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Evaluation of DNA methylation markers
and their potential to predict human aging

We present epigenetic methylation data for two genetic loci, GRIA2, and NPTX2, which
were tested for prediction of age from different donors of biofluids. We analyzed 44 saliva
samples and 23 blood samples from volunteers with ages ranging from 5 to 72 years. DNA
was extracted and bisulfite modified using commercial kits. Specific primers were used for
amplification and methylation profiles were determined by pyrosequencing. Methylation
data from both markers and their relationship with age were determined using linear
regression analysis, which indicates a positive correlation between methylation and age.
Older individuals tend to have increased methylation in both markers compared to younger
individuals and this trend was more pronounced in the GRIA2 locus when compared to
NPTX2. The epigenetic predicted age, calculated using a GRIA2 regression analysis model,
was strongly correlated to chronological age (R? = 0.801), with an average difference of
6.9 years between estimated and observed ages. When using a NPTX2 regression model,
we observed a lower correlation between predicted and chronological age (R?* = 0.654),
with an average difference of 9.2 years. These data indicate these loci can be used as a
novel tool for age prediction with potential applications in many areas, including clinical
and forensic investigations.
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1 Introduction

The process of aging affects an organism and the changes
that occur in cells and tissues, including modifications in
gene regulation, telomeres, cellular structures, and an accu-
mulation of DNA mutations. The effects caused by aging are
usually due to chemical modifications of the genome when
the organism is affected by diseases, lifestyle, and its genetic
makeup [1- 4].

Human aging is associated with epigenetic modifications
such as DNA methylation, which is a modification involved
in transcriptional regulation. A typical mammalian genome
has approximately 3 billion base pairs, of which about 40%
are G:C basepairs. In a DNA linear sequence, when a cyto-
sine is followed by a guanine, it is commonly referred to as a
CpG site. The CpG dinucleotide distribution is uneven, with
several short DNA elements having a much higher density of
CpG dinucleotides than other regions of the genome, forming
the so-called CpG islands. Most of these islands are located
near transcription start sites. In mammalian DNA, methy-
lation occurs at position C5 of the cytosine in some CpG
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dinucleotides [5— 8]. With the increasing age, some gene-
specific CpG dinucleotides can become hypermethylated or
hypomethylated. Two main factors have been pointed out as
responsible for driving change in the aging methylome: envi-
ronmental exposure and spontaneous epigenetic changes [9].

Several studies have investigated biomarkers for aging
that could be used to track donor age. When compared to
messengerRNA or proteins, the methylation of DNA is con-
sidered more chemically and biologically stable, making it
an ideal biomarker for human age. It is particularly useful
in situations such as forensic casework where evidentiary
material could easily become degraded or inhibited through
contact with exogenous materials [10]. The potential to assess
human aging by evaluating the level of DNA methylation
has practical implications, including prevention and treat-
ment of diseases, health assessment in addition to forensic
analysis [9].

Fraga etal. [11] were among the first to study DNA methy-
lation and its association with age. They performed analysis
in samples from monozygotic twin pairs and observed an
increased difference in DNA methylation when they com-
pared older twins with younger ones. Other studies [12, 13]
looked at specific regions of the genome and observed that
specific genome locations can either increase or decrease the
methylation level with age, most likely due to differences
in gene expression in each cell type. Yi et al. [14] listed the
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Table 1. Panel of loci used in this study

Electrophoresis 2015, 36, 1775-1780

locus Chr  GenelID PCRand sequencing primers

CpG sites analyzed in the nucleotide dispensation order
(bold)

GRIA2 4 2891

NPTX2 7 4885

Seq. primer-AGAAGGTAGGAGATTTTTGTT

Forward primer-GTATGGGAGGGTGTTGAATATTT
Reverse primer- AAAAAAATCCCTATTTCCCAAATCCTACT
Seq. primer-ATATTTAGAGATATTGGGATTATAG

Forward primer-GGTTGTGAGAAGGTAGGAGATTT
Reverse primer-ACCAACAACCCCAACATCCC

CGGTAGTTTCGTTGAAAATTGTATTTAGTTAGTTTTTCGG
ATTTTTGGAGCGGGGATAGGGCG

TCGCGGTGTACGCGATTTTCGAGACGATAGCGCGGTT
ATTGTTAGTAGCGAAGGCGTTTTTCGCG

Chr, chromosome.

sequence for eight genome locations in which the methyla-
tion levels are significantly correlated with age. Most recently,
Zbiec-Piekarska et al. [15] identified CpG sites located in the
ELOVL2 gene that may be useful as predictors for human
aging.

Koch and Wagner have examined sets of previously pub-
lished DNA-methylation data and performed bioinformatics
data analysis to identify Epigenetic-Aging-Signatures [2]. The
predicted age using this technique showed an average dif-
ference of about 11 years when compared to the chronolog-
ical age. Bocklandt and coworkers identified 88 sites in the
genome correlated with age in 34 male twin pairs [1]. They
validated sites in three genes and described a predictor of
age with an average accuracy of 5.2 years. Based on these
published data, we decided to study two age-related markers,
GRIA2 (glutamate receptor ionotropic AMPA 2) and NPTX2
(neuronal pentraxin II), using quantitative pyrosequencing.
Here, we examine a series of CpG sites for application of
these loci for use as age-specific epigenetic markers.

2 Materials and methods
2.1 Sample collection

Biological samples were obtained from 44 donors with age
ranging from 5 to 72 years. Buccal cells were collected using
cotton swabs. Blood was obtained by finger prick and blood
was collected using cotton swabs. All participants signed in-
formed consent statements prior to sample collection. All
samples were collected after obtaining appropriate Institu-
tional Review Board approvals from Florida International
University (IRB-13-0555), The University of Southern Mis-
sissippi (protocol #12010303) and Pontificia Universidade
Catélica do Rio Grande do Sul (CONEP #723.619/ CEP
#845.747).

2.2 DNA extraction and modification
DNA extraction was performed using the BioRobot® EZ1
automated purification workstation (Qiagen Inc., CA) and

the EZI®DNA Investigator kit according to manufacturer’s
protocol. DNA was recovered in a final volume of 50 pL and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

quantified using an Alu-based real-time PCR method [16]
with a Corbett Rotor-Gene 6000 (Corbett Research, Sydney,
Australia, now Qiagen Inc., CA).

Because standard PCR amplification does not preserve
DNA methylation sites, genomic DNA extracts were treated
with sodium bisulfite in order to convert unmethylated cy-
tosines to uracil using the EpiTect® Fast DNA Bisulfite Kit
(Qiagen Inc., CA). The standard manufacturer’s protocol for
the conversion of 1-500 ng DNA in a maximum volume of
40 L was used. The converted uracils are then replaced by
thymine during the PCR amplification process. The bisulfite-
modified DNA was amplified by site-specific PCR primers
designed to amplify the bisulfite-modified target regions [17].

2.3 Assay design

Genetic loci GRIA2 and NPTX2 were reported to present age-
related methylation levels [1, 2]. In these studies, only one or
two CpG sites were analyzed per locus. We decided to investi-
gate these loci further by examining a range of different CpG
sites in each genetic locus using bisulfite conversion followed
by pyrosequencing. GRIA2 and NPTX2 PyroMark” CpG as-
says were custom designed in house using the Pyromark
assay design software (Qiagen) and targeted three and six
CpG sites in the sequence, respectively (Table 1). The reverse
primers were biotin labeled allowing for the production of
biotinylated PCR products necessary for the pyrosequencing
reaction [17].

2.4 PCR and pyrosequencing reactions

Singleplex PCR reactions were performed using the
PyroMark® PCR Kit (Qiagen) in a GeneAmp® PCR System
9700 (Applied Biosystems, Foster City, CA). For all samples,
1.2 pL of modified DNA template was added to the PCR mix-
ture in a total reaction volume of 15 pL. The complete PCR
protocol outlined by the manufacturer was followed [17].
Pyrosequencing was performed following completion of
the PCR reactions using a Pyromark® Q24 pyrosequencer
(Qiagen) following protocols recommended by the manu-
facturer. Once the pyrosequencing is complete, the percent
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Figure 1. Correlation between CpG site methylation levels and age. (A) Marker GRIA2: CpG 1 (R?> = 0.795), CpG 2 (R* = 0.701), and CpG 3
(R? = 0.700). (B) Marker NPTX2: CpG 2 (R? = 0.554), CpG 4 (R? = 0.485), CpG 6 (R?> = 0.526), CpG 8 (R? = 0.533), CpG 9 (R? = 0.596), and

CpG 12 (R? = 0.597).

methylation was calculated automatically by the Pyromark®
Q24 software and was displayed as a pyrogram [17].

2.5 Data analysis

For each locus, the percent methylation values were obtained
at each CpG site from the pyrograms. Linear regression anal-
ysis was used to calculate a correlation between age and DNA
methylation. A single regression analysis was performed to
examine each CpG site one at a time. Next, a simultaneous
analysis of all tested cytosines was performed using multi-
variate linear regression.

For the estimation of predicted age, a multivariate re-
gression model was developed with the analysis of the data. A
leave-one-out analysis was performed, where the multivariate
model was fit on all but one subject and its prediction could
be related to the truly observed age of the left-out subject.
This analysis is a validation technique to assess the predic-
tive ability of the model when tested in a dataset not used
in the estimation [1, 14, 15]. All calculations were done using

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SPSS statistics v. 17.0. A p-value of <0.05 was assumed as
significant for all tests conducted.

3 Results

We examined the methylation level of two age markers,
GRIA2 and NPTX2, in saliva samples from 44 donors with
ages ranging from 5 to 72 years. Three CpG sites were an-
alyzed for GRIA2 and six out of the 12 sites were analyzed
for NPTX2. We considered only six of these sites due to the
lack of significant differences in methylation values between
individuals of various ages in the remaining CpG sites. The
methylation status of all tested cytosines was analyzed and lin-
ear regression was used to examine the relationship between
age and the methylation profile of the tested loci.

The three CpG sites in GRIA2 locus and the six analyzed
CpG sites in NPTX2 locus were hypermethylated with the
increase of age (regression coefficients values > 0) and the
methylation values of each CpG site presented an age-related
association (simple linear regression. For all correlations,
p < 0.0001) (Fig. 1).

www.electrophoresis-journal.com

85U8017 SUOWWOD BAEaID 3|(ceol (dde 8Ly Ag peusenob ase seoiie O ‘85N JO Sa|nJ 10y AIq1T8U1UO A8|IAA O (SUOTHPUOD-PUR-SLLIBY/LID AB | 1M ARe.d)1jBul 1 [UO//SNLY) SUORIPUOD Pue SWLB | 8L 88S *[220z/ZT/7T] uo Aidqiauluo A(IM 'S3d VD Ad LET00STOZ'SAB/200T 0T/I0P/W00 A8 |Im" Ake.q 1 BuIUO'S euIN0 BouB s o A feue/ /sy Wwiosy pepeojumod ‘ST ‘STOZ ‘€89222ST



1778 D. Soares Bispo Santos Silva et al.

Table 2. Multivariate analysis of CpG sites in GRIA2 and NPTX2
and their association with age

Marker ~ Number of CpG sites  R? Standard error (%)  p-value

GRIA2 3 0.801 9.0 0.0001
NPTX2 6 0.654 12 0.0001

After performing linear regression analysis, coefficients
of determination (R?) values were determined. This value is
a statistical measure that represents how much of the vari-
ability of the dependent variable is explained by the predictor
variable. The correlation between methylation values and age
was shown to be greater in GRIA2. A multivariate regression
analysis showed that the GRIA2 marker represents 80.1%
(or R* = 0.801) of the variance in age. The NPTX2 marker
presented a lower percent value of 65.4% (or R? = 0.654).
Detailed results of the multivariate analysis are presented
on Table 2. Also, B values showed that CpG 1 (B = 3.13,
p = 0.0002) from GRIA2 and CpG 12 (B = 3.53, p = 0.03)
from NPTX2 had a stronger correlation with age variation.
The beta (B) regression coefficients are important to assess
the influence of each predictor variable on the dependent
variable in a multiple regression analysis.

3.1 Prediction of age

A multivariate regression model was used to estimate the age
of analyzed samples. The epigenetic predicted age, calculated
using GRIA2 regression analysis, was strongly correlated to
the chronological age (R? = 0.801, p < 0.0001) (Fig. 2A). The
estimated values showed an average difference of 6.9 years
when compared to the observed ones. When using NPTX2
regression analysis, we observed a lower correlation between
predicted and chronological age (R? = 0.654, p < 0.0001)
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(Fig. 2B). This model shows an average difference of
9.2 years.

3.2 Analysis of blood samples

To analyze if the age-associated DNA methylation results can
be reproduced in other tissues, we screened 23 blood samples
from the same saliva donors for both GRIA2 and NPTX2. A
multivariate regression analysis showed that GRIA2 repre-
sents 55.4% (or R* = 0.5542) of the age variation in blood
cells, which is a lower correlation percentage when compared
to the saliva sample results. On the other hand, NPTX2 pre-
sented a percentage (55.4% or R* = 0.5542) more similar
to the one observed in saliva samples. Also, when trying to
apply the same saliva multivariate regression model to pre-
dict donor age in blood cells, a low correlation was found be-
tween predicted and chronological age for both loci. We could
also observe a low correlation when comparing predicted
age for blood samples and predicted age for saliva samples
(Table 3).

4 Discussion

Aging is a process that occurs in all organisms. It can be
considered as a complex phenomenon that is associated with
alterations in different organs, tissues, and cells, and changes
at the molecular level. The process of aging is characterized
by the decline of normal cellular functions and the accumu-
lation of genomic changes, and its affects can be caused by
epigenetic modifications in the genome [1, 18]. It is known
that epigenetic mechanisms, such as DNA methylation, are
important in gene expression and the level of methylated
cytosines in the genome is subjected to variation with ag-
ing. Several studies have reported the presence of different
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Figure 2. Predicted versus observed age. (A) Results obtained with GRIA2 multivariate regression model (R? = 0.801). (B) Results obtained

with NPTX2 multivariate regression model (R? = 0.654).
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Table 3. Analysis of age-associated DNA methylation in blood cells

Nucleic Acids 1779

Marker Predicted age (blood samples)

versus chronological age

Predicted age (blood samples)
versus predicted age (saliva samples)

GRIA2 R =0322
NPTX2 R? =0.276

R =0.313
R? =0.226

methylation patterns at CpG islands of various genes in in-
dividuals with different ages [1, 10, 14, 15, 18], and have also
investigated DNA methylation as a biomarker and a tool for
age estimation.

CpG sites in genes GRIA2 and NPTX2 have been as-
sociated with aging [1, 2]. Gene GRIA2 (glutamate receptor
ionotropic AMPA 2) products function as neurotransmitter
receptors in the brain and it has been shown to be associated
with Alzheimer’s disease [19]. Gene NPTX2 (neuronal pen-
traxin II) products are involved in synapse formation and it
has been associated with Parkinson’s disease [20] and pancre-
atic cancer [21,22]. Although both genes have been analyzed
for their correlation with age, we decided to investigate differ-
ent CpG sites in GRIA2 and NPTX2 using pyrosequencing
as an alternative analysis method. Previous works investigat-
ing both genes mostly performed data analysis from array
studies. Therefore, applying a methodology that uses bisul-
fite modification of DNA combined with pyrosequencing is
more likely to be useful in a forensic routine.

Observing the results obtained from the multivariate
analysis, the beta (8) regression coefficients showed that CpG
1 from GRIA2 and CpG 12 from NPTX2 have the strongest
correlation with age. This result is important in assessing
the influence of each CpG site in a multivariate analysis.
It is also important to consider the analysis of the R? val-
ues obtained in both simple and multivariate linear regres-
sion analysis. When analyzing multiple markers, it is com-
mon to combine all data and develop a regression model
to predict age based on the methylation levels of all mark-
ers. GRIA2 showed a stronger correlation with age variation
and prediction when compared to NPTX2 (multivariate re-
gression analysis, GRIA2: R* = 0.801 versus NPTX2: R? =
0.654). Also, all CpG sites from GRIA2 produced a higher R?
value than all CpG sites from NPTX2 when they were ana-
lyzed independently (simple regression analysis). Based on
these differences, a noncombined analysis of the two loci was
performed.

A higher age average difference was observed in the non-
combined analysis for each when compared to those found by
Bocklandt et al. 2011 [1]. However, it is important to observe
that their prediction of age was done using a model based
on combined analysis. Surprisingly when comparing results
from this study with those obtained by Koch and Wagner [2],
our analysis presented a lower age average difference, even
though that study also performed a combined analysis with
multiple age markers. This latter result highlights the impor-
tance of investigating multiple CpG sites in the same locus
since a single marker may possess enough prediction power
and turn out to be an easy tool for use in age analysis.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Another important question related to age markers is
how reproducible the results are when the analysis is done
with different cell types. It has been noted that many
age-associated DNA methylation changes are tissue-specific
[2,10,23]. It was observed that a correlation between methy-
lation values and age was found when analyzing both saliva
and blood samples. However, the results in saliva were more
accurate than those found in blood samples. Also we deter-
mined that the age prediction regression model from one
group of samples cannot be applied to another. Blood and
saliva samples present differences in their composition and
therefore differences in their gene expression, and methy-
lation pattern should be expected. Primarily, they can differ
in which cell types they contain and their different function,
half-life, and viability. The extracted DNA from saliva sam-
ples mostly originates from exfoliated epithelial cells, while
extracted DNA from blood samples originates from leuco-
cytes [24]. This highlights the need to not only analyze the
association between age and methylation, but to also perform
cross-correlations between multiple cell types. Knowing the
appropriate epigenetic loci for a given body fluid (blood versus
saliva) would be particularly critical in forensic applications
in which epigenetic age determination might be used in an
attempt to identify or discriminate between potential suspects
in criminal casework.

Human chronological age can be different from a pre-
dicted age group based on a biological sample [15] and this
is reflected in the results found in this study. At a biologi-
cal level, the sample can be affected by many factors, such
as genetic and environmental, and the effect of these dif-
ferent variables makes it a challenge to find age biomarkers
to predict human aging. Studies of epigenetic age markers
can provide the community with new and improved meth-
ods to be applied in different investigation areas, whether it
is clinical or forensic. The use of this new tool can help in
the assessment of health and many clinical conditions, being
useful to predict the risk of age-related diseases and to help
in cancer treatments, for example. These epigenetic markers
may also prove to be an important tool in forensic investiga-
tions. The estimation of a suspect’s age from recovered DNA
can provide important information to police and tryers of fact
in situations in which a suspect’s identity is unknown.
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