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Abstract: Plasminogen activator inhibitor (PAI-1) expression has been associated with a higher
risk of development of obesity. DNA methylation (DNAm) is an epigenetic mechanism regulating
gene transcription and likely involved in the fetal programming of childhood obesity. Our study
aimed to assess the associations between PAI-1 gene (SERPINE1) DNAm, plasma PAI-1 levels, and
adiposity at five years of age. We analyzed DNAm and anthropometric data from 146 girls and
177 boys from the Gen3G prospective birth cohort. We assessed adiposity using BMI z-scores,
waist circumference, total skinfolds, and percentages of total, android, and trunk fat measured
by dual-energy radiography (DXA). We estimated blood cell DNAm levels at 15 CpG sites within
SERPINET1 using the methylationEPIC array. After correction for multiple testing, we found that
lower DNAm in SERPINET intron 3 (cg11353706) was associated with greater adiposity levels in girls
(waist circumference: r = —0.258, p = 0.002; skinfolds: r = —0.212, p = 0. 013; android fat: r = —0.215,
p = 0.015; BMI z-score: r = —0.278, p < 0.001) and that lower DNAm in the SERPINE1 promoter
(cg19722814) was associated with higher plasma PAI-1 levels in boys (r = —0.178, p = 0.021). Our study
suggests that DNAm levels at the SERPINE1 gene locus are negatively correlated with adiposity, but
not with plasma PAI-1 levels, in young girls only.
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1. Introduction

The prevalence of childhood obesity has increased dramatically over the past few
decades, now affecting 39 million children aged five and below worldwide (2020) [1].
Obesity is defined as an excessive accumulation of fat mass that can affect health [1]. To
classify adiposity levels, the World Health Organization (WHO) recommends the use of
the body mass index (BMI), which consists of the measurement of weight in kilograms (kg)
divided by the square of the height in meters (m). In children aged 5 to 19 years, the WHO
recommends the use of BMI z-scores, which are BMI measures adjusted for age and sex [1].
The threshold for childhood obesity consists of the 97th percentile BMI by age group and
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sex, which is equivalent to a BMI z-score of 2 [2]. Development of obesity at an early age is
associated with an increased risk of metabolic, cardiovascular, and liver diseases earlier in
life [3], and an increased risk of obesity in adulthood [4]. A better understanding of the
mechanisms underlying its development is therefore urgently needed to develop better
and updated preventive approaches.

Plasminogen activator inhibitor (PAI-1) is a glycoprotein primarily known to regulate
fibrinolysis by inhibiting both tissue-type and urokinase-type plasminogen activators (t-Pa
and u-Pa) [5]. PAI-1is secreted by adipocytes, among other cell types [6], and its expression
is upregulated in the contexts of obesity [7] and insulin resistance [8,9]. High plasma PAI-1
levels are associated with an increased cardiovascular risk in obese individuals due to
the glycoprotein’s pro-thrombotic effect and the risk factors it represents [10]. However,
rather than just being a marker of obesity and insulin resistance states, PAI-1 could also be
implicated in pathophysiological mechanisms underlying their development.

Indeed, PAI-1 has been associated with insulin signaling impairments by competing
with av33 integrin for vitronectin binding, which is required for complete activation of
insulin receptor substrate (IRS) [11]. In addition, due to its inhibitory effect on t-Pa and
u-Pa, which are implicated in extracellular matrix degradation, PAI-1 has been associated
with decreased angiogenesis in adipose tissue [12], which could promote development of
this tissue by inhibiting the release of fatty acids [8]. Moreover, studies conducted with
diet-induced obesity mice models showed a protective effect of both pharmacological
inhibition, using an inhibitor of PAI-1 (PAI-039), and genetic deletion of PAI-1 against the
development of both obesity and insulin resistance [13,14]. A decrease in the infiltration of
pro-inflammatory macrophages into adipose tissue has also been reported [15,16]. Despite
conflicting results in the literature [17-19], these data suggest a possible causal role for
PAI-1 in the development of obesity.

Genetic, epigenetic, and transcriptomic studies also support the role of PAI-1 in the
development of obesity and insulin resistance. For instance, the 4G allele of the 4G/5G
polymorphism of the SERPINE1 gene, which is associated with increased gene transcription
of the glycoprotein, was overrepresented in obese adults as compared to the 5G allele that
is not associated with elevated transcription [20]. Lopez-Legarrea et al. also reported
associations between DNA methylation (DNAm) levels in venous blood samples at the
promoter region of the SERPINE1 gene and anthropometric and metabolic changes in obese
adults undergoing a calorie-restricted diet [21]. DNAm consists of the addition of a methyl
group to the fifth carbon of a cytosine which is followed by guanine [22], which is well
known to regulate gene transcription. DNAm is an epigenetic modification that is also
central to the concept of programming chronic diseases such as obesity [23]. However, no
study has investigated the association between DNAm levels at the SERPINET locus and
adiposity in childhood, a critical period for metabolic health programming.

We thus hypothesized that blood cell DNAm variations at the SERPINE1 gene locus
contribute to the regulation of the expression of PAI-1 and the development of obesity
in childhood. To test our hypothesis, we first assessed the association between plasma
PAI-1 levels and different markers of adiposity at 5 years of age. We then investigated the
association between SERPINE1 DNAm levels in blood cells and adiposity markers and
plasma PAI-1 levels at 5 years of age.

2. Results
2.1. Participant Characteristics

The characteristics of the 341 children selected for this study are shown in Table 1.
Briefly, girls and boys were ~64.2 months old on average. Mean (+standard deviation
(SD)) PAI-1 plasma levels were higher in girls compared to boys (9.99 £ 12.29 pg/mL vs.
7.84 £ 6.39 pg/mL; p = 0.049). Girls had a mean BMI z-score of 0.279 % 0.971, skinfold
thickness of 35.47 £ 11.99 mm, and waist circumference of 54.61 £ 4.79 cm. In girls,
the mean percent trunk, android, and total fat measured by DXA was 28.81 £ 4.60%,
29.03 £ 5.36%, and 33.06 & 4.33%, respectively. Boys had a similar mean BMI z-score
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(0.188 4 0.932; p = 0.382) as compared to girls. However, they had lower mean skinfold
thickness (28.01 £ 7.77 mm; p < 0.001), waist circumference (53.65 =+ 3.44 cm; p = 0.038), and
percentages of trunk, android, and total fat measured by DXA (23.89 £ 3.03%, 24.11 £ 3.26%,
and 28.46 %+ 3.32%, respectively; p < 0.001).

Table 1. Characteristics of Gen3G children included in this analysis, stratified by sex.

Girls Boys
Characteristics p*
Nb Mean + SD Range Nb Mean £+ SD Range

Age, months 157 64.18 + 3.83 58.07-79.47 184 64.17 £+ 4.01 57.73-86.43 0.982
PAI-1, pg/mL 157 9.99 +12.29 1.32-111.87 184 7.84 £ 6.39 0.93-41.33 0.049
Weight, kg 157 19.22 + 3.40 13.10-36.50 184 19.64 £2.79 13.00-32.80 0.212
Height, cm 157 109.9 +5.2 98.05-129.55 184 112.0 £ 49 101.0-126.1 <0.001
BMI, kg/m? 157 15.82 £ 1.77 12.36-24.15 184 15.59 +1.29 12.50-20.64 0.142
BMI z-score 157 0279 +£0971  —2.38-4.120 184 0.188 £ 0.932 —2.57-3.22 0.382
Total skinfold thickness @, mm 155 3547 £11.99  18.63-96.83 184 28.01 £7.77 15.67-76.42 <0.001
Waist circumference, cm 157 54.61 +4.79 44.30-77.20 184 53.65 + 3.44 45.85-72.50 0.038
DXA trunk fat, % 144 28.81 + 4.60 18.90-45.80 164 23.89 +3.03 18.40-33.30 <0.001
DXA android fat, % 144 29.03 £5.36 18.10-49.80 164 2411 £3.26 17.90-34.80 <0.001
DXA total fat, % 144 33.06 & 4.33 21.90-47.00 164 28.46 £ 3.32 22.30-39.00 <0.001

Smad

HREL ERE

Note: * Student’s t-test. Significant results with p-value < 0.05 are in bold. Abbreviations: BMI, body mass index;
DXA, dual-energy X-ray absorptiometry; PAI-1, plasminogen activator inhibitor. # Total skinfold thickness is the
sum of biceps, triceps, subscapular, and suprailiac skinfolds.

2.2. Genomic Context of the SERPINE1 Gene

The human SERPINET gene is localized on chromosome 7q22.1. The 15 CpG sites
analyzed are shown in their genomic context, including the indexed transcription factor
binding sites (TFBS), in Figure 1. Their genomic locations are reported in Table S1. The
co-correlations between DNAm levels at each of the CpG sites analyzed were also tested.
Overall, only weak correlations have been observed (Tables S2-54).

SERPINE1 Chr7: 100770370, 100782547 (GRCh37/hg19)

g20773815
§24539923—|
g19722814—

cg01975495:
c502704551~i

g01971264 —|

€cg08792542
g12584335

cg11353706 ——{

Figure 1. Human SERPINEI1 gene locus and the 15 CpG sites analyzed.

The figure shows the SERPINE1 gene locus, its transcript, and the alternative BX649164
transcript (chr7: 100,774,814 [24]). The 15 CpG sites analyzed, and their “CG” identification
number are also represented. Exons are shown as black boxes. Transcription factor binding
sites are also shown: three hypoxia-responsive elements (HRE; —452, —195, and —161 from
the TSS), an estrogen response element (ERE at —427 to —407), one SMAD protein-binding
site mediating TGF-3 responsiveness (Smad at —280) and a p53 responsiveness element
(P53 at —159 to —134) in the same region of a binding site for a PAI-1 negative regulator
(E2F) [25].
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2.3. Associations between Plasma PAI-1 Levels and Adiposity Levels at 5 Years of Age

We first tested the cross-sectional associations between plasma PAI-1 levels and adi-
posity markers in all children together. Only trends toward associations were obtained with
waist circumference and percentages of trunk and total fat (r = 0.095, p = 0.081; r = 0.108,
p = 0.059; r = 0.104, p = 0.070, respectively) (Table S5). We then tested for an interaction
term between plasma PAI-1 levels and sex, which was assessed for each of the adiposity
marker dependent variables (Table S5). Because no interaction term reached the significance
threshold (p < 0.05), the analyses were not repeated in boys and girls separately.

2.4. Associations between Blood Cell DNAm Levels at the SERPINE1 Gene Locus and Plasma
PAI-1 Levels at 5 Years of Age

We then tested the cross-sectional associations between blood cell DNAm levels
and plasma PAI-1 levels in all children together but none of the associations reached the
threshold for significance (Table S6). However, we also tested for an interaction term
between DNAm and sex at each of the annotated CpG sites for the dependent variable
of plasma PAI-1 levels (Table S7). A significant interaction with sex was observed for
¢g19722814 and the analysis was repeated in both sexes separately for this CpG site. We
obtained a negative correlation between DNAm levels at cg19722814 and plasma PAI-1
levels in boys only (r = —0.178, p = 0.021) (Figure 2, Table S6). Interestingly, this CpG
site is downstream of a hypoxia-responsive element (HRE) and upstream of an estrogen-
responsive element (ERE) [25] (Figure 1).

Boys N =144
R? Linear = 0.032
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p=0.021
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Figure 2. A significant association between blood cell DNAm levels at the SERPINE1 gene locus
(cg19722814) and plasma PAI-1 levels at 5 years of age, in boys. Partial Pearson’s correlation, adjusted
for age, batch effect, cell-type heterogeneity, and BMI, was considered statistically significant at
p <0.05.

2.5. Associations between Blood Cell DNAm Levels at the SERPINE1 Gene Locus and Adiposity
Levels at 5 Years of Age

We then tested the cross-sectional associations between blood cell DNAm levels and
adiposity markers in all children but none of them reached the threshold for significance
when boys and girls were considered together in the analyses (Table S6). However, we
observed significant interactions between sex and four CpG sites (cg25826546, cg02273392,
cg11353706, and cg01975495; Table S7) for these models. These associations were therefore
retested in girls and boys separately. After correction for age, batch effect, and cell-type
heterogeneity, three CpG sites (cg25826546, cg11353706, cg01975495) correlated significantly
with adiposity markers in girls, as compared to only one (cg02273392) in boys (Table S6).
After correction for multiple testing (p < 0.017), only cg11353706 remained significantly
associated with adiposity markers in girls, including waist circumference (r = —0.258,
p = 0.002), percent android fat mass (r = —0.215, p = 0.015), skinfold thickness (r = —0.212,
p = 0.013) and BMI z-score (r = —0.278, p < 0.001), (Figure 3, Table S6).
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Figure 3. Significant associations between blood cell DNAm levels at the SERPINE1 gene locus and
adiposity levels at 5 years of age, in girls. Associations between DNAm levels at cg11353706 and
(A) waist circumference, (B) android percentage of fat mass, (C) total skinfold thickness, and (D) BMI
z-score. Partial Pearson’s correlations, adjusted for age, batch effect, and cell-type heterogeneity, were
considered statistically significant at p < 0.017 after Bonferroni correction for multiple testing (i.e.,
three independent groups of adiposity markers). Abbreviations: BMI, body mass index.

Interestingly, cg11353706 is located within the third intron of the SERPINE1 gene and
is only a few nucleotides upstream of the transcription start site of an mRNA known as
BX649164 [24] (Figure 1).

Considering specifically the CpG sites associated with adiposity, before correction
for multiple testing, DNAm levels at cg25826546 were partially correlated with those
at cgl11353706 (r = 0.267, p = 0.001) and cg01975495 (r = 0.221, p = 0.007) in girls only,
whereas DNAm levels at cg11353706 and cg01975495 were correlated with each other in
girls (r = 0.221, p = 0.007) and boys (r = 0.209, p = 0.005). Interestingly, DNAm levels
at cg02273392 did not correlate with any of the DNAm levels measured at cg25826546,
cg11353706, or cg01975495 in either girls or boys (Supplementary Tables 52-54).

3. Discussion

Growing evidence suggests that PAI-1 may have a causal role in adipogenesis. For
instance, regulatory mechanisms involved in the differentiation of PAI-1 expression are
associated with obesity in humans [19,20]. On the other hand, it is well established that
altered expression of genes through epigenetic modification can lead to adiposity dysfunc-
tion and the development of obesity [26]. Our study reports correlations between blood
cell DNAm levels at the SERPINET locus and adiposity markers as well as plasma PAI-1
levels in children aged approximately five years.

Firstly, we observed a negative correlation between blood cell DNAm levels at the
cg19722814 locus, located in the promoter region of the SERPINE1 gene, and plasma PAI-1
levels in boys only. Although this association is modest, this result is consistent with
those obtained by Gao et al., who reported a negative correlation between the degree of
methylation of the SERPINE1 5’-flanking region and PAI-1 mRNA levels in human cell
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lines [25]. One mechanism by which methylation in the promoter region can decrease gene
transcription is by preventing the binding of transcription factors to the DNA sequence [27].
Interestingly, cg19722814 is located (Genome assembly: GRCh37 (CGA:100769933)) [24]
only a few nucleotides downstream of the beginning of a transcription factor binding site
for estrogen (estrogen response element or ERE) which promotes SERPINE] transcriptional
activity [25]. Estrogen is detectable in blood circulation in prepubertal boys, although its
concentration is about eight times lower than that in girls, with far fewer interindividual
differences [28]. Accordingly, the potential role of this ERE in boys remains unclear but
might contribute to explaining the increased PAI-1 levels in girls even when cg19722814
is methylated.

Secondly, our study reports negative correlations between blood cell DNAm and
adiposity only in girls. Despite the fact that they did not consider sex in their analysis,
our results are consistent with those obtained by Lopez-Legarrea et al. [21]. However,
although we report associations in the same direction (i.e., negatively correlated), the CpG
sites identified are in different genomic contexts: gene body (cg11353706) vs. promoter
(cg20583316). Although DNAm in the promoter region very often results in transcriptional
repression, its impact when it occurs in the gene body is more complex and will depend
on the genomic context that hosts the modification [29]. Among others, the literature
currently demonstrates an implication of intronic DNAm in the regulation of tissue-specific
alternative transcript expression [30,31]. Interestingly, cg11353706 is within the third intron
of SERPINEIT, only three nucleotides upstream of the transcriptional start site of an mRNA
(BX649164) that is encoded in the middle of SERPINE1 and in a DNase hypersensitive
site (Genome assembly: GRCh37 (CGA100,774,811)) [24]. The associations we observed
between methylation levels at the cg11353706 locus and adiposity in girls could be explained
by changes in BX649164 expression in girls. Unfortunately, the function of BX649164
remains unknown to date. Fine mapping DNAm and transcriptomic analyses of this
SERPINE1-specific locus are thus needed to identify the CpG site(s) that is most likely
responsible for the association with body fat in girls at 5 years of age, and its impact on
SERPINE1/BX649164 transcriptional activities.

Although we did find correlations between SERPINE1 DNAm and plasma PAI-1 levels
in boys and adiposity in girls, no association was observed with plasma PAI-1 levels in
girls. As underlined above, the CpG site associated with adiposity in girls is located close
to the BX649164 gene initiation start site, which might be regulated by DNAm at this locus
but was not quantified in this study (mRNA or protein). Another potential hypothesis
might be linked with the Developmental Origin of Health and Disease (DOHaD) concept.
Indeed, epigenetic (DNAm) programming is one mechanism likely central to DOHaD
which allows for the regulation of gene expression in response to the environment during
critical periods of development without modifying the nucleotide sequence [22]. These
DNAm adaptations can persist after birth and promote the risk of chronic diseases later
in life, such as obesity [32]. Accordingly, the DNAm variation we have identified could
have contributed to regulate PAI-1 expression and fat mass accretion earlier in childhood
without any more contribution to circulating PAI-1 levels at 5 years of age. Further studies
are thus needed to understand when and in response to which environmental stimuli the
epigenetic programming of PAI-1 occurs.

4. Conclusions

We have identified one CpG site at the SERPINET gene locus where DNAm levels
were associated with adiposity in girls at five years of age. We also identified one CpG
site at the SERPINEI gene locus where blood cell DNAm levels were associated with
plasma PAI-1 levels in boys at five years of age. Overall, our results suggest an association
between epigenetically mediated regulation at the SERPINET locus and fat mass accretion
in girls. This is not supported by an association with plasma PAI-1 levels in girls, which
might be possible if adipose tissue expansion in response to higher PAI-1 levels occurred
during earlier developmental periods. Longitudinal approaches would therefore be highly
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relevant and should allow us to investigate this hypothesis. In addition, studies including
fine mapping analyses at the SERPINE1 gene locus as well as quantification of PAI-1 mRNA
levels in adipose tissue may help to better understand the molecular mechanisms involved
in the associations observed between DNAm and adiposity at 5 years.

5. Materials and Methods
5.1. Participant’s Selection

The participants for this study were selected from Gen3G (Genetics of Glucose regula-
tion in Gestation and Growth), a prospective pregnancy and birth cohort described in a
previous publication [33]. Briefly, between January 2010 and July 2013, all pregnant women
receiving prenatal care and planning to deliver at the Centre Hospitalier et Universitaire
de Sherbrooke (CHUS) were invited to participate in Gen3G. A total of 1024 women were
recruited during the first trimester of pregnancy. The exclusion criteria were multiple
pregnancies, drug and/or alcohol abuse, age less than 18 years, pregestational diabetes, or
diabetes diagnosed in the first trimester. In accordance with the Declaration of Helsinki,
every mother provided written informed consent before their inclusion in the study. We
conducted follow-up visits during the second trimester of pregnancy, at birth, and with
the children and mothers approximately 3 years and 5 years after delivery, during which
we collected data on multiple phenotypes and biosamples, including anthropometric
measures and venous blood samples. For this study, only children with available BMI
and DNAm data or plasma PAI-1 levels measurements at 5 years of age were selected
(n = 341:157 girls and 184 boys). The ethical review board from the CHUS approved the
protocol for this study.

5.2. Anthropometric Measurement

BMI was calculated by dividing weight by height squared (kg/m?). Height (cm)
was measured with a stadiometer (Seca, Hamburg, Germany) to the nearest 0.1 cm and
weight (kg) was measured with an electronic scale (Rice Lake Weighing systems, Rice Lake,
WI, USA). The children were barefoot and were wearing light clothing when height and
weight were measured. BMI z-scores (age- and sex-specific) were calculated with the WHO
AnthroPlus Software (Reference 2007 for 5-19 years) [34]. Waist circumference (cm) was
measured to the nearest 0.5 cm just above the iliac crest, using a Short flip Tape© measuring
tape. Skinfold thicknesses (mm) were measured at the biceps, triceps, and subscapular and
suprailiac areas to the nearest 0.5 mm, using a skinfold caliper (AMG Medical, Mont-Royal,
QC, Canada). Measurements were taken twice, and a third time if the difference between
the first two measures was greater than 10%. Total skinfold thickness (mm) was calculated
from the sum of the four-skinfold measurement means. The body composition of the
children was measured using dual-energy X-ray absorptiometry (DXA) with a Horizon
DXA system (Hologic, Marlborough, MA, USA). A trained research assistant ensured that
the limbs were in the correct position on the machine and that no metallic objects were
present. In addition, children were instructed to remain still while measurements were
taken. Hologic software (version 5.5.3.1) was used to define body regions and calculated
body fat percentage. The android fat (%), trunk fat (%), and total fat (%) data were used for
statistical analysis.

5.3. Plasmatic PAI-1 Levels Measurement

Blood samples were collected from the brachial vein from children aged 5 years in a
fasting state. Blood plasma was immediately separated from the children’s blood using
a laboratory centrifuge and put into aliquots stored at —80 °C until PAI-1 measurements
were taken. Plasma PAI-1 levels were then quantified using a multiplexed particle-based
flow cytometric assay (Human Milliplex map kits, EMD Millipore). Intra- and inter-assay
coefficients of variation were <10% and <15%, respectively.
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5.4. Measurements of DNAm

Genomic DNA was purified from whole blood samples collected at five years using the
AllPrep DNA /RNA /Protein Mini kit (QIAGEN, Hilden, Germany) and DNA concentration
was quantified using the Quant-iT™ PicoGreen™ dsDNA Assay Kit (Qiagen, German-
town, MD, USA). Extracted DNA was then bisulfite converted with an EZ-Methylation
kit (Zymo Research, Irvine, CA, USA) and analyzed for DNAm using the Infinium Methy-
lationEPIC BeadChip (Illumina, San Diego, CA, USA). Samples were randomly assigned
to plates to minimize potential technical bias. Methylation data were imported into R
(version 4.1.1) and the minfi package [35] was used for preprocessing steps, which include
sample and probe quality controls (QCs) [35]. DNAm was measured for 328 samples but
only 323 remained available for analysis after excluding two samples for failed QC, one
for sex mismatch, and two for single nucleotide polymorphism (SNP) mismatch. During
the probe QC procedures, we excluded probes because of nonsignificant detection for
more than 5% of the samples (p > 0.05). The data were then processed using functional
normalization that utilizes the control probes to adjust for technical variability [36]. We
then used regression on correlated probes (RCP), a method that uses genomic proximity
to adjust the distribution of type 2 probes to counteract technical biases [37]. Based on
the Illumina annotation manifest, we selected 15 CpG sites within the SERPINE1 gene
and extracted their DNAm beta-values (ranging from 0 to 1, as an approximation of the
percentage of methylation) for further analyses. We performed a logit transformation of the
[3-values to obtain their M-values, which normalized their distribution [38]. The M-values
were then used in the statistical analyses.

5.5. Statistical Analysis

Histograms of each variable were first visually inspected to verify distribution, and
normality was assessed using Shapiro-Wilk testing. Variables that did not follow a normal
distribution (i.e., plasma PAI-1 level, waist circumference, skinfold thickness, total % fat,
android % fat, and trunk % fat) were logj transformed, which attempted to normalize
their distribution. Student’s t-tests were applied to test for significant differences (p < 0.05)
between girls and boys.

Partial Pearson’s correlations were measured to assess the relationship between plasma
PAI-1 levels and adiposity markers at 5 years in all children together and in a model
including age and sex as covariates. We then created multivariable regression models with
the same covariates as mentioned before to test for an interaction term between plasma
PAI-1 levels and sex, assessed for every adiposity marker.

We then measured partial Pearson’s correlations to assess associations between blood
cell DNAm levels (M-values) at each of the 15 selected CpG sites within the SERPINE1 gene
locus and adiposity markers (i.e., BMI z-score, waist circumference, skinfold thickness, total
% fat, android % fat, and trunk % fat) and plasma PAI-1 levels. These analyses were firstly
conducted on all children together. Associations with adiposity markers as dependent
variables were corrected for age, sex, batch effect, and cell-type heterogeneity. The same
covariates, in addition to BMI, were used to assess the association between DNAmM and
plasma PAI-1 levels. We then created multivariable regression models with the same
variables as previously described to test for an interaction term between DNAm and seX,
assessed for every adiposity marker. CpG sites that showed significant sex interaction
terms (Pinter < 0.05) were retested in girls and boys separately, with the same covariates
as previously described, excluding sex. Associations between DNAm and plasma PAI-1
levels were considered significant at a p-value < 0.050. Associations between DNAm levels
and adiposity were considered significant at a p-value < 0.017 after Bonferroni adjustment
for multiple testing, considering three groups of adiposity markers as independent of
each other: BMI z-score in addition to central (waist circumference and trunk and android
percent fat) and total fat (skinfold and total percent fat) adiposity markers.

We also measured partial Pearson’s correlations to test for the co-correlation between
each of the 15 CpG sites located within the SERPINE1 gene. These associations were tested
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in all children together using age, sex, batch effect, and cell-type heterogeneity as covariates
and in girls and boys separately with the same covariates as previously described, excluding
sex. Statistical analyses were performed with the SPSS software (version 28, IBM SPSS
Statistics, Endicott, NY, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms231911833/s1.

Author Contributions: Conceptualization, L.B., M.-EH., PP, R.G. and A.T,; Analysis, A.T., V.D., C.A.
and S.F,; Writing, A.T. and L.B.; Supervision, L.B. All authors have read and agreed to the published
version of the manuscript.

Funding: A.T. received funding from Diabete Québec. L.B. is a senior Scholar from the Fonds de la
recherche du Québec en Santé. This study was supported by the CIHR (Grant #IGH-155183), the
Fondation de ma vie of the CIUSSS du Saguenay-Lac-St-Jean—Ho6pital Universitaire de Chicoutimi
and Diabete Québec. The Gen3G birth cohort recruitment was supported by operating grants from the
FRQS (Grant #20697), the CIHR (Grant #MOP 115071), Diabete Québec, and the Canadian Diabetes
Association (CDA; Grant #OG-3-08-2622-JA).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of CIUSSS de 1’Estrie-CHUS (protocol
code #MP-04-2012-189 and September 2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We thank the McGill University and Génome Québec Innovation Centre (Montréal,
Canada) staff for their work with the methylation analysis. We are also grateful to Calcul Québec
(Montréal, Canada) and Compute Canada (Toronto, Canada) for their support in this research. Finally,
we thank all the participants of the Gen3G cohort.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail /
obesity-and-overweight (accessed on 18 August 2022).

2. Juneau, M. L'obésité Juvénile, Une Véritable Bombe a Retardement de Maladies Cardiométaboliques. Available online: https://
observatoireprevention.org/2021/11/18/lobesite-juvenile-une-veritable-bombe-a-retardement-de-maladies-cardiometaboliques/
(accessed on 18 August 2022).

3. Jackson-Leach, R.; Lobstein, T. Estimated Burden of Paediatric Obesity and Co-Morbidities in Europe. Part 1. The Increase in the
Prevalence of Child Obesity in Europe Is Itself Increasing. Int. ]. Pediatr. Obes. 2006, 1, 26-32. [CrossRef] [PubMed]

4. Singh, A.S.; Mulder, C.; Twisk, ] W.R.; Van Mechelen, W.; Chinapaw, M.].M. Tracking of Childhood Overweight into Adulthood:
A Systematic Review of the Literature. Obes. Rev. 2008, 9, 474-488. [CrossRef] [PubMed]

5. Altalhi, R,; Pechlivani, N.; Ajjan, R.A. PAI-1 in Diabetes: Pathophysiology and Role as a Therapeutic Target. Int. J. Mol. Sci. 2021,
22,3170. [CrossRef] [PubMed]

6. Lundgren, C.H.; Brown, S.L.; Nordt, T.K.; Sobel, B.E.; Fujii, S. Elaboration of Type-1 Plasminogen Activator Inhibitor from
Adipocytes. A Potential Pathogenetic Link between Obesity and Cardiovascular Disease. Circulation 1996, 93, 106-110. [CrossRef]

7. Mavri, A,; Stegnar, M.; Krebs, M.; Sentocnik, J.T.; Geiger, M.; Binder, B.R. Impact of Adipose Tissue on Plasma Plasminogen
Activator Inhibitor-1 in Dieting Obese Women. Arterioscler. Thromb. Vasc. Biol. 1999, 19, 1582-1587. [CrossRef]

8. Chen, R; Yan, ],; Liu, P; Wang, Z.; Wang, C. Plasminogen Activator Inhibitor Links Obesity and Thrombotic Cerebrovascular
Diseases: The Roles of PAI-1 and Obesity on Stroke. Metab. Brain Dis. 2017, 32, 667—673. [CrossRef]

9.  Alessi, M.-C.; Juhan-Vague, I. PAI-1 and the Metabolic Syndrome: Links, Causes, and Consequences. Arterioscler. Thromb.
Vasc. Biol. 2006, 26, 2200-2207. [CrossRef]

10. Kohler, H.P; Grant, PJ. Plasminogen-Activator Inhibitor Type 1 and Coronary Artery Disease. N. Engl. ]. Med. 2000, 342,
1792-1801. [CrossRef]

11. Lopez-Alemany, R.; Redondo, ].M.; Nagamine, Y.; Mufioz-Canoves, P. Plasminogen Activator Inhibitor Type-1 Inhibits In-
sulin Signaling by Competing with Av33 Integrin for Vitronectin Binding: PAI-1 Inhibition of Insulin/Vitronectin Signaling.
Eur. ]. Biochem. 2003, 270, 814-821. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms231911833/s1
https://www.mdpi.com/article/10.3390/ijms231911833/s1
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://observatoireprevention.org/2021/11/18/lobesite-juvenile-une-veritable-bombe-a-retardement-de-maladies-cardiometaboliques/
https://observatoireprevention.org/2021/11/18/lobesite-juvenile-une-veritable-bombe-a-retardement-de-maladies-cardiometaboliques/
http://doi.org/10.1080/17477160600586614
http://www.ncbi.nlm.nih.gov/pubmed/17902212
http://doi.org/10.1111/j.1467-789X.2008.00475.x
http://www.ncbi.nlm.nih.gov/pubmed/18331423
http://doi.org/10.3390/ijms22063170
http://www.ncbi.nlm.nih.gov/pubmed/33804680
http://doi.org/10.1161/01.CIR.93.1.106
http://doi.org/10.1161/01.ATV.19.6.1582
http://doi.org/10.1007/s11011-017-0007-3
http://doi.org/10.1161/01.ATV.0000242905.41404.68
http://doi.org/10.1056/NEJM200006153422406
http://doi.org/10.1046/j.1432-1033.2003.03453.x

Int. . Mol. Sci. 2022, 23, 11833 10 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Lijnen, H.R. Functional Role of the Fibrinolytic System in Development of Adipose Tissue. Verh.-K. Acad. Geneeskd. Belg. 2009, 71,
101-113.

Ma, L.-J.; Mao, S.-L.; Taylor, K.L.; Kanjanabuch, T.; Guan, Y.; Zhang, Y.; Brown, N.J.; Swift, L.L.; McGuinness, O.P;
Wasserman, D.H.; et al. Prevention of Obesity and Insulin Resistance in Mice Lacking Plasminogen Activator Inhibitor 1. Diabetes
2004, 53, 336-346. [CrossRef] [PubMed]

Crandall, D.L.; Quinet, E.M.; El Ayachi, S.; Hreha, A.L.; Leik, C.E.; Savio, D.A.; Juhan-Vague, I.; Alessi, M.-C. Modulation of
Adipose Tissue Development by Pharmacological Inhibition of PAI-1. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2209-2215.
[CrossRef] [PubMed]

Wang, L.; Chen, L.; Liu, Z,; Liu, Y,; Luo, M.; Chen, N.; Deng, X.; Luo, Y.; He, J.; Zhang, L.; et al. PAI-1 Exacerbates White Adipose
Tissue Dysfunction and Metabolic Dysregulation in High Fat Diet-Induced Obesity. Front. Pharmacol. 2018, 9, 1087. [CrossRef]
[PubMed]

Liu, Y,; Wang, L.; Luo, M.; Chen, N.; Deng, X.; He, J.; Zhang, L.; Luo, P.; Wu, J. Inhibition of PAI-1 Attenuates Perirenal Fat
Inflammation and the Associated Nephropathy in High-Fat Diet-Induced Obese Mice. Am. . Physiol.-Endocrinol. Metab. 2019, 316,
E260-E267. [CrossRef] [PubMed]

Lijnen, H.R.; Maquoi, E.; Morange, P.; Voros, G.; Van Hoef, B.; Kopp, F,; Collen, D.; Juhan-Vague, I.; Alessi, M.-C. Nutritionally
Induced Obesity Is Attenuated in Transgenic Mice Overexpressing Plasminogen Activator Inhibitor-1. Arterioscler. Thromb.
Vasc. Biol. 2003, 23, 78-84. [CrossRef] [PubMed]

Lijnen, R. Effect of Plasminogen Activator Inhibitor-1 Deficiency on Nutritionally-Induced Obesity in Mice. Thromb. Haemost.
2005, 93, 816-819. [CrossRef] [PubMed]

Morange, PE.; Lijnen, H.R.; Alessi, M.C.; Kopp, E; Collen, D.; Juhan-Vague, L. Influence of PAI-1 on Adipose Tissue Growth and
Metabolic Parameters in a Murine Model of Diet-Induced Obesity. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1150-1154. [CrossRef]
Kinik, S.; Ozbek, N.; Yuce, M.; Yazici, A.; Verdi, H.; Atag, EB. PAI-1 Gene 4G/5G Polymorphism, Cytokine Levels and Their
Relations with Metabolic Parameters in Obese Children. Thromb. Haemost. 2008, 99, 352-356. [CrossRef]

Lopez-Legarrea, P.; Mansego, M.L.; Zulet, M. A ; Martinez, ].A. SERPINE1, PAI-1 Protein Coding Gene, Methylation Levels and
Epigenetic Relationships with Adiposity Changes in Obese Subjects with Metabolic Syndrome Features under Dietary Restriction.
J. Clin. Biochem. Nutr. 2013, 53, 139-144. [CrossRef]

Moore, L.D,; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol.
2013, 38, 23-38. [CrossRef]

Casanello, P; Krause, B.J.; Castro-Rodriguez, J.A.; Uauy, R. Fetal programming of chronic diseases: Current concepts and
epigenetics. Rev. Chil. Pediatr. 2015, 86, 135-137. [CrossRef]

International Human Genome Sequencing Consortium. Initial Sequencing and Analysis of the Human Genome. Nature 2001, 409,
860-921. [CrossRef] [PubMed]

Gao, S.; Skeldal, S.; Krogdahl, A.; Serensen, J.A.; Andreasen, P.A. CpG Methylation of the PAI-1 Gene 5’-Flanking Region Is
Inversely Correlated with PAI-1 MRNA Levels in Human Cell Lines. Thromb. Haemost. 2005, 94, 651-660. [PubMed]

Park, Y.J.; Han, S.M.; Huh, ].Y.; Kim, ].B. Emerging Roles of Epigenetic Regulation in Obesity and Metabolic Disease. ]. Biol. Chem.
2021, 297, 101296. [CrossRef] [PubMed]

Deaton, A.M.; Bird, A. CpG Islands and the Regulation of Transcription. Genes Dev. 2011, 25, 1010-1022. [CrossRef] [PubMed]
Klein, K.O.; Baron, J.; Colli, M.].; McDonnell, D.P,; Cutler, G.B. Estrogen Levels in Childhood Determined by an Ultrasensitive
Recombinant Cell Bioassay. J. Clin. Investig. 1994, 94, 2475-2480. [CrossRef] [PubMed]

Jones, P.A. Functions of DNA Methylation: Islands, Start Sites, Gene Bodies and Beyond. Nat. Rev. Genet. 2012, 13, 484—492.
[CrossRef]

Maunakea, A.K.; Nagarajan, R.P; Bilenky, M.; Ballinger, T.J.; D’Souza, C.; Fouse, S.D.; Johnson, B.E.; Hong, C.; Nielsen, C,;
Zhao, Y.; et al. Conserved Role of Intragenic DNA Methylation in Regulating Alternative Promoters. Nature 2010, 466, 253-257.
[CrossRef]

Couture, F,; Sabbagh, R.; Kwiatkowska, A.; Desjardins, R.; Guay, S.-P.; Bouchard, L.; Day, R. PACE4 Undergoes an Oncogenic
Alternative Splicing Switch in Cancer. Cancer Res. 2017, 77, 6863—6879. [CrossRef]

Heindel, ].J.; Vandenberg, L.N. Developmental Origins of Health and Disease: A Paradigm for Understanding Disease Cause and
Prevention. Curr. Opin. Pediatr. 2015, 27, 248-253. [CrossRef]

Guillemette, L.; Allard, C.; Lacroix, M.; Patenaude, J.; Battista, M.-C.; Doyon, M.; Moreau, J.; Ménard, J.; Bouchard, L.;
Ardilouze, J.-L.; et al. Genetics of Glucose Regulation in Gestation and Growth (Gen3G): A Prospective Prebirth Cohort of
Mother—Child Pairs in Sherbrooke, Canada. BM] Open 2016, 6, e010031. [CrossRef] [PubMed]

World Health Organization. Application Tools. Available online: https://www.who.int/growthref/tools/en/ (accessed on
18 August 2022).

Aryee, M].; Jaffe, A.E.; Corrada-Bravo, H.; Ladd-Acosta, C.; Feinberg, A.P.; Hansen, K.D.; Irizarry, R.A. Minfi: A Flexible and
Comprehensive Bioconductor Package for the Analysis of Infinium DNA Methylation Microarrays. Bioinformatics 2014, 30,
1363-1369. [CrossRef] [PubMed]

Fortin, J.-P.; Labbe, A.; Lemire, M.; Zanke, B.W.; Hudson, T.].; Fertig, E.J.; Greenwood, C.M.; Hansen, K.D. Functional Normal-
ization of 450k Methylation Array Data Improves Replication in Large Cancer Studies. Genome Biol. 2014, 15, 503. [CrossRef]
[PubMed]


http://doi.org/10.2337/diabetes.53.2.336
http://www.ncbi.nlm.nih.gov/pubmed/14747283
http://doi.org/10.1161/01.ATV.0000235605.51400.9d
http://www.ncbi.nlm.nih.gov/pubmed/16825598
http://doi.org/10.3389/fphar.2018.01087
http://www.ncbi.nlm.nih.gov/pubmed/30319420
http://doi.org/10.1152/ajpendo.00387.2018
http://www.ncbi.nlm.nih.gov/pubmed/30532990
http://doi.org/10.1161/01.ATV.0000044457.60665.DD
http://www.ncbi.nlm.nih.gov/pubmed/12524228
http://doi.org/10.1160/TH05-01-0043
http://www.ncbi.nlm.nih.gov/pubmed/15886793
http://doi.org/10.1161/01.ATV.20.4.1150
http://doi.org/10.1160/TH07-06-0395
http://doi.org/10.3164/jcbn.13-54
http://doi.org/10.1038/npp.2012.112
http://doi.org/10.1016/j.rchipe.2015.06.008
http://doi.org/10.1038/35057062
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://www.ncbi.nlm.nih.gov/pubmed/16268485
http://doi.org/10.1016/j.jbc.2021.101296
http://www.ncbi.nlm.nih.gov/pubmed/34637788
http://doi.org/10.1101/gad.2037511
http://www.ncbi.nlm.nih.gov/pubmed/21576262
http://doi.org/10.1172/JCI117616
http://www.ncbi.nlm.nih.gov/pubmed/7989605
http://doi.org/10.1038/nrg3230
http://doi.org/10.1038/nature09165
http://doi.org/10.1158/0008-5472.CAN-17-1397
http://doi.org/10.1097/MOP.0000000000000191
http://doi.org/10.1136/bmjopen-2015-010031
http://www.ncbi.nlm.nih.gov/pubmed/26842272
https://www.who.int/growthref/tools/en/
http://doi.org/10.1093/bioinformatics/btu049
http://www.ncbi.nlm.nih.gov/pubmed/24478339
http://doi.org/10.1186/s13059-014-0503-2
http://www.ncbi.nlm.nih.gov/pubmed/25599564

Int. . Mol. Sci. 2022, 23, 11833 11 of 11

37. Johnson, W.E,; Li, C.; Rabinovic, A. Adjusting Batch Effects in Microarray Expression Data Using Empirical Bayes Methods.
Biostatistics 2007, 8, 118-127. [CrossRef]

38. Du, P; Zhang, X.; Huang, C.-C.; Jafari, N.; Kibbe, W.A.; Hou, L.; Lin, S.M. Comparison of Beta-Value and M-Value Methods for
Quantifying Methylation Levels by Microarray Analysis. BMC Bioinform. 2010, 11, 587. [CrossRef]


http://doi.org/10.1093/biostatistics/kxj037
http://doi.org/10.1186/1471-2105-11-587

	Introduction 
	Results 
	Participant Characteristics 
	Genomic Context of the SERPINE1 Gene 
	Associations between Plasma PAI-1 Levels and Adiposity Levels at 5 Years of Age 
	Associations between Blood Cell DNAm Levels at the SERPINE1 Gene Locus and Plasma PAI-1 Levels at 5 Years of Age 
	Associations between Blood Cell DNAm Levels at the SERPINE1 Gene Locus and Adiposity Levels at 5 Years of Age 

	Discussion 
	Conclusions 
	Materials and Methods 
	Participant’s Selection 
	Anthropometric Measurement 
	Plasmatic PAI-1 Levels Measurement 
	Measurements of DNAm 
	Statistical Analysis 

	References

