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Abstract

Metabolic syndrome (MetS) is highly prevalent worldwide. In the United States, estimates
show that more than 30% of the adult population has MetS. MetS consists of multiple pheno-
types, including obesity, dyslipidemia, and impaired glucose tolerance. Therefore, identify-
ing the molecular mechanisms to explain this complex disease is critical for diagnosing and
treating MetS. We previously showed 70 increased genes and 20 decreased genes in whole
blood in MetS participants. The present study aimed to identify blood-based DNA methyla-
tion biomarkers in non-MetS versus MetS participants. The present study analyzed whole
blood DNA samples from 184 adult participants of Latino descent from the Arizona Insulin
Resistance (AIR) registry. We used the National Cholesterol Education Program Adult
Treatment Panel Il (NCEP: ATP Ill) criteria to identify non-MetS (n = 110) and MetS (n =
74) participants. We performed whole blood methylation analysis on select genes: ATP
Synthase, H+ Transporting mitochondrial F1 Complex, Epsilon Subunit (ATP5E), Cyto-
chrome C Oxidase Subunit Vic (COX6C), and Ribosomal Protein L9 (RPL9). The pyrose-
quencing analysis was a targeted approach focusing on the promoter region of each gene
that specifically captured CpG methylation sites. In MetS patrticipants, we showed
decreased methylation in two CpG sites in COX6C and three CpG sites in RPL9, all p < 0.05
using the Mann-Whitney U test. There were no ATP5E CpG sites differently methylated in
the MetS participants. Furthermore, while adjusting for age, gender, and smoking status,
logistic regression analysis reaffirmed the associations between MetS and mean methyla-
tion within COX6C and RPL9 (both p < 0.05). In addition, Spearman’s correlation revealed a
significant inverse relationship between the previously published gene expression data and
methylation data for RPL9 (p < 0.05). In summary, these results highlight potential blood
DNA methylation biomarkers for the MetS phenotype. However, future validation studies
are warranted to strengthen our findings.
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Introduction

Metabolic syndrome (MetS) is a collection of metabolic phenotypes associated with diseases
such as obesity, type 2 diabetes mellitus, dyslipidemia, and cardiovascular disease [1-3]. Classi-
fication of the MetS is based on the following National Cholesterol Education Program Adult
Treatment Panel III (NCEP: ATP III) criteria: waist circumference (>102 cm men / >88 cm
women), fasting plasma glucose (>110 mg/dL), triglycerides (>150 mg/dL), high-density lipo-
protein cholesterol (<40mg/dL men / <50 mg/dL women) and high blood pressure (>130/
>80 mmHg) [4]. In recent decades, it has become increasingly important to understand the
molecular mechanisms of MetS because over a third of all United States adults met the NCEP:
ATP III criteria [5].

The pathophysiological mechanisms of MetS are complex and are not entirely known.
There have been many proposed physiological mechanisms, including insulin resistance, neu-
rohormonal activation, and chronic low-grade inflammation [6]. Early diagnosis of the MetS
is critical so that physicians can intervene and manage the disease to delay the progression of
these physiological mechanisms. Identifying non-invasive blood-based biomarkers for MetS
may aid in diagnosing and screening those patients at risk of developing MetS. Importantly,
these biomarkers may help in the management and treatment of patients with this disease.

A systemic review by Srikanthan et al. highlighted several inflammatory and anti-inflam-
matory blood biomarkers for MetS [7]. In addition, a review by O’Neill et al. described novel
blood-based biomarkers for MetS, including DNA genetic variants, microRNA biomarkers,
protein biomarkers, and mRNA biomarkers [8]. Previous work from our laboratory showed
differential mRNA expression in MetS in whole blood samples from the Arizona Insulin Resis-
tance (AIR) registry [9]. In that study, we showed ninety altered circulating mRNAs with
MetS, which could serve as potential biomarkers for the disease [9]. In more recent years,
there has been a focus on identifying blood-based DNA methylation biomarkers for MetS.

Several studies showed an association of circulating DNA methylation biomarkers from
either peripheral blood mononuclear cells (PBMCs), peripheral blood leukocytes (PBLs), or
buffy coats with MetS [10-13]. These studies identified a number of DNA methylation bio-
markers, including suppressor of cytokine signaling 3 (SOCS3) [11], ATP-binding cassette
sub-family G member 1 (ABCG1I) [10], Paternally Expressed 3 (PEG) [13], and Fatty Acid
Binding Protein 3 (FABP3) [12]. Importantly, they linked the DNA methylation biomarker
with the gene expression data. However, these aforementioned studies focused on Europeans
and African Americans. Therefore, the role of whole blood DNA methylation biomarkers in
MetS participants of Latino descent is less known and warrants investigation.

The present study aimed to measure whole blood DNA methylation in non-MetS versus
MetS participants of Latino descent in the AIR registry. Specifically, we measured blood DNA
methylation in three candidate genes: ATP Synthase, H+ Transporting mitochondrial F1
Complex, Epsilon Subunit (ATP5E), Cytochrome C Oxidase Subunit VIc (COX6C), and Ribo-
somal Protein L9 (RPL9). We focused on ATP5E, COX6C, and RPL9 because they were three
of the top changing mRNAs (>1.5-fold change) in our previously published gene expression
study of MetS participants in the AIR registry [9]. Moreover, these differentially expressed
genes (ATP5E, COX6C, and RPL9) are part of the oxidative phosphorylation and ribosome
pathways. We previously showed normalization of skeletal muscle protein levels for several
ribosomal proteins in obese patients before and after bariatric surgery [14]. Moreover, we
showed decreased mRNA expression for oxidative phosphorylation genes in skeletal muscle
tissue of individuals with MetS characteristics [15, 16]. Therefore, these oxidative phosphoryla-
tion and ribosome genes/pathways are of interest to understand metabolic syndrome
mechanisms.
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For the present study, we measured promoter DNA methylation of ATP5E, COX6C, and
RPL9. We focused on DNA methylation since this epigenetic modification can affect how
genes are expressed [17-19]. We hypothesized that methylation would be lower in the promot-
ers of ATP5E, COX6C, and RPL9 in the MetS participants. Therefore, we hypothesized that
there would be an inverse relationship between the previously published mRNA expression
data from the AIR registry [9] with the methylation data for the genes of interest.

Materials and methods
Participants

All participants were of Latino descent from the Arizona Insulin Resistance (AIR) registry.
Shaibi et al. previously described the goals of the biorepository [20]. Briefly, 667 participants
took part in the AIR registry to establish a biobank for future investigation into diabetes and
obesity-related health conditions in the Latino community. We selected a subset of the 667
participants for this present study (n = 184). We studied the same 184 participants that we had
published global gene expression data for [9], in part, to look for an association with the meth-
ylation data. The 184 participants were selected randomly from the 667 participants. The only
criteria used were age (>18 years old). We realize that we may have inadvertently introduced a
selection bias by not studying all the participants in the registry but a random subset aged 18
years or more.

We defined MetS as per the National Cholesterol Education Program Adult Treatment
Panel IIT (NCEP: ATP III) [4]. Participants consented to the collection of anthropometric,
demographic, family history, and medical history information. Measurements for weight (kg),
body mass index (BMI) (kg/ m?), waist circumference (cm) and seated blood pressure (mmHg)
were collected. Following a 12-hour fast, participants agreed to blood samples to assess various
metabolic phenotypes, including glucose, triglycerides, and high-density lipoprotein.

The Institutional Review Board (IRB) at Arizona State University approved the initial AIR
registry study under protocol #0804002873. We obtained written consent from all participants.
For the minors recruited into the AIR registry [although not studied as part of this project], we
obtained written consent from their parents or guardians. Written consent was obtained to
bank serum, DNA, and RNA and to use de-identified data and biospecimens for future studies,
like the one described herein. The University of Arizona approved the present study under
protocol #1703255156. The present study was considered exempt by the ethics committee at
the University of Arizona since it utilized de-identified information of previously consented
banked samples. Therefore, we made no recontact with these participants.

Isolation of genomic DNA

Whole blood samples from the AIR registry participants were stored in PAXgene Blood Col-
lection DNA Tubes (Qiagen Inc, Germantown, MD, USA) at -80°C until processed. We per-
formed DNA extractions using the PAXgene Blood DNA Processing kit (Qiagen Inc,
Germantown, MD, USA), as per the manufacturer’s instructions. The quality and quantity of
the DNA were measured using a NanoDrop 2000 Spectrophotometer (ThermoFisher, Wal-
tham, Massachusetts). The average DNA absorbance ratio (A260/A280) was 1.85 + 0.05.

Bisulfite conversion

As per the manufacturer’s instructions, the isolated genomic DNA was treated with bisulfite
conversion using the EZ DNA Methylation-Lightning Kit (ZYMO, Irvine, CA, USA). The
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quantity of the bisulfite converted DNA was determined using the NanoDrop 2000 Spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA).

Primer selection

Pyrosequencing primer sets were pre-designed and readily available for our candidate genes
(ATP5E, COX6C, and RPL9) of interest (Qiagen Inc, Germantown, MD, USA). S1 Table pro-
vides the Qiagen catalog number, the target sequence to analyze, and the chromosomal loca-
tion. The pre-designed primer sets were within the promoter of the gene of interest and were
near the gene’s transcriptional start site. In addition, we selected these primer sets as the CpG
coverage was between 4 to 6 per gene, which allowed us to perform CpG individual site meth-
ylation analysis and averaged analysis across the promoter of each gene. Lastly, we selected
these pyrosequencing primer sets as computational PROMO analysis [21] revealed enrichment
for potential transcription factors (S2 Table) that may bind in the target sequence of the candi-
date genes.

PCR amplification and pyrosequencing

We added the bisulfite converted DNA (10 ng/pL) to the Qiagen PyroMark CpG assay PCR
primer set along with the ZymoTaq Premix (ZYMO, Irvine, CA, USA). Samples were PCR
amplified in a Veriti®™ 96-Well Fast Thermal Cycler. We verified the quality of the PCR prod-
uct with DNA Gel Electrophoresis using a Thermo Fisher Low Mass Ladder (ThermoFisher,
Waltham, MA, USA). The amplified DNA was pyrosequenced on the Q48 Autoprep using the
associated sequencing primer set from the PyroMark CpG assay kit (Qiagen Inc, Germantown,
MD, USA), as per the manufacturer’s instructions. The PyroMark Q48 Advanced Software
(Qiagen Inc, Germantown, MD, USA) calculates the percent of methylation. Specifically, it cal-
culates methylation percentage from the ratio of the heights of a cytosine peak (methylated sig-
nal) and the sum of cytosine and thymine peaks (methylated and unmethylated signal) for
each cytosine at the CpG site [22]. Methylated and unmethylated bisulfite converted DNA
served as controls (Qiagen Inc, Germantown, MD, USA). In addition, we included non-tem-
plate controls. Samples were performed in duplicate to confirm the reproducibility of methyla-
tion data.

Statistical analysis

Statistical analyses were performed using STATA 14 (StataCorp, College Station, USA). Partic-
ipant characteristic data was expressed as mean + SEM, and categorical data were expressed as
counts. The participant characteristic data was organized by MetS status, and statistical com-
parisons across the groups were performed using an independent sample t-test. The Shapiro-
Wilk test was used to test for data normality. The pyrosequencing methylation data were not
normally distributed. Therefore, the nonparametric Mann-Whitney U test was utilized. Cate-
gorical variables were analyzed using Pearson’s chi-square test. In addition, associations
between MetS and DNA methylation were analyzed using logistic regression while controlling
for age, gender, and smoking status in the model. The MetS group was the dependent variable
with averaged gene methylation, age, gender (females used as the reference), and smoking sta-
tus (nonsmokers used as the reference) as independent variables in the logistic regression anal-
ysis. Finally, Spearman’s correlation was performed to measure the strength and direction of
the association between the methylation data and the previously published gene expression
data. We used Partial Spearman’s Rank Correlation to adjust for age, gender, and smoking sta-
tus for the methylation and gene expression correlation. Significance was set at p < 0.05 for all
tests.
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Table 1. Phenotypes from non-MetS versus MetS participants in the Arizona Insulin Resistance (AIR) registry.

Phenotype

Gender

Age

Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)
Waist Circumference (cm)
Triglycerides (mg/dL)

Fasting Plasma Glucose (mg/dL)
High Density Lipoprotein (mg/dL)

Smoking status
Data are means = SEM. UNK = unknown.

https://doi.org/10.1371/journal.pone.0259449.t001

Non-MetS MetS P Value
36M/74F 25M/49F NS
351 39+1 <0.01
1147 £ 1.1 128.4+2.4 <0.0001
75.3+0.8 81.5+1.2 <0.0001
95.1+1.2 109.1 £1.7 <0.0001
107.7 £ 4.3 204.7 £12.2 <0.0001
925+ 1.8 112.8 £4.8 <0.0001
478 £1.1 37.6+ 1.0 <0.0001
91 No/18 Yes/1 UNK 63 No/11 Yes NS

Results

Participants

Of the 184 participants in the present study, 74 met the criteria for MetS. The remaining 110
participants classified as non-MetS. As expected, MetS participants had significantly higher
blood pressure measures, waist circumference, triglycerides and fasting plasma glucose. More-
over, the MetS group showed lower high-density lipoprotein levels (Table 1). However, there
was no significant gender or smoking status difference between the non-MetS versus MetS
(Table 1).

Differential DNA methylation between MetS and non-MetS groups

Individual CpG methylation positions within each gene were analyzed by MetS status using
the Mann-Whitney U test. We showed no change in methylation for the ATP5E CpG positions
across the non-MetS versus MetS groups (Fig 1). However, we did observe a significant
decrease in methylation for COX6C at CpG positions 2 and 4 in the MetS group (Fig 2, both

p < 0.001). In addition, the RPL9 methylation analysis revealed a significant decreased methyl-
ation for positions 2 (p < 0.05), 3 (p < 0.0001) and 4 (p < 0.01) in the MetS group (Fig 3).

We used the Mann-Whitney U test to determine mean methylation differences when aver-
aging across the CpG positions for ATP5E, COX6C, and RPL9. The averaged methylation
within the promoter of ATP5E was not significantly different between the non-MetS and MetS
groups (Fig 4). However, the averaged methylation across the promoters for COX6C and RPL9
were both significantly decreased (p < 0.0001 and p < 0.001, respectively, Fig 4).

Association of promoter methylation with MetS status

Logistic regression analysis assessed whether averaged promoter methylation for ATP5E,
COX6C, and RPL9 was associated with MetS when controlling for potential confounding fac-
tors such as age, gender, and smoking status. As expected, we observed no association for the
mean ATP5E methylation with MetS. However, mean methylation for the promoter of
COX6C was significantly associated with MetS when controlling for age, gender, and smoking
status [the adjusted odds ratio: 0.36, 95% confidence interval: 0.21-0.60], p < 0.001. Similarly,
the mean methylation for the promoter of RPL9 was significantly associated with MetS when
controlling for age, gender, and smoking status [the adjusted odds ratio: 0.56, 95% confidence
interval: 0.38-0.82], p < 0.01.
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Fig 1. ATP5E promoter DNA methylation by MetS status. DNA methylation at six CpGs within the promoter of
ATP5E was measured in non-MetS (n = 110) and MetS (n = 74). Mann-Whitney U test was used for the statistical
comparisons between the non-MetS versus MetS.

https://doi.org/10.1371/journal.pone.0259449.9001

Correlation analysis of gene expression data with methylation data

We performed a Spearman’s correlation between the previously published gene expression
data [9] with the averaged methylation for ATP5E, COX6C, and RPL9. ATP5E gene expression
was not correlated to the mean methylation as demonstrated with a Rho (rs) value of 0.117,

p = NS. Likewise, the gene expression data for COX6C did not correlate to the mean methyla-
tion (rs -0.088, p = NS). However, the averaged methylation for RPL9 showed a significant
inverse correlation with the previously published gene expression data (rs -0.202, p = 0.0062,
Fig 5). When we adjusted for age, sex, and smoking status using the Partial Spearman’s Rank
Correlation, the significance was p = 0.0030.

Discussion

This study set out to identify potential DNA methylation biomarkers in whole blood samples
from participants of Latino descent from the AIR registry. In particular, we focused on select
genes (ATP5E, COX6C, and RPL9) in non-MetS versus MetS participants. We focused on
these genes since we previously showed altered gene expression of ATP5E, COX6C, and RPL9
in MetS participants from the AIR registry [9]. In that study, we demonstrated an increased
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Fig 2. COX6C promoter DNA methylation by MetS status. DNA methylation at four CpGs within the promoter of
COX6C was measured in non-MetS (n = 110) and MetS (n = 74). Mann-Whitney U test was used for the statistical
comparisons between the non-MetS versus MetS. ***p < 0.001.

https://doi.org/10.1371/journal.pone.0259449.9002

gene expression for ATP5E, COX6C, and RPL9 in the MetS group [9]. In the present study, we
showed a decreased methylation of COX6C and RPL9 in participants with MetS while control-
ling for potential confounding variables such as age, gender, and smoking status. We found no
association of ATP5E DNA methylation with MetS in the AIR registry samples. Our findings
provide evidence for reduced methylation of cytosines in the promoter region of our select
candidate genes, specifically COX6C and RPL9. Taken collectively, COX6C and RPL9 may be
useful as potential blood-based DNA methylation biomarkers for MetS.

ATP Synthase, H+ Transporting mitochondrial F1 Complex, Epsilon Subunit (ATP5E) was
the first gene-targeted in this blood-based DNA methylation biomarker study. ATP5E is a sub-
unit of the mitochondrial ATP synthase and is essential for oxidative phosphorylation. We
previously showed a collection of whole blood oxidative phosphorylation genes that were
increased in the MetS participants [9]. Furthermore, in type 2 diabetic mouse liver models, the
oxidative phosphorylation gene ATP5E was upregulated in the diabetic livers compared to
control livers [23]. Based on these aforementioned studies, we pursued this gene as a blood-
based DNA methylation biomarker. We showed no difference in methylation between the
non-MetS group versus the MetS group in the ATP5E gene. In this study, we focused on 6

PLOS ONE | https://doi.org/10.1371/journal.pone.0259449  October 29, 2021 7/13


https://doi.org/10.1371/journal.pone.0259449.g002
https://doi.org/10.1371/journal.pone.0259449

PLOS ONE

Epigenetics of metabolic syndrome

E Non-Met Syn - Met Syn

— "
e [ —
e L]
7.5 =
o
. .
.
H
[ —
.
.
. .
.
5.0
s : .
=
]
=3
=
S
§ H
= .
.
2.51
0.0 . . . . . .
RPL9_P1 RPLY_P2 RPLY_P3 RPLY P4
CpG Position

Fig 3. RPL9 promoter DNA methylation by MetS status. DNA methylation at four CpGs within the promoter of
RPL9 was measured in non-MetS (n = 110) and MetS (n = 74). Mann-Whitney U test was used for the statistical
comparisons between the non-MetS versus MetS. *p < 0.05, **p < 0.01, ****p < 0.0001.

https://doi.org/10.1371/journal.pone.0259449.9003

CpG sites within the promoter of ATP5E. Based on these findings, we suggest that we did not
target enough CpG sites within the ATP5E. Moreover, the target sequence we measured was
likely not important for gene regulation.

Another oxidative phosphorylation gene that we targeted was cytochrome C oxidase sub-
unit 6¢ (COX6C). COX6C is a subunit of the Complex IV protein structure in the mitochon-
drial respiratory chain [24], and it regulates the formation or activity of Complex IV in the
electron transport chain [25]. Many studies have implicated a role for COX6C in metabolic dis-
eases. For example, a microarray study of the aorta and adipose tissue showed a decreased
expression for COX6C in insulin-resistant and atherosclerotic obese mouse models [26].
Moreover, an analysis of type 2 diabetic Goto-Kakizaki mice revealed a differential gene
expression of COX6C in liver samples [27]. The present study’s findings supported our overall
hypothesis, wherein we observed a decreased methylation in COX6C in whole blood in the
AIR registry MetS participants. However, we found no significant correlation when we per-
formed Spearman’s correlation between the methylation data with the previously published
gene expression data [9]. The lack of association with the mRNA data suggests that the methyl-
ation sites we measured were not important for gene regulation.
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Fig 4. ATP5E, COX6C and RPL9 overall promoter DNA methylation by MetS status. Mean methylation within the
promoters of ATP5E, COX6C and RPL9 in non-MetS (n = 110) and MetS (n = 74). Mann-Whitney U test was used for
the statistical comparisons between the non-MetS versus MetS. ***p < 0.001, ****p < 0.0001.

https://doi.org/10.1371/journal.pone.0259449.9004

The human ribosomal protein L9 (RPL9) gene codes for a subunit of the 60S subunit or the
large ribosomal subunit [28]. Ribosomal proteins, like RPL9, serve to stabilize specific rRNAs
by binding directly and assist in ensuring correct structural alterations to rRNA during ribo-
some assembly [29]. We chose to study the RPL9 gene for multiple reasons. Our laboratory
showed a role for ribosomal proteins in obese patients before and after bariatric surgery [14].
In addition, there have been many studies implicating ribosomal genes/proteins in metabolic
diseases. For example, a transcriptomic analysis of samples from non-steatotic and steatotic
livers of severely obese adolescents showed a significant downregulation for RPL9 in the stea-
totic population [30]. In addition, a study in liver mitochondrial fractions showed an increase
of >1.5-fold in RPL9 in those mice fed a western diet versus a standard diet [31]. In the present
study, we showed significant changes in DNA methylation in the MetS participants. In partic-
ular, we showed that the methylation was decreased significantly in 3 out of 4 of the CpG sites
captured.

We hypothesized that there would be a significant inverse relationship between the previ-
ously published gene expression data [9] with the methylation data for the genes of interest.
Spearman’s correlation showed that averaged methylation across the RPL9 promoter was
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value of rs -0.202, p = 0.0062.
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significantly associated with the previously published gene expression data. The RPL9 findings
support our hypothesis that the reduction of methylation in the promoter region would corre-
late with the previously observed increased RPL9 gene expression data [9]. Although we did
not directly measure it, we can hypothesize there is an increase in the cellular content of ribo-
somes in the blood of MetS participants. The increase in cellular content of ribosomes may
increase protein synthesis to account for the increased energy demands observed in MetS par-
ticipants [32]. A study by Hoppe et al. showed a direct correlation between energy demands
and ribosomal RNA synthesis [33]. Their findings suggest that ribosomal RNA synthesis
increases when mitogenic conditions are optimal, for example, an overabundance of available
nutrients. Taken together, RPL9 is a promising candidate gene, and future studies are war-
ranted for understanding the exact role of ribosomal proteins in whole blood and skeletal mus-
cle in metabolic diseases.

Some limitations apply to this study that warrants a discussion in the context of our find-
ings. Firstly, we did not experimentally measure whether the RPL9 methylation sites directly
alter gene expression. Future studies are warranted to address this wherein we would perform
an in vitro methylation luciferase assay to measure the effect of methylation in the promoters
of the select genes (ATP5E, COX6C, and RPL9) on gene expression levels [34]. Secondly,
another limitation is the target sequences presented in this study captured only 4-6 CpG sites
for each gene studied. In comparison, another study analyzed over 20 CpG sites for one target
gene [12]. Measuring more CpGs would provide more insight into the epigenetic landscape of
the promoter of these target genes on the MetS phenotype. A future study would be to design
additional CpG assays covering the promoter region for each gene. Thirdly, our laboratory
studies metabolic disease in whole blood and skeletal muscle, and we have previously shown
contradictory findings between these two tissues [9]. This study was unable to measure skeletal
muscle methylation of these candidate genes. A future study would be to perform methylation
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analysis of ATP5E, COX6C, and RPL9 in skeletal muscle of MetS and non-MetS participants.
Fourthly, we did not validate our findings in an independent cohort nor other populations.
Validating these DNA methylation biomarkers in larger studies would be critical for determin-
ing if they would be suitable to function as biomarkers, and ultimately be utilized in clinical
practice for screening and diagnosing MetS. Lastly, another limitation of this study is the ran-
dom selection of the 184 participants used for the previously published gene expression study
[9] and the present study. The age criteria may have introduced a bias into the analysis.

In conclusion, we showed decreased whole blood DNA methylation for COX6C and RPL9
in participants with MetS. Moreover, we provide evidence of a significant inverse relationship
between the gene expression and methylation data for RPL9. Our findings contribute to the
field of whole blood-based DNA methylation biomarkers [10-13], specifically highlighting
MetS biomarkers in Latino participants. Our novel potential epigenetic biomarkers should be
measured in other populations and importantly validated in larger cohorts.
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