interactions among these genes. Additionally, we
assessed the associations between DNA methylation levels and infant’s variables at
birth and at age 6. DNA methylation was measured in sixteen pregnant women
[8-gestational obesity group; 8-control group] in umbilical cord using the Infinium
Methylation EPIC Bead Chip microarray. Differentially methylated CpGs were identified
with Beta Regression Models [false discovery rate (FDR) < 0.05 and an Odds
Ratio > 1.5 or < 0.67]. DNA methylation interactions between CpGs of skeletal
muscle-specific genes were studied using data from Pearson correlation matrices.
In order to quantify the interactions within each network, the number of links was
computed. This identification analysis reported 38 differential methylated CpGs within
skeletal muscle-specific genes (comprising 4 categories: contractibility, structure,
myokines, and myogenesis). Compared to control group, gestational obesity (1)
promotes hypermethylation in highly methylated genes and hypomethylation in low
methylated genes; (2) CpGs in regions close to transcription sites and with high CpG
density are hypomethylated while regions distant to transcriptions sites and with low
CpG density are hypermethylated; (3) diminishes the number of total interactions in
the co-methylation network. Interestingly, the associations between infant’s fasting
glucose at age 6 and MYL6, MYH11, TNNT3, TPM2, CXCL2, and NCAM1 were
still relevant after correcting for multiple testing. In conclusion, our study showed a
complex interaction between gestational obesity and the epigenetic status of muscle-
specific genes in umbilical cord tissue. Additionally, gestational obesity may alter the
functional co-methylation connectivity of CpG within skeletal muscle-specific genes
interactions, our results revealing an extensive reorganization of methylation in response
to maternal overweight. Finally, changes in methylation levels of skeletal muscle specific
genes may have persistent effects on the offspring of mothers with gestational obesity.

Keywords: gestational obesity, skeletal muscle, umbilical cord tissue, methylation, network physiology

Frontiers in Physiology | www.frontiersin.org

1 July 2020 | Volume 11 | Article 938


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00938
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00938
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00938&domain=pdf&date_stamp=2020-07-31
https://www.frontiersin.org/articles/10.3389/fphys.2020.00938/full
http://loop.frontiersin.org/people/947428/overview
http://loop.frontiersin.org/people/422315/overview
http://loop.frontiersin.org/people/976687/overview
http://loop.frontiersin.org/people/976449/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Prats-Puig et al.

Gestational Obesity and Muscle Co-methylation Interactions

INTRODUCTION

Excessive gestational weight gain is related to offspring obesity
and related metabolic disorders, independently of pre-pregnancy
body mass index (Wrotniak et al., 2008; Olson et al., 2009;
Reynolds et al., 2010; Vickers, 2014). More importantly, the
effects on the offspring persist into adolescence and adult life
(Oken et al., 2008; Hochner et al., 2012).

Studies in rats showed that offspring born to mothers fed an
obesogenic diet during pregnancy exhibit reduced skeletal muscle
cross-sectional area and fiber number. These structural defects
led to impaired muscle contractility (Bayol et al., 2005) and
impaired insulin signaling pathway and mitochondrial function
(Shelley et al., 2009). Skeletal muscle accounts for about 40% of
the whole body mass and plays a central role in metabolic health
(DeFronzo and Tripathy, 2009; Gardner and Rhodes, 2009) not
only through the regulation of lipid and glucose metabolism
(DeFronzo et al., 1981; Briining et al., 1998) but also through the
production of myokines (Pedersen, 2013; Karstoft and Pedersen,
2016). Defects in the formation of skeletal muscle in utero can
lead to metabolic complications into adult life (Bayol et al,
2014) as there is no increase in muscle fiber numbers after birth
(White et al., 2010).

In mammals, epigenetic regulation is crucial for a variety
of different processes such as development, cell differentiation,
and proliferation (Skinner, 2011). Numerous studies demonstrate
that skeletal muscle can be programmed in part by epigenetic
modifications (Jaenisch and Bird, 2003; Patel et al., 2014) and that
changes in DNA methylome can be retained and accumulated
over time (Jacobsen et al., 2012; Sharples et al., 2016a). Previous
research have suggested that appropriate gene interactions,
controlled by epigenetic modifications, are of key relevance
to maintain cellular homoeostasis (Azuara et al., 2006). As
pointed out by Bartsch et al. (2015) understanding the nature of
such interactions, can provide useful information regarding the
specific role of several physiological systems within an integrated
network, during different physiological states (e.g., gestational
obesity). However, the effect of gestational obesity on skeletal
muscle-specific genes in humans, as well as the mechanisms
underlying co-methylation network interactions (i.e., interaction
among methylation patterns of individual CpG sites) within
these genes in umbilical cord tissue, have been poorly studied
(Akulenko and Helms, 2013; Sun and Sun, 2019). Thus, our
goals were to examine in umbilical cord tissue if gestational
obesity (1) was associated with changes in the DNA methylation
of skeletal muscle-specific genes, (2) and could modulate the
co-methylation interactions among these genes. Additionally,
we also assessed the associations between methylation levels of
skeletal muscle-specific genes in umbilical cord tissue and infant’s
anthropometric and metabolic variables at birth and at age 6.

METHODS

Study Population and Ethics
The study population included 16 apparently healthy pregnant
Caucasian women delivering healthy infants. All pregnant

woman had normal weight prior to pregnancy (18.5 < BMI
< 24.9). The subjects were selected from a consecutively
recruitment during the first trimester of pregnancy among those
seen within a setting of prenatal primary care in I'Alt Emporda
(Northeastern Spain). The selection of our samples was done
to ensure the minimum variation between individual samples.
Information on pregnancy, labor, and delivery characteristics was
retrieved from standardized medical records. Women with major
medical, surgical, or obstetrical complications, including multiple
pregnancies, hypertension, gestational diabetes, or preeclampsia,
and fetal growth restriction, malformations or asphyxia were
excluded. Assisted reproductive technology (Lim et al., 2009) and
smoking, drugs of abuse or alcohol addiction during pregnancy
were also excluded.

The protocol was approved by the Institutional Review Board
of Dr. Josep Trueta Hospital and informed written consent was
obtained from all parents.

Maternal Anthropometric Assessments
Maternal weight and height were assessed at each trimester
during gestation and before delivery (between 37 and 41 weeks).
Body-mass index (BMI) was calculated as weight divided by
height squared (Kg/m?). We used maternal weight at the
beginning of gestation as a proxy for pre-pregnancy weight.
Maternal gestational weight gain was obtained as the difference
between the last weight measurement before delivery and
pre-pregnancy weight. We classified women into two groups:
control group, in whom adequate weight gain during pregnancy
(between 11.5 and 16kg) was evidenced, and gestational obesity
group in whom excessive weight was gained during pregnancy
(above 16 kg), as previously described by the Institute of Medicine
guidelines (Olson, 2008).

Infants Anthropometric and Metabolic

Assessments

All infants were born at term pregnancy. After delivery, weight
and length were measured using a calibrated scale and a
measuring board. Gestational age- and sex-adjusted z-scores
for birth weight and length were calculated using regional
norms (Carrascosa et al., 2008). Ponderal index was calculated
as follows: (birth weight in grams x 100) / (birth length in
centimeters)>. From the children included at birth, those whose
parents agreed to participate further in the study (n = 12) were
followed-up at the age of 6 years. Their characteristics at birth
did not differ from those who did not participate in the follow-up
study. Weight was measured on a calibrated scale wearing light
clothes, and height was measured with a Harpender stadiometer
without shoes. BMI and age- and sex- adjusted z-scores were
calculated as above. Fat mass percentage was assessed by
bioelectric impedance (Hydra Bioimpedance Analyzer 4200;
Xitron Technologies, San Diego CA, United States).

At birth, umbilical cord blood was collected from the
vein immediately after birth and insulin was measured by
immunochemiluminiscence (IMMULITE 2000, Diagnostic
Products, Los Angeles, CA, United States). At 6 years of age,
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serum samples were obtained under fasting conditions and
fasting glucose was analyzed by the hexokinase method.

Umbilical Cord Tissue Sample Collection
and DNA Methylation Analysis

Immediately after childbirth, a sample of umbilical cord tissue
was collected and stored at —80°C. Genomic DNA was extracted
from the Wharton’s jelly and blood vessels using the Gentra
PureGene tissue kit (Qiagen). Sodium bisulfite conversion of
DNA was performed, and the chemically modified DNA was then
used to analyze the methylation status of over 850,000 individual
CpGs in umbilical cord tissue using the Infinium Methylation
EPIC Bead Chip microarray (Illumina) at IIS La Fe (Valencia,
Spain). DNA methylation data quality control and normalization
were performed using the minify R-package (version 1.26.2).
Functional normalization and filters were applied to the raw data
with the aim to discard probes with a detection p > 0.01, related
to sexual chromosomes, within SNPs and multiple homologies.
We also applied signal background subtraction and probes that
lack signal values in one or more samples were also excluded. At
the end, we obtained 27,262 probes with a p < 0.01. From those,
115 were related to skeletal muscle but only 38 were differently
methylated between groups. Differentially methylated CpGs were
identified with Beta Regression Models (false discovery rate
(FDR) < 0.05 and an Odds Ratio (OR) > 1.5 or < 0.67). Each
probe or CpG site on the array is annotated to a genomic location
[Transcription starting site (TSS)1500, TSS200, 5’UTR, 1stExon,
Body, and 3’'UTR) and alocation in the CpG islands [CpG islands,
shores (<2 kb from the CpG island), shelves (2 to 4 kb from
the CpG island), and open sea region (>4 kb from the CpG
island)]. These were combined for each CpG site to form a unique
genomic context annotation. According to each genomic location
two groups were created: close (TSS1500, TSS200, 5UTR, and
IstExon) and distant (Body and 3'UTR) to a transcription site.

Additionally, we used DNA methylation data from skeletal
muscle biopsies from a publicly available sample set (EPIC series
GSE114763; Seaborne et al, 2018) to test (1) the similarity
between DNA methylation levels in umbilical cord tissue and
skeletal muscle biopsies; (2) which genes can be modified by both,
gestational obesity and resistance training.

CpGs Co-methylation Matrices and
Networks

We selected skeletal muscle-specific genes related to contractile
function, structural features, myokines, and muscle myogenesis
to create four categories of genes according to previous literature
(Doherty et al., 2005; Griffin et al., 2010; Pedersen, 2013; Heissler
and Sellers, 2014; Subbotina et al., 2015; Mukherjee et al,
2016; Munters et al., 2016; Gautel and Djinoviee-Carugo, 2016;
Cardinali et al., 2016; Chal and Pourquié, 2017; Dierck et al., 2017;
Kim etal., 2018; Leal et al., 2018; Lin et al., 2018; Meng et al., 2019;
Nieman and Pence, 2019; Pillon et al., 2020; Stavroulakis and
George, 2020). To study the interaction among skeletal muscle-
specific genes, the DNA methylation levels for the differentially
methylated CpG site from umbilical cord tissue was used to

construct one gene co-methylation matrix and one gene co-
methylation network, for both control and gestational obesity
groups. To create the co-methylation matrix (Figure 2A) we used
the Pearson correlation coefficient to calculate the correlations
of the methylation levels between every pair of individual CpGs
sites. Then, to obtain the co-methylation network (Figure 2B)
we only used the statistically significant correlations obtained
in the co-methylation matrix (Ruan et al., 2010). With the aim
of quantifying the interactions within each network (Bartsch
et al, 2015) we also computed the number of links (ie.,
number of significant correlations). Specifically, we calculated
(a) the total number of links (Figure 2C) (b) the number
of links among individual CpG sites within the same gene
category (i.e., intra-category; contractibility, structure, myokines,
and myogenesis; Figure 3A) and c) the number of links
comparing categories pairwise (i.e., inter-category; contractibility
vs. structure; contractibility vs. myokines; contractibility vs.
myogenesis; structure vs. myokines; structure vs. myogenesis;
myokines vs. myogenesis; Figure 3B). The links were divided
into four types: strong positive links (SPL; Pearson coefficients >
0.8), intermediate positive links (IPL; 0.7 < Pearson coefficients
< 0.8), intermediate negative links (INL; —0.7 > Pearson
coefficients > —0.8), and strong negative links (SNL; Pearson
coefficients < —0.8). Gene co-methylation matrices and networks
were processed and obtained by means of Matlab R2016b
(Mathworks, Natik, MA, United States). The visualization
framework used in our results is based on previous studies
analyzing network interactions among physiological systems
during different physiological states (Bashan et al., 2012; Bartsch
etal., 2015; Lin et al., 2020).

Statistics

Differences in clinical variables and DNA methylation levels
between groups (all, gene localization, location in CpG islands
and genomic context) were examined by Mann-Whitney U
test using SPSS 22.0 (SPSS Inc). The methylation change was
calculated in relation to control group levels. The associations
between methylation levels of skeletal muscle-specific genes in
umbilical cord tissue and infant’s anthropometric and metabolic
variables were analyzed by Spearman’s correlation. Significance
level was set at p < 0.001 after multiple testing correction
(0.05/38 comparisons).

RESULTS

Supplementary Table 1 shows the clinical variables in the
mothers and their respective children at birth and at 6 years of
age. We show that the two groups only differ in maternal weight
gain during gestation and infant’s fasting glucose at 6 years of age.

Gestational Obesity and DNA
Methylation Changes

After the quality control of the methylation data we obtained
27,262 probes with a p < 0.01. From those, 115 were related
to skeletal muscle (FDR <0.05) but only 38 were differently
methylated between groups (FDR <0.05 and OR >1.5 or <0.67).
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Among the differently methylated individual CpG sites identified
in umbilical cord tissue between mother with and without
gestational obesity and according to only FDR criteria we found
6 CpGs related to contractile function, 65 related to structure,
28 CpG related to myokines and 16 related to myogenesis
of skeletal muscle (Supplementary Table 2). From those, in
Supplementary Table 3 we show the methylation levels for 38
individual CpG sites that showed differences in DNA methylation
levels according to both, FDR and OR criteria, within the skeletal
muscle-specific genes coding for contractile functions (n = 4),
structure (n = 17), myokines (n = 12) and myogenesis (n = 5).
For each identified gene, we report the known function and
their defined role related to skeletal muscle (Supplementary
Table 4). Our results showed that, except for gene CDH15-2
(structure), the effect of gestational obesity on DNA methylation
might depend on initial methylation levels: compared to control
group, gestational obesity promotes a hypermethylation effect
in highly methylated genes (Supplementary Figure 1A and
Supplementary Table 3), with a mean increase in methylation
of 11.97% (methylation changes ranged from 3.5 to 29.6%), and
a hypomethylation effect in low methylated genes, with a mean
decrease in methylation of 58.54% (methylation changes ranged
from 45.3 to 105.4%).

Using DNA methylation data from umbilical cord tissue
and vastus lateralis biopsies we showed that ACTBL2, BDNF _1,
IL8, and MYH4 have similar methylation levels in both
tissues (Supplementary Figures 1A,B; p > 0.05), and that
MYL6, OBSCN_4, BDNF_1, and PAX3 (p < 0.05) can be
modified by resistance training in untrained male subjects
(Supplementary Figure 1C).

From the analyzed individual CpG sites according to genomic
location, 76% are located close to a transcription start site
(TSS; Figure 1A). When examining the global methylation level
according to individual CpG sites genomic localization between
groups, we found that only CpGs within TSS1500 and gene
body were highly methylated in the gestational obesity group
compared to the control group (p = 0.001 and 0.003, respectively;
Figure 1D). According to the location in CpG islands, 18.4% are
in CpG islands, 21.2% in shores, 7.9% in shelves and 52.6 % in
open sea (Figure 1B). When examining the global methylation
level according to individual CpG sites within CpG islands,
we found that CpGs within shores, shelves and open sea were
highly methylated in the gestational obesity group compared
to the control group (all p< 0.0001; Figure 1D). Finally,
considering the genomic context (Figure 1C), hypermethylation
can be seen mostly in locations distant to promoter regions and
with lower CpG density while hypomethylation can be seen in
locations closer to transcription sites and with a higher CpG
density (Figure 1E).

Gestational Obesity and Co-methylation

Interactions

Our co-methylation networks showed that gestational obesity
reduces the total number of interactions compared to the control
group (Figure 2C). As for the different type of interactions,
gestational obesity diminishes the number of all links types

[SPL, by 47.5%, IPL, by 38%, INL, by 74%, and SNL, by
61% (Figure 2C)]. In the control group, positive associations
were found among low methylated CpGs and among highly
methylated CpGs, while negative associations were found
between highly methylated CpGs and low methylated CpG. It is
worth to note that gestation obesity changes not only the strength
buy also the trend of the associations observed in structure and
myokine gene categories (Figure 2).

Interestingly, gestational obesity also changes both, the
percentage of intra-gene category interactions (3.5% in average)
and inter-gene category interactions (2.9% in average). Focusing
on intra-gene category interactions (Figure 3A), gestational
obesity causes a loss all types of links in contractibility and
myogenesis categories. In the structure category, IPL are 100%
higher in obesity compared to the control group while the SPL are
reduced by 5%, the INL are lost, and the SNL are reduced by 3%.
Finally, in the gestation obesity group the myokines category gain
SNL while the INL are lost and a reduction of 2% in SPL and 4%
IPL can be seen. Regarding the inter-gene category interactions
(Figure 3B), the control group presents a higher number of all
types of links in all gene categories. Gestational obesity in general
promotes a diminution of the percentage of links between all
gene categories and, furthermore, an absence of some type of
links in the studied categories [Contractibility vs. structure (SPL
decrease by 2.94%, IPL by 4.41%, INL by 1.47% and SPL by
4.41%), contractibility vs. myokines (SPL decrease by 4.17%, IPL
increase by 2.08% and INL decrease by 2.08%), contractibility
vs. myogenesis (SPL decrease by 5%, INL remain equal and SPL
decrease by 5%), structure vs. myokines (SPL decrease by 1.47%,
IPL remain equal, INL decrease by 0.49% and SPL increase by
0.49%), structure vs. myogenesis (SPI decrease by 9.41%, IPI
by 2.35%, INI by 1.18% and SPI by 4.71%) and myokines vs.
myogenesis (SPL decrease by 6.67%, IPL by 6.67% and INL by
3.33%)]. Note that, all type of links are maintained between
structural and myokines CpG.

DNA Methylation Levels Correlates With
Anthropometric and Metabolic Variables

in the Offspring

To test whether DNA methylation levels of skeletal muscle-
specific genes in umbilical cord tissue may be associated with
infant’s anthropometric and metabolic parameters at birth and at
6 years of age, Spearman’s correlation analysis between variables
were performed (Supplementary Table 5).

At birth higher methylation levels of ACTBL2 (r = —0.518;
p = 0.040) and IL8 (r = —0.538; p = 0.031) were associated with
lower birth weight whereas a negative association between TPM2
methylation levels and ponderal index (r = —0.556; p = 0.025)
was observed. However, the associations between methylation
levels and birth anthropometry did not remain significant when
correcting for multiple testing.

At 6 years of age, height SDS was positively associated with
MYL6B (r = 0.627; p = 0.029), and negatively with TNNT3
(r=—0.616; p = 0.032), BMI SDS was positively associated with
TTN_1, CXCL13_1 and, PAX3 (all from r = 0.650 to r = 0.580
and p = 0.022 to p = 0.047) and negatively associated with
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FIGURE 1 | The CpGs methylation levels according to gene localization, localization in the CpG island and genomic context. (A) A pie chart showing the proportions
of individual CpG sites according gene localization (B) A pie chart showing the proportions of individual CpG sites according localitzation in CpG island (C) A pie
chart showing the proportions of individual CpG sites according genomic context (D) DNA methylation representation for individual CpG sites for all the studied gene
localizations (TSS1500, TSS200, 5’UTR, 1stExon, Body, and 3’'UTR) and localizations in CpG islands (island, shore, shelf and open sea) in gestational obesity and
(Continued)
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FIGURE 1 | Continued

control group, using horizontal stacked graph bars. (E) A bar chart depicting the change in methylation percentage in gestational obesity in relation to the control
group and according to genomic context. Each CpG site on the array is annotated to a genomic location (TSS1500, TSS200, 5'UTR, 1stExon, Body, and 3'UTR)
and a location in the CpG Island (island, shore, shelf, and open sea) region. These were combined for each probe to form a unique genomic context annotation. *p <
0.0001; **p = 0.003, and ***p = 0.001. TSS, transcription start site; UTR, untranslated region.

OBSCN_2, BDNF_2, and MYOF (all from r = —0.665 to r = —608
and p = 0.018 to p = 0.035). Fat mass percentage was associated
positively with CXCL2 (r = 0.721, p = 0.018) and negatively with
TNNT3 (r = —0.648; p = 0.042), and IL13 (r = —0.648; p = 0.042).

Finally, fasting glucose at 6 years of age was positively
associated with MYL6, MYL6B, CAPZB, MYBPC2, OBSCN_2,
TPM2, BDNF_2, and CXCL2 (all from r = 0.842; to r = 0.684
and p = 0.001 to p = 0.014) and negatively associated with
MYHI11, CDHI15_1, CDHI15_2, CORO6, NEB, OBSCN_4,
TNNT2, TNNT3, TTN_2, ClOorf71l, CXCL13_2, FGF21_1,
IL13, OSTN, NCAMI1, VCAMI1, and MYH4 (all from
r = —0.856; to r = —0.589 and p < 0.0001 to p = 0.043).
Interestingly, the associations between fasting glucose
and MYL6 (Contractibility; TSS200_Open sea), MYHI1
(Contractibility; TSS200_Open sea), TNNT3 (Structure;
Body_Shore), TPM2 (Structure; TSS200_Island), CXCL2
(Myokine; TSS200_Island), NCAM1 (Myogenesis; 5UTR_Open
sea) were still relevant after correcting for multiple testing
(Figure 4 and Supplementary Table 5).

DISCUSSION

The percentage of methylation of at least 38 individual CpG
sites within skeletal muscle-specific genes in umbilical cord
tissue is modified by gestational obesity. Highly methylated
genes in control samples showed hypermethylation in the
gestational obesity group, while low methylated genes in control
samples showed hypomethylation in the gestational obesity
group. Interestingly, 76% of the identified individual CpG sites
are close to a transcription starting site. On top of that, CpGs in
regions close to transcription sites and with high CpG density
are hypomethylated while regions distant to transcriptions sites
and with low CpG density are hypermethylated in the gestational
obesity group. In our networks, gestational obesity changed the
intra- and inter-gene category interactions, reducing the number
of all types of links in almost all the studied comparisons. We
show for the first time that gestational obesity not only changes
methylation levels but also changes the co-methylation pattern
among genes coding for skeletal muscle in umbilical cord tissue.
Finally, in our longitudinal analysis, DNA methylation levels of
most of the skeletal muscle-specific genes were related to infant’s
fasting glucose levels at age 6.

Sheep studies showed that gestational obesity led to increased
fetal skeletal muscle mass with an impaired muscle quality (Tong
et al., 2009). In line with that, maternal malnutrition of pregnant
rats can affect the contractile properties (Bayol et al., 2005,
2007) the number and composition of muscle fibers (Sharples
et al., 2016a) and muscle metabolism (Shelley et al., 2009; Simar
et al,, 2012) in the offspring. Our results suggest that gestational

obesity can alter the methylation pattern of skeletal muscle-
specific genes in umbilical cord tissue. Skeletal muscle can store
and produce glucose, contributing to blood glucose homeostasis
(Shieh et al., 2004). The endogenous glucose production rate
and the susceptibility to hypoglycemia improve with age (Powell
et al., 1981; Tsalikian et al., 1984; Collins et al., 1990) and this
improvement has been related to the increase observed in muscle
mass (Gallagher et al, 1999). At the same time, methylation
levels of MYL6, MYH11, TNNT3, TPM2, CXCL2, and NCAM1
in umbilical cord tissue are related to infant’s fasting glucose levels
measured in serum at 6 years of age. Fasting glucose is a glycemic
measure with a “J-shaped” relationship with major cardiovascular
events (Sarwar et al., 2010; Seshasai et al., 2011; Di Angelantonio
et al., 2014; Zaccardi et al., 2015). While elevated glucose levels
are a sign of reduced insulin secretion or action and also a proxy
of type 2 diabetes (Tirosh et al., 2005; Nichols et al., 2008) and
cardiovascular disease (Sarwar et al., 2010) lower levels of fasting
glucose are associated with all-cause mortality (Bragg et al., 2016).
Wiandell suggested that low plasma glucose levels and BMI might
serve as a marker of low fat-free mass, which in turn may
imply a lower glucose reserve capacity and a higher susceptibility
to develop different diseases (Wandell and Theobald, 2007).
Interestingly, longitudinal cohort studying trajectories of fasting
glucose have shown that this marker increases modestly over time
in non-diabetic subjects (Andres and Tobin, 1975) suggesting
that variation in fasting glucose is largely unaffected by age-
related changes and may be established early in life (Barker et al.,
2011). According to previous authors, skeletal muscle seems to
retain and pass information from the environmental to daughter
cells, through epigenetic processes (Sharples et al., 2016b). More
interestingly, Davegardh et al. (2017) cultured muscle stem cells
from obese and non-obese subjects under identical conditions
and observed a three-fold increase in the number of DNA
methylation changes in the obese subjects. We herein suggest
that the long-lasting effects of maternal obesity, at least on fasting
glucose levels, could be mediated by an inappropriate epigenetic
programming of skeletal muscle in utero. Further studies in larger
cohort samples are needed to ascertain the use of these genes as
early biomarkers of fasting glucose levels early in life.

In general, gene participation in a common pathway or
functional similarity leads to gene co-methylation (Akulenko
and Helms, 2013). Transcription factors (TFs) are proteins that
bind to specific DNA sequences to regulate development and cell
differentiation (Lee and Young, 2013). Several studies indicate
that complex programs of cell differentiation might be regulated
by a very small number of proteins (Weintraub et al., 1973;
Holtzer et al., 1975a,b). In skeletal muscle, more than 170 TF have
been identified. Among them, MyoD (the major TF that regulates
muscle differentiation) can induce skeletal muscle differentiation
in cells from many different lineages, including those from
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FIGURE 2 | Co-methylation network interactions changes among the studied genes according to control and gestational obesity groups. (A) Gene co-methylation
matrix. The matrices show the Pearson correlation coefficient of the methylation levels between every pair of genes. Non-significant correlations are represented in
green. (B) Gene co-methylation networks. Each node represents a specific CpG for each studied gene category [contractibility (black), structure (dark gray),

Link Number

CONTROL

GESTATIONAL OBESITY

40

35

30

25

20

15

10

(o}

f

K g’ 7
(

v
‘ A \:\‘{é
_ &

\/
\ 5\;}'\
L%

Il Strong Positive Links

I Intermediate Positive Links
I Intermediate Negative Links
Il Strong Negative Links

(Continued)

Frontiers in Physiology | www.frontiersin.org

July 2020 | Volume 11 | Article 938


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Prats-Puig et al. Gestational Obesity and Muscle Co-methylation Interactions

FIGURE 2 | Continued
myokines (gray) and myogenesis (light gray)]. Links between two nodes represent the coupling strength (i.e., the Pearson coefficient) between two genes. The links

are divided into four types: strong positive links (Pearson coefficients > 0.8; thick dark red lines), intermediate positive links (0.7 < Pearson coefficients < 0.8; thin
red lines), intermediate negative links (—0.7 > Pearson coefficients > —0.8; thin blue lines), and strong negative links (Pearson coefficients <-0.8; thick dark blue
lines). Note that the network only includes the significant correlations found in the co-methylation matrix. (C) Total number of links. The height of the bar corresponds

to the number of significant correlations in the co-methylation matrix.
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umbilical cord tissues (Davis et al., 1987; Weintraub et al., 1989;
Gang et al., 2004). TEAD (1-4) (Jacquemin et al., 1996; Stewart
et al., 1996) is also a TF which plays important roles in skeletal
muscle differentiation, physiology, structure and contraction
(Stewart et al., 1994; Yoshida, 2008). Our results show, that
more than three quarters of the CpGs differently methylated
in our study are close to a transcription starting site and are
highly methylated in gestational obesity, compared to controls.
Moreover, differently methylated CpGs were overrepresented
at open seas and shelves and underrepresented at shores and
islands. This is in accordance with studies aiming to describe

disease-associated methylation patterns (Wang et al, 2012;
Grundberg et al., 2013; Ollikainen et al., 2015). Overall, in our
gestational obesity group, CpGs in regions close to transcription
sites and with high CpG density are hypomethylated while
regions distant to transcriptions sites and with low CpG density
are hypermethylated. Our results could be in line with previous
studies that demonstrated that obesity can alter epigenetic
and transcriptomic regulation during differentiation in skeletal
muscle (Tong et al., 2009). More studies are needed to clarify
if indeed there exists a common regulator (e.g., TF) of skeletal
muscle-specific genes than can be altered by gestational obesity.
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FIGURE 4 | DNA methylation levels in umbilical cord tissue and fasting glucose levels at 6 years of age. Correlation graphs of DNA methylation levels of skeletal
muscle-specific genes (MYL6, MYH11, TNNT3, TPM2, CXCL2, and NCAM1) in umbilical cord tissue with fasting glucose levels at 6 years of age. Triangles and

circles depict subjects from control and gestational obesity group, respectively. R- and p-values are shown from Spearman correlation analysis.

Gestational obesity could perturb the normal skeletal muscle
development physiology by the following mechanisms: (a) a
decrease of the total number of interactions between CpGs,
including the interactions intra- and inter- gene categories,
and (b) changes in the type of interaction between CpGs (i.e.,
positive or negative), which can point toward to collaborative
or antagonistic relations of these genes in skeletal muscle
physiology. Our results suggest that gestational obesity would
lead to a loss of complexity, at least for methylation of skeletal
muscle-specific genes, revealing a complete reorganization of
this methylation process in response to gestational obesity.
Noteworthy, the only genes that maintain a similar number
of interactions are those within genes related to structure and
myokines, pointing to the fact that these genes could be the
less affected functions by gestational obesity. As mentioned
above, most skeletal muscle genes could be under the same
methylation regulatory pathway, since methylation changes
caused by gestational obesity seem to follow specifics patterns
in our co-methylation networks interactions. The interactions
defined in our network could have not only significant clinical
implications in the offspring, but they could also be of relevance
for the new emergent field of Network Physiology (Bashan
et al., 2012; Bartsch et al., 2015; Lin et al., 2016). Understanding
this differential methylation organization between normal and
gestational obesity pregnancies could bring novel aspects of basic
physiological regulation to skeletal muscle formation.

Most of the evidence to date that maternal excessive
gestational weight gain affects skeletal muscle development and

health into adult life comes from animal studies. There is a
general lack of human data because methods to assess skeletal
muscle are invasive and often require whole muscle dissection,
which is not applicable to humans for obvious ethical reasons
(Bayol et al., 2014). It is not known whether umbilical cord
reflects the levels of methylation in skeletal muscle, but our
results may suggest that umbilical cord tissue, an easily available
tissue that can be sampled non-invasively, could be a potential
marker of skeletal muscle features and fasting glucose levels.
Using data from skeletal muscle biopsies in male subjects, we
have shown that certain genes (ACTBL2, BDNF_1, IL8, MYH4)
presents similar methylation levels in umbilical cord tissue
compared with vastus lateralis biopsies and that methylation
in MYL6, OBSCN_4, BDNF _1, and PAX3 can be modified by
both, obesity and resistance training. Previous studies have
demonstrated that umbilical cord-derived mesenchymal stem
cells could differentiate into a skeletal myogenic phenotype
(Gang et al., 2004). Moreover, Murphy et al. (2012) reported
that, at least for imprinted genes, methylation levels were
comparable across multiple tissue types in humans (including
umbilical cord and muscle) and emphasizes the potential utility
of DNA methylation marks as early exposure assessment tools.
However, more studies with longitudinal data are necessary
to ascertain if the observed changes in umbilical cord tissue
are related to skeletal muscle physiology and global health
in childhood and adulthood. And if those genes affected by
gestational obesity can also be affected by both, resistance and
endurance training.
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We acknowledge a number of study limitations. Longitudinal
studies with a higher number of participants are needed to
confirm the role of gestational obesity in the epigenetic status
of muscle-specific genes in umbilical cord tissue. We could not
perform skeletal muscle biopsies in the children included in
our study due to ethical reasons, but it would be interesting to
compare the methylation profile in normal cord with skeletal
muscle in animal studies. The possible effect of gestational
obesity on skeletal muscle tissue and its implications for children
development and adult metabolic diseases would be interesting to
explore in the future. We selectively studied genes associated with
DNA methylation changes but genes important in other lineages
or tissues not necessarily regulated by DNA methylation could be
also affected by gestational obesity and should be further studied.
Finally, other factors, such as diet or physical activity, which
were not available for the current study, should be considered
in future studies as possible confounders for co-methylation
interactions studies.

In conclusion, our study showed a complex interaction
between gestational obesity and the epigenetic status of
muscle-specific genes in umbilical cord tissue. Additionally,
gestational obesity may alter the functional co-methylation
connectivity of CpG within skeletal muscle-specific genes
interactions, our results revealing an extensive reorganization of
methylation in response to maternal overweight. Finally, changes
in methylation levels of skeletal muscle specific genes may
have persistent effects on the offspring of mothers with
gestational obesity.

DATA AVAILABILITY STATEMENT

The DNA methylation data has been deposited into GEO
(Accession: GSE153564), https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE153564.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Clinical Research (CEIC)

REFERENCES

Akulenko, R., and Helms, V. (2013). DNA co-methylation analysis suggests novel
functional associations between gene pairs in breast cancer samples. Hum. Mol.
Genet. 22, 3016-3022. doi: 10.1093/hmg/ddt158

Andres, R., and Tobin, J. D. (1975). “Aging and the disposition of glucose;” in
Explorations in Aging, ed. V. Cristofalo (Boston, MA: Springer), 239-249. doi:
10.1007/978-1-4615-9032-3_13

Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jorgensen, H. F., John, R. M., et al.
(2006). Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8, 532-538.
doi: 10.1038/ncb1403

Barker, A., Sharp, S. J., Timpson, N. J]., Bouatia-Naji, N., Warrington,
N. M., Kanoni, S., et al. (2011). Association of genetic Loci with
glucose levels in childhood and adolescence: a meta-analysis of over 6,000
children. Diabetes Metab. Res. Rev 60, 1805-1812. doi: 10.2337/db10-
1575

of Dr. Josep Trueta Hospital. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AP-P, FV, SG-R, MP-P, SX-T, BM-P, RF-L, JB, and AL-B conceived
the experiments and analyzed the data. AP-P, FV, SX-T, GC-B,
BM-P, and JB carried out the experiments. SG-R, JB, and
AL-B critically contributed to the manuscript revision. AL-B
supervised the work. All authors were involved in writing the
manuscript and approved the submitted and published versions.

FUNDING

This study was supported by grants from the Ministerio de
Ciencia e Innovacién, Instituto de Salud Carlos III (ISCIII),
Madrid, Spain (P117/00557 to JB and P113/01257 and P116/01335
to AL-B), projects co-funded by FEDER (Fondo Europeo de
Desarrollo Regional).

ACKNOWLEDGMENTS

We are grateful to all the children and parents who took part in
the study. GC-B is an Investigator of the Sara Borrell Fund for
Scientific Research from Carlos III National Institute of Health
(CD19-00172). BM-P holds a technician contract from Health
Department of Generalitat de Catalunya (SLT002/16/00065).
JB is an investigator of the Miguel Servet Fund from Carlos
III National Institute of Health (CPII17/00013). AL-B is an
investigator of the I3 Fund for Scientific Research (Spanish
Ministry of Economy and Competitiveness).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2020.00938/full#supplementary- material

Bartsch, R. P., Liu, K. K. L., Bashan, A., and Ivanov, P. C. (2015). Network
physiology: how organ systems dynamically interact. PLoS One 10:¢0142143.
doi: 10.1371/journal.pone.0142143

Bashan, A. Bartsch, R. P., Kantelhardt, J. W., Havlin, S., and Ivanov,
P. C. (2012). Network physiology reveals relations between network
topology and physiological function. Nat. Commun. 3:702. doi: 10.1038/
ncomms1705

Bayol, S. A,, Bruce, C. R., and Wadley, G. D. (2014). Growing healthy muscles to
optimise metabolic health into adult life. . Dev. Origins Health Dis. 5, 420-434.
doi: 10.1017/S2040174414000452

Bayol, S. A., Farrington, S. J., and Stickland, N. C. (2007). A maternal “junk food”
diet in pregnancy and lactation promotes an exacerbated taste for “junk food”
and a greater propensity for obesity in rat offspring. Br. J. Nutr. 98, 843-851.
doi: 10.1017/S0007114507812037

Bayol, S. A., Simbi, B. H., and Stickland, N. C. (2005). A maternal cafeteria diet
during gestation and lactation promotes adiposity and impairs skeletal muscle

Frontiers in Physiology | www.frontiersin.org

July 2020 | Volume 11 | Article 938


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153564
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153564
https://www.frontiersin.org/articles/10.3389/fphys.2020.00938/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2020.00938/full#supplementary-material
https://doi.org/10.1093/hmg/ddt158
https://doi.org/10.1007/978-1-4615-9032-3_13
https://doi.org/10.1007/978-1-4615-9032-3_13
https://doi.org/10.1038/ncb1403
https://doi.org/10.2337/db10-1575
https://doi.org/10.2337/db10-1575
https://doi.org/10.1371/journal.pone.0142143
https://doi.org/10.1038/ncomms1705
https://doi.org/10.1038/ncomms1705
https://doi.org/10.1017/S2040174414000452
https://doi.org/10.1017/S0007114507812037
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Prats-Puig et al.

Gestational Obesity and Muscle Co-methylation Interactions

development and metabolism in rat offspring at weaning. J. Physiol. 567(Pt 3),
951-961. doi: 10.1113/jphysiol.2005.088989

Bragg, F., Li, L., Bennett, D., Guo, Y., Lewington, S., Bian, Z., et al. (2016).
Association of random plasma glucose levels with the risk for cardiovascular
disease among Chinese adults without known diabetes. JAMA Cardiol. 1,
813-823. doi: 10.1001/jamacardio.2016.1702

Briining, J. C., Michael, M. D., Winnay, J. N., Hayashi, T., Horsch, D., Accili, D.,
etal. (1998). A muscle-specific insulin receptor knockout exhibits features of the
metabolic syndrome of NIDDM without altering glucose tolerance. Mol. Cell. 2,
559-569. doi: 10.1016/S1097-2765(00)80155-0

Cardinali, B., Cappella, M., Provenzano, C., Garcia-Manteiga, J. M., Lazarevic, D.,
Cittaro, D., et al. (2016). MicroRNA-222 regulates muscle alternative splicing
through Rbm24 during differentiation of skeletal muscle cells. Cell Death Dis.
7:€2086. doi: 10.1038/cddis.2016.10

Carrascosa, A., Ferndndez, J. M., Ferndndez, C., Ferrandez, A., Lopez-Siguero,
J. P., Sanchez, E., et al. (2008). Estudios espaioles de crecimiento 2008. Nuevos
patrones antropométricos. Endocrinol. Nutr. 55, 484-506. doi: 10.1016/S1575-
0922(08)75845-5

Chal, J., and Pourquié, O. (2017). Making muscle: skeletal myogenesis in vivo and
in vitro. Development 144, 2104-2122. doi: 10.1242/dev.151035

Collins, J. E., Bartlett, K., Leonard, J. V., and Aynsley-Green, A. (1990). Glucose
production rates in type 1 glycogen storage disease. J. Inherit. Metab. Dis. 13,
195-206. doi: 10.1007/BF01799686

Davegardh, C., Broholm, C., Perfilyev, A., Henriksen, T., Garcia-Calzén, S., Peijs,
L., et al. (2017). Abnormal epigenetic changes during differentiation of human
skeletal muscle stem cells from obese subjects. BMC Med. 15:39. doi: 10.1186/
512916-017-0792-x

Davis, R. L., Weintraub, H., and Lassar, A. B. (1987). Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51, 987-1000. doi:
10.1016/0092-8674(87)90585-X

DeFronzo, R. A., Jacot, E., Jequier, E., Maeder, E., Wahren, J., and Felber, J. P.
(1981). The effect of insulin on the disposal of intravenous glucose: results from
indirect calorimetry and hepatic and femoral venous catheterization. Diabetes
Metab. Res. Rev. 30, 1000-1007. doi: 10.2337/diab.30.12.1000

DeFronzo, R. A., and Tripathy, D. (2009). Skeletal muscle insulin resistance is
the primary defect in type 2 diabetes. Diabetes Care 32(Suppl._2), S157-S163.
doi: 10.2337/dc09-5302

Di Angelantonio, E., Gao, P., Khan, H., Butterworth, A. S., Wormser, D,
Kaptoge, S., et al. (2014). Glycated hemoglobin measurement and prediction
of cardiovascular disease. JAMA 311, 1225-1233. doi: 10.1001/jama.2014.1873

Dierck, F., Kuhn, C., Rohr, C., Hille, S., Braune, J., Sossalla, S., et al. (2017). The
novel cardiac z-disc protein CEFIP regulates cardiomyocyte hypertrophy by
modulating calcineurin signaling. J. Biol. Chem. 292, 15180-15191. doi: 10.
1074/jbc.M117.786764

Doherty, K. R., Cave, A., Davis, D. B., Delmonte, A. J., Posey, A., Earley, J. U,
et al. (2005). Normal myoblast fusion requires myoferlin. Development 132,
5565-5575. doi: 10.1242/dev.02155

Gallagher, D., Steven, B., Heymsfield, S. B., and Wang, Z. M. (1999). The
Role of Protein and Amino Acids in Sustaining and Enhancing Performance.
Washington, DC: National Academy Press, 255-277.

Gang, E. ], Jeong, J. A.,, Hong, S. H., Hwang, S. H., Kim, S. W,, Yang, I. H,,
et al. (2004). Skeletal myogenic differentiation of mesenchymal stem cells
isolated from human umbilical cord blood. Stem Cells 22, 617-624. doi: 10.1634/
stemcells.22-4-617

Gardner, D. S., and Rhodes, P. (2009). Developmental origins of obesity:
programming of food intake or physical activity? Adv. Exp. Med. Biol. 646,
83-93. doi: 10.1007/978-1-4020-9173-5_9

Gautel, M., and Djinoviae-Carugo, K. (2016). The sarcomeric cytoskeleton: from
molecules to motion. J. Exp. Biol. 219(Pt 2), 135-145. doi: 10.1242/jeb.124941

Griffin, C. A., Apponi, L. H., Long, K. K., and Pavlath, G. K. (2010). Chemokine
expression and control of muscle cell migration during myogenesis. J. Cell Sci.
123, 3052-3060. doi: 10.1242/jcs.066241

Grundberg, E., Meduri, E., Sandling, J. K., Hedman, A. K., Keildson, S., Buil,
A, et al. (2013). Global analysis of DNA methylation variation in adipose
tissue from twins reveals links to disease-associated variants in distal regulatory
elements. Am. J. Hum. Genet. 93, 876-890. doi: 10.1016/j.ajhg.2013.10.004

Heissler, S. M., and Sellers, J. R. (2014). Myosin light chains: teaching old dogs new
tricks. Bioarchitecture 4, 169-188. doi: 10.1080/19490992.2015.1054092

Hochner, H., Friedlander, Y., Calderon-Margalit, R., Meiner, V., Sagy, Y., Avgil-
Tsadok, M., et al. (2012). Associations of maternal prepregnancy body mass
index and gestational weight gain with adult offspring cardiometabolic risk
factors: the Jerusalem Perinatal Family Follow-up Study. Circulation 125, 1381—
1389. doi: 10.1161/CIRCULATIONAHA.111.070060

Holtzer, H., Biehl, J., Yeoh, G., Meganathan, R., and Kaji, A. (1975a). Effect of
oncogenic virus on muscle differentiation. Proc. Natl. Acad. Sci. U.S.A. 72,
4051-4055. doi: 10.1073/pnas.72.10.4051

Holtzer, H., Rubinstein, N., Fellini, S., Yeoh, G., Chi, J., Birnbaum, J., et al. (1975b).
Lineages, quantal cell cycles, and the generation of cell diversity. Q. Rev. Biophys.
8, 523-557. doi: 10.1017/50033583500001980

Jacobsen, S. C., Brens, C., Bork-Jensen, J., Ribel-Madsen, R., Yang, B., Lara, E.,
et al. (2012). Effects of short-term high-fat overfeeding on genome-wide DNA
methylation in the skeletal muscle of healthy young men. Diabetologia 55,
3341-3349. doi: 10.1007/s00125-012-2717-8

Jacquemin, P., Hwang, J. J., Martial, J. A., Doll¢, P., and Davidson, I. (1996). A
novel family of developmentally regulated mammalian transcription factors
containing the TEA/ATTS DNA binding domain. J. Biol. Chem. 271, 21775~
21785. doi: 10.1074/jbc.271.36.21775

Jaenisch, R., and Bird, A. (2003). Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nat. Genet. 33, 245-254.
doi: 10.1038/ng1089

Karstoft, K., and Pedersen, B. K. (2016). Skeletal muscle as a gene regulatory
endocrine organ. Curr. Opin. Clin. Nutr. Metab. Care 19, 270-275. doi: 10.1097/
MCO0.0000000000000283

Kim, J., Williams, F. J., Dreger, D. L., Plassais, J., Davis, B. W, Parker, H. G., et al.
(2018). Genetic selection of athletic success in sport-hunting dogs. Proc. Natl.
Acad. Sci. U.S.A. 115, E7212-E7221. doi: 10.1073/pnas.1800455115

Leal, L. G., Lopes, M. A., and Batista, M. L. (2018). Physical exercise-induced
myokines and muscle-adipose tissue crosstalk: a review of current knowledge
and the implications for health and metabolic diseases. Front. Physiol. 9:1307.
doi: 10.3389/fphys.2018.01307

Lee, T. 1., and Young, R. A. (2013). Transcriptional regulation and its misregulation
in disease. Cell 152, 1237-1251. doi: 10.1016/j.cell.2013.02.014

Lim, D., Bowdin, S. C., Tee, L., Kirby, G. A,, Blair, E., Fryer, A, et al. (2009).
Clinical and molecular genetic features of Beckwith-Wiedemann syndrome
associated with assisted reproductive technologies. Hum. Reprod. 24, 741-747.
doi: 10.1093/humrep/den406

Lin, A, Liu, K. K, Bartsch, R. P., and Ivanov, P. C. (2020). Dynamic network
interactions among distinct brain rhythms as a hallmark of physiologic state
and function. Commun. Biol. 3, 1-11.

Lin, A,, Liu, K. K. L., Bartsch, R. P., and Ivanov, P. C. (2016). Delay-correlation
landscape reveals characteristic time delays of brain rhythms and heart
interactions. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 374:20150182. doi:
10.1098/rsta.2015.0182

Lin, B. L, Li, A., Mun, J. Y., Previs, M. J., Previs, S. B., Campbell, S. G., et al. (2018).
Skeletal myosin binding protein-C isoforms regulate thin filament activity
in a Ca2+4-dependent manner. Sci. Rep. 8:2604. doi: 10.1038/s41598-018-
21053-1

Meng, L.-B., Shan, M.-],, Qiu, Y., Qi, R., Yu, Z.-M.,, Guo, P, et al. (2019). TPM2
as a potential predictive biomarker for atherosclerosis. Aging 11, 6960-6982.
doi: 10.18632/aging.102231

Mukherjee, K., Ishii, K., Pillalamarri, V., Kammin, T., Atkin, J. F., Hickey,
S. E., et al. (2016). Actin capping protein CAPZB regulates cell morphology,
differentiation, and neural crest migration in craniofacial morphogenesist.
Hum. Mol. Genet. 25, 1255-1270. doi: 10.1093/hmg/ddw006

Munters, L. A., Loell, I, Ossipova, E., Raouf, J., Dastmalchi, M., Lindroos, E.,
et al. (2016). Endurance exercise improves molecular pathways of aerobic
metabolism in patients with myositis. Arthr. Rheumatol. 68, 1738-1750. doi:
10.1002/art.39624

Murphy, S. K., Huang, Z., and Hoyo, C. (2012). Differentially methylated regions of
imprinted genes in prenatal, perinatal and postnatal human tissues. PLoS One
7:€40924. doi: 10.1371/journal.pone.0040924

Nichols, G. A., Hillier, T. A., and Brown, J. B. (2008). Normal fasting plasma
glucose and risk of type 2 diabetes diagnosis. Am. J. Med. 121, 519-524. doi:
10.1016/j.amjmed.2008.02.026

Nieman, D. C.,, and Pence, B. D. (2019). Exercise immunology: future directions.
J. Sport Health Sci. 21(Suppl. 1), S61-S68. doi: 10.1016/].JSHS.2019.12.003

Frontiers in Physiology | www.frontiersin.org

July 2020 | Volume 11 | Article 938


https://doi.org/10.1113/jphysiol.2005.088989
https://doi.org/10.1001/jamacardio.2016.1702
https://doi.org/10.1016/S1097-2765(00)80155-0
https://doi.org/10.1038/cddis.2016.10
https://doi.org/10.1016/S1575-0922(08)75845-5
https://doi.org/10.1016/S1575-0922(08)75845-5
https://doi.org/10.1242/dev.151035
https://doi.org/10.1007/BF01799686
https://doi.org/10.1186/s12916-017-0792-x
https://doi.org/10.1186/s12916-017-0792-x
https://doi.org/10.1016/0092-8674(87)90585-X
https://doi.org/10.1016/0092-8674(87)90585-X
https://doi.org/10.2337/diab.30.12.1000
https://doi.org/10.2337/dc09-S302
https://doi.org/10.1001/jama.2014.1873
https://doi.org/10.1074/jbc.M117.786764
https://doi.org/10.1074/jbc.M117.786764
https://doi.org/10.1242/dev.02155
https://doi.org/10.1634/stemcells.22-4-617
https://doi.org/10.1634/stemcells.22-4-617
https://doi.org/10.1007/978-1-4020-9173-5_9
https://doi.org/10.1242/jeb.124941
https://doi.org/10.1242/jcs.066241
https://doi.org/10.1016/j.ajhg.2013.10.004
https://doi.org/10.1080/19490992.2015.1054092
https://doi.org/10.1161/CIRCULATIONAHA.111.070060
https://doi.org/10.1073/pnas.72.10.4051
https://doi.org/10.1017/S0033583500001980
https://doi.org/10.1007/s00125-012-2717-8
https://doi.org/10.1074/jbc.271.36.21775
https://doi.org/10.1038/ng1089
https://doi.org/10.1097/MCO.0000000000000283
https://doi.org/10.1097/MCO.0000000000000283
https://doi.org/10.1073/pnas.1800455115
https://doi.org/10.3389/fphys.2018.01307
https://doi.org/10.1016/j.cell.2013.02.014
https://doi.org/10.1093/humrep/den406
https://doi.org/10.1098/rsta.2015.0182
https://doi.org/10.1098/rsta.2015.0182
https://doi.org/10.1038/s41598-018-21053-1
https://doi.org/10.1038/s41598-018-21053-1
https://doi.org/10.18632/aging.102231
https://doi.org/10.1093/hmg/ddw006
https://doi.org/10.1002/art.39624
https://doi.org/10.1002/art.39624
https://doi.org/10.1371/journal.pone.0040924
https://doi.org/10.1016/j.amjmed.2008.02.026
https://doi.org/10.1016/j.amjmed.2008.02.026
https://doi.org/10.1016/J.JSHS.2019.12.003
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Prats-Puig et al.

Gestational Obesity and Muscle Co-methylation Interactions

Oken, E., Rifas-Shiman, S. L., Field, A. E., Frazier, A. L., and Gillman, M. W. (2008).
Maternal gestational weight gain and offspring weight in adolescence. Obstetr.
Gynecol. 112, 999-1006. doi: 10.1097/A0G.0b013e31818a5d50

Ollikainen, M., Ismail, K., Gervin, K., Kyllénen, A., Hakkarainen, A., Lundbom, J.,
et al. (2015). Genome-wide blood DNA methylation alterations at regulatory
elements and heterochromatic regions in monozygotic twins discordant for
obesity and liver fat. Clin. Epigenet. 7:39. doi: 10.1186/s13148-015-0073-5

Olson, C. M. (2008). Achieving a healthy weight gain during pregnancy. Annu. Rev.
Nutr. 28, 411-423. doi: 10.1146/annurev.nutr.28.061807.155322

Olson, C. M., Strawderman, M. S., and Dennison, B. A. (2009). Maternal Weight
Gain During Pregnancy and Child Weight at Age 3 Years. Matern. Child Health
J. 13, 839-846. doi: 10.1007/s10995-008-0413-6

Patel, H. P., Al-Shanti, N., Davies, L. C., Barton, S. J., Grounds, M. D., Tellam, R. L.,
et al. (2014). Lean mass, muscle strength and gene expression in community
dwelling older men: findings from the hertfordshire sarcopenia study (HSS).
Calcif. Tissue Int. 95, 308-316. doi: 10.1007/s00223-014-9894-z

Pedersen, B. K. (2013). Muscle as a secretory organ. Comprehensive Physiol. 3,
1337-1362. doi: 10.1002/cphy.c120033

Pillon, N. J., Gabriel, B. M., Dollet, L., Smith, J. A. B., Sardén Puig, L., Botella, J.,
etal. (2020). Transcriptomic profiling of skeletal muscle adaptations to exercise
and inactivity. Nat. Commun. 11:470. doi: 10.1038/s41467-019-13869-w

Powell, R. C., Wentworth, S. M., and Brandt, I. K. (1981). Endogenous glucose
production in type I glycogen storage disease. Metabolism 30, 443-450. doi:
10.1016/0026-0495(81)90178-5

Reynolds, R. M., Osmond, C., Phillips, D. I. W., and Godfrey, K. M. (2010).
Maternal BMI, parity, and pregnancy weight gain: influences on offspring
adiposity in young adulthood. J. Clin. Endocrinol. Metab. 95, 5365-5369. doi:
10.1210/jc.2010-0697

Ruan, J., Dean, A. K., and Zhang, W. (2010). A general co-expression network-
based approach to gene expression analysis: comparison and applications. BMC
Syst. Biol. 4:8. doi: 10.1186/1752-0509-4-8

Sarwar, N., Gao, P., Seshasai, S. R. K., Gobin, R., Kaptoge, S., Di Angelantonio, E.,
et al. (2010). Diabetes mellitus, fasting blood glucose concentration, and risk of
vascular disease: a collaborative meta-analysis of 102 prospective studies. Lancet
375, 2215-2222. doi: 10.1016/S0140-6736(10)60484-9

Seaborne, R. A., Strauss, J., Cocks, M., Shepherd, S., O’Brien, T. D., van Someren,
K. A, et al. (2018). Human skeletal muscle possesses an epigenetic memory of
hypertrophy. Sci. Rep. 8, 1-17. doi: 10.1038/s41598-018-20287-3

Seshasai, S. R, Bowdin, S. C,, Tee, L., Kirby, G. A., Blair, E., Kaptoge, S., etal. (2011).
Diabetes mellitus, fasting glucose, and risk of cause-specific death. N. Engl. J.
Med. 364, 829-841. doi: 10.1056/NEJMo0al008862

Sharples, A. P., Polydorou, 1., Hughes, D. C., Owens, D. J., Hughes, T. M., and
Stewart, C. E. (2016a). Skeletal muscle cells possess a ‘memory’ of acute early
life TNF-o exposure: role of epigenetic adaptation. Biogerontology 17, 603-617.
doi: 10.1007/s10522-015-9604-x

Sharples, A. P., Stewart, C. E., and Seaborne, R. A. (2016b). Does skeletal muscle
have an ‘epi’-memory? The role of epigenetics in nutritional programming,
metabolic disease, aging and exercise. Aging Cell 15, 603-616. doi: 10.1111/acel.
12486

Shelley, P., Martin-Gronert, M. S., Rowlerson, A., Poston, L., Heales, S. J. R,,
Hargreaves, L. P, et al. (2009). Altered skeletal muscle insulin signaling and
mitochondrial complex II-IIT linked activity in adult offspring of obese mice.
Am. J. Physiol. Regul. Integr. Compar. Physiol. 297, R675-R681. doi: 10.1152/
ajpregu.00146.2009

Shieh, J. J., Pan, C. J., Mansfield, B. C., and Chou, J. Y. (2004). A potential new
role for muscle in blood glucose homeostasis. J. Biol. Chem. 279, 26215-26219.
doi: 10.1074/jbc.M402036200

Simar, D., Chen, H., Lambert, K., Mercier, J., and Morris, M. J. (2012). Interaction
between maternal obesity and post-natal over-nutrition on skeletal muscle
metabolism. Nutr. Metab. Cardiovasc. Dis. NMCD 22, 269-276. doi: 10.1016/
j-numecd.2010.11.007

Skinner, M. K. (2011). Role of epigenetics in developmental biology and
transgenerational inheritance. Birth Defects Res. Part C Embryo Today? Rev. 93,
51-55. doi: 10.1002/bdrc.20199

Stavroulakis, G. A., and George, K. P. (2020). Exercise-induced release of troponin.
Clin. Cardiol. doi: 10.1002/clc.23337 [Epub ahead of print].

Stewart, A. F., Larkin, S. B., Farrance, I. K., Mar, J. H., and Hall, D. E. (1994).
Muscle-enriched TEF-1 isoforms bind M-CAT elements from muscle-specific
promoters and differentially activate transcription. J. Biol. Chem. 269, 3147—
3150.

Stewart, A. F., Richard, C. W., Suzow, J., Stephan, D., Weremowicz, S., Morton,
C. C, et al. (1996). Cloning of human RTEF-1, a transcriptional enhancer
factor-1-related gene preferentially expressed in skeletal muscle: evidence for
an ancient multigene family. Genomics 37, 68-76. doi: 10.1006/geno.1996.0522

Subbotina, E., Sierra, A., Zhu, Z., Gao, Z., Koganti, S. R. K., Reyes, S., et al. (2015).
Musclin is an activity-stimulated myokine that enhances physical endurance.
Proc. Natl. Acad. Sci. US.A. 112, 16042-16047. doi: 10.1073/pnas.1514
250112

Sun, L., and Sun, S. (2019). Within-sample co-methylation patterns in normal
tissues. BioData Mining 12:9. doi: 10.1186/S13040-019-0198-8

Tirosh, A., Shai, I, Tekes-Manova, D., Israeli, E., Pereg, D., Shochat, T., et al. (2005).
Normal fasting plasma glucose levels and type 2 diabetes in young men. New
Engl. J. Med. 353, 1454-1462. doi: 10.1056/NEJMo0a050080

Tong, J. F., Yan, X, Zhu, M. J., Ford, S. P., Nathanielsz, P. W., and Du, M.
(2009). Maternal obesity downregulates myogenesis and beta-catenin signaling
in fetal skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 296, E917-E924.
doi: 10.1152/ajpend0.90924.2008

Tsalikian, E., Simmons, P., Gerich, J. E., Howard, C., and Haymond, M. W.
(1984). Glucose production and utilization in children with glycogen storage
disease type lam. J. Physiol. 247, E513-E519. doi: 10.1152/ajpendo.1984.247.4.
E513

Vickers, M. H. (2014). Developmental programming and transgenerational
transmission of obesity. Ann. Nutr. Metab. 64, 26-34. doi: 10.1159/000360506

Wandell, P. E., and Theobald, H. (2007). The association between low fasting
blood glucose value and mortality. Curr. Diabetes Rev. 3, 274-279. doi: 10.2174/
1573399810703040274

Wang, D., Liu, X,, Zhou, Y., Xie, H., Hong, X., Tsai, H. J., et al. (2012). Individual
variation and longitudinal pattern of genome-wide DNA methylation from
birth to the first two years of life. Epigenetics 7, 594-605. doi: 10.4161/epi.20117

Weintraub, H., Campbell, G. L., and Holtzer, H. (1973). Differentiation in the
presence of bromodeoxyuridine id &quot;all-or-none&quot. Nat. New Biol. 244,
140-142. doi: 10.1038/newbio244140a0

Weintraub, H., Tapscott, S. J., Davis, R. L., Thayer, M. J., Adam, M. A, Lassar, A. B.,
etal. (1989). Activation of muscle-specific genes in pigment, nerve, fat, liver, and
fibroblast cell lines by forced expression of MyoD. Proc. Natl. Acad. Sci. U.S.A.
86, 5434-5438. doi: 10.1073/pnas.86.14.5434

White, R. B., Biérinx, A.-S., Gnocchi, V. F., and Zammit, P. S. (2010). Dynamics
of muscle fibre growth during postnatal mouse development. BMC Dev. Biol.
10:21. doi: 10.1186/1471-213X-10-21

Wrotniak, B. H., Shults, J., Butts, S., and Stettler, N. (2008). Gestational weight gain
and risk of overweight in the offspring at age 7 y in a multicenter, multiethnic
cohort study. Am. J. Clin. Nutr. 87, 1818-1824. doi: 10.1093/ajcn/87.6.1818

Yoshida, T. (2008). MCAT elements and the TEF-1 family of transcription factors
in muscle development and disease. Arterioscler. Thromb. Vasc. Biol. 28, 8-17.
doi: 10.1161/ATVBAHA.107.155788

Zaccardi, F., Webb, D. R., Kurl, S., Khunti, K., Davies, M. J., and Laukkanen,
J. A. (2015). Inverse association between fasting plasma glucose and risk of
ventricular arrhythmias. Diabetologia 58, 1797-1802. doi: 10.1007/500125-015-
3646-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Prats-Puig, Garcia-Retortillo, Puig-Parnau, Vasileva, Font-Lladé,
Xargay-Torrent, Carreras-Badosa, Mas-Parés, Bassols and Lopez-Bermejo. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

July 2020 | Volume 11 | Article 938


https://doi.org/10.1097/AOG.0b013e31818a5d50
https://doi.org/10.1186/s13148-015-0073-5
https://doi.org/10.1146/annurev.nutr.28.061807.155322
https://doi.org/10.1007/s10995-008-0413-6
https://doi.org/10.1007/s00223-014-9894-z
https://doi.org/10.1002/cphy.c120033
https://doi.org/10.1038/s41467-019-13869-w
https://doi.org/10.1016/0026-0495(81)90178-5
https://doi.org/10.1016/0026-0495(81)90178-5
https://doi.org/10.1210/jc.2010-0697
https://doi.org/10.1210/jc.2010-0697
https://doi.org/10.1186/1752-0509-4-8
https://doi.org/10.1016/S0140-6736(10)60484-9
https://doi.org/10.1038/s41598-018-20287-3
https://doi.org/10.1056/NEJMoa1008862
https://doi.org/10.1007/s10522-015-9604-x
https://doi.org/10.1111/acel.12486
https://doi.org/10.1111/acel.12486
https://doi.org/10.1152/ajpregu.00146.2009
https://doi.org/10.1152/ajpregu.00146.2009
https://doi.org/10.1074/jbc.M402036200
https://doi.org/10.1016/j.numecd.2010.11.007
https://doi.org/10.1016/j.numecd.2010.11.007
https://doi.org/10.1002/bdrc.20199
https://doi.org/10.1002/clc.23337
https://doi.org/10.1006/geno.1996.0522
https://doi.org/10.1073/pnas.1514250112
https://doi.org/10.1073/pnas.1514250112
https://doi.org/10.1186/S13040-019-0198-8
https://doi.org/10.1056/NEJMoa050080
https://doi.org/10.1152/ajpendo.90924.2008
https://doi.org/10.1152/ajpendo.1984.247.4.E513
https://doi.org/10.1152/ajpendo.1984.247.4.E513
https://doi.org/10.1159/000360506
https://doi.org/10.2174/1573399810703040274
https://doi.org/10.2174/1573399810703040274
https://doi.org/10.4161/epi.20117
https://doi.org/10.1038/newbio244140a0
https://doi.org/10.1073/pnas.86.14.5434
https://doi.org/10.1186/1471-213X-10-21
https://doi.org/10.1093/ajcn/87.6.1818
https://doi.org/10.1161/ATVBAHA.107.155788
https://doi.org/10.1007/s00125-015-3646-0
https://doi.org/10.1007/s00125-015-3646-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	DNA Methylation Reorganization of Skeletal Muscle-Specific Genes in Response to Gestational Obesity
	Introduction
	Methods
	Study Population and Ethics
	Maternal Anthropometric Assessments
	Infants Anthropometric and Metabolic Assessments
	Umbilical Cord Tissue Sample Collection and DNA Methylation Analysis
	CpGs Co-methylation Matrices and Networks
	Statistics

	Results
	Gestational Obesity and DNA Methylation Changes
	Gestational Obesity and Co-methylation Interactions
	DNA Methylation Levels Correlates With Anthropometric and Metabolic Variables in the Offspring

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


