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Abstract

As an important aspect of epigenetics, DNA methylation has been proven to be suitable for forensic DNA analysis. By detecting
changes in DNA methylation, it is desirable to construct a model of age patterns associated with it to infer the age of the
individual. The ATERT gene methylation is closely related to tumors, but there are few reports on the relationship between
hTERT gene promoter methylation and age. In this study, we utilized the methylation-specific polymerase chain reaction and real-
time PCR (relative quantification and absolute quantification) approach to explore the connection between A/TERT DNA meth-
ylation and age prediction. We fit three models for age prediction based on methylation assay for 90 blood samples from donors
aged 1-79 years old. Among them, the model of absolute quantification of real-time enabled the age prediction with R* = 0.9634.
We verified the linear regression model with a validation set of 30 blood samples where prediction average error was 4.29 years.
Generally, this reliable method improves the DNA methylation analysis of forensic samples.
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Introduction

At present, the age inference of forensic individuals is based
on the theory of forensic anthropology. The age could be in-
ferred by measuring the bones, teeth, and other specimens or
by using the morphological markers of imaging data such as
X-ray films. However, the obtained age-inferred results are
influenced by subjective factors as the appraisers, further,
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whether bones or teeth required for analysis are intact may
trigger fluctuated results [1]. It is not possible to estimate the
age of biological samples without morphological features left
on site. For another, the use of biological macromolecular
markers for age inference is currently attractive. Case in point
is that some age-related molecular markers, such as telomere
length, telomerase activity, T cell DNA rearrangement, glyco-
sylation end products, and mtDNA mutations, have been iden-
tified, due to the accuracy and duplication of age-inferred
results [2].

Studies have shown that epigenetics, especially DNA
methylation, has a significant correlation with age [3].
DNA methylation is affected by the environment, resulting
in a change in the degree of DNA modification. The ex-
pression of the regulated gene under different environmen-
tal conditions is more responsive to the age of the individ-
ual. Its application to forensic practice is a seminal com-
plement to existing DNA analysis methods. DNA methyl-
ation is the earliest and most common mammalian genome
modification pathway, which refers to the transfer of meth-
yl group of S-adenosylmethionine to the cytosine ring in
DNA molecules catalyzed by DNA methyltransferase. A
carbon atom that produces 5-methylcytosine (5mC) [4].
DNA methylation plays an important role in maintaining
the stability of a genomic genetic material and regulating
gene expression, and is closely related to the occurrence of
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tumors, genetic diseases, autoimmune diseases, and aging.
From a forensic point of view, epigenetics provides a richer
set of information beyond the DNA sequence for the con-
tinuous improvement of DNA identification technology.
There is a certain correlation between DNA methylation
and age. Some studies have shown that the overall level
of DNA methylation in humans decreases with age [5],
especially, the ability of DNA to maintain methylation is
reduced during cell differentiation. However, other studies
have suggested that while the overall methylation level of
the genome is reduced, there are also some phenomena of
increased methylation levels of genes, such as the level of
DNA methylation in central tissues with the accretion of age
[6]. The determination of possible alterations in DNA meth-
ylation patterns could aid various forensic investigations, such
as differentiating monozygotic twins, identifying the tissue
source, or determining the age of tissue donors [7].
According to the known DNA methylation assays, they can
be divided into methylation analysis method based on restric-
tion endonuclease, methylation analysis method based on bi-
sulfite, and column method. At present, a methylation-
sensitive restriction endonuclease (MSRE), a methylated
CpG-binding protein (MeCP), and a sulfite conversion
(bisulfite) have been established. Among these series of
DNA methylation assays, the most common methods based
on the principle of sulfite conversion, including methylation-
specific PCR (MSP), methylation fluorescence (MethyLight),
high-resolution melting curve (HRM), Sanger clone sequenc-
ing (BSP), pyrosequencing, and gene chip method. Following
multivariate, linear regression and ANN analysis, Vidaki et al.
[8] identified an epigenetic aging signature based on the meth-
ylation status of a total of 16 CpG sites. To allow for reliable
age predictions, a next-generation sequencing protocol based
on [llumina’s MiSeq1 platform was developed and optimized
using commercially available DNA methylation standards.
Hannum et al. [9] have shown that genome-wide methylation
patterns represent a strong and reproducible biomarker of bi-
ological aging rate. DNA methylation in 5 CpG sites located
in ELOVL2, Clorfl32, TRIMS59, KLF14, and FHL?2 has been
analyzed to enable estimation of human chronological age
with high accuracy [10]. Furthermore, DNA methylation in
ELOVL?2 and Clorfl32 has been proved to correctly predict
chronological age of individuals from three disease groups
(early onset Alzheimer’s disease, late onset Alzheimer’s dis-
ease, and Graves’ disease) [11]. Human telomerase reverse
transcriptase (hTERT) is a pivotal protease involved in tumor-
igenesis and development. The methylation status of its pro-
moter region affects its expression [12]. The ATERT gene
promoter contains a large number of CpG islands, with a
GC-rich sequence, suggesting that ATERT expression may
be regulated by methylation. In tumor cells and tissues, most
of'the A”TERT promoters are hypermethylated, but the methyl-
ation pattern is much more complex. Normal cell or tissue

@ Springer

hTERT promoter is mostly methyl-free or only
hypomethylated [13]. However, in the stem cells, germ cells,
and some normal somatic cells such as human oral fibroblasts,
the hTERT promoter is methylated [14]. Previously, studies on
methylation of ZTERT gene focused on the mechanism of
tumor occurrence and development, diagnosis, and treatment.
There are few reports on the connection between methylation
of hTERT gene and age. In this work, the A/TERT gene was
used to investigate the relationship of methylation and age.

Materials and methods
Sample collection and DNA extraction

The study was approved in a Chinese Han population. Blood
samples were collected by the members of the Department of
Clinical Laboratory, Shanghai Xuhui District Dahua Hospital.
All volunteers signed the written informed consent statements
after explaining the goals of the study. Blood samples from 90
individuals (female 44, male 46) aged between 1 and 79 years
were developed in our DNA methylation assay. The collected
blood samples were placed in a collection tube containing
EDTA frozen at — 20 °C until DNA extraction.

Genomic DNA was extracted from 200 pl peripheral blood
using a DNeasy Blood & Tissue Kit (QIAGEN) according to
the manufacturer’s protocol in a final volume of 100 ul.
Finally, the integrity was separated by 1% agarose gel
electrophoresis.

Bisulfite conversion

Genomic DNA (200 ng) in a volume of 20 ul was converted
using the EZ DNA Methylation-Gold Kit (Cat. No. D5005) as
per the manufacturer’s instructions, where unmethylated cy-
tosine was converted to uracil and methylated cytosine did not
change. There was complete conversion of GC-rich DNA in
3 hours. The two heat denaturation reaction steps simplify the
conversion of unmethylated cytosine to uracil. The total reac-
tion volume was 10 pl. The DNA can be used for immediate
analysis store — 20 °C for later use in a short-time period or —
70 °C for long-term future use.

Methylation-specific polymerase chain reaction

The methylated cytosine in the DNA sequence after vulcani-
zation remains unchanged, while the unmethylated cytosine is
converted to uracil, and uracil can be replaced by
deoxythymidine during the PCR reaction. MSP technology
is designed for two pairs of different primers to detect the
methylation status in the DNA sequence, which has the ad-
vantages of having minimal amount of DNA required, no
need for specific restriction sites, and high sensitivity. The
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reaction conditions include denaturation at 98 °C for 10 s,
annealing at 60 °C for 30 s, and extension at 72 °C for
1 min for a total of 40 cycles. The specific primers designed
by Meth-Primer and their sequences are shown in Table 1. The
amplified product was electrophoresed on a 2% agarose gel
containing ethidium bromide and observed under a UV detec-
tor. The presence of M-primer amplification products indi-
cates the presence of DNA methylation. The presence of am-
plification products in U-primer is the absence of DNA meth-
ylation. If amplification products are present at the same time,
partial DNA methylation is considered. Finally, a prediction
model for age was established by comparing the optical den-
sity values of the M and U bands.

Real-time PCR

Real-time PCR was used to perform relative quantification
and absolute quantification of the #”TERT gene. The PCR re-
action system contained SYBR@Premix Ex TaqTM (2x) of
about 12.5 ul, 0.5 pl of the upstream and downstream primers,
and 200 ng of template DNA. The volume of reaction was
supplemented with double distilled water to 25 pl and sub-
jected to two-step PCR amplification. Cycle parameters are
95 °C, 30 s; 95 °C, 5 s; 60 °C, 30 s; 40 cycles; 95 °C, 15 s;
60 °C,1 min; 95 °C 15 s. Two replicate holes are provided for
each specimen. According to Methprimer software, few meth-
ylation was found in a certain region of the promoter of the
housekeeping gene 3-actin. Therefore, 3-actin was chosen as
an internal reference gene. The degree of methylation of
hTRET gene was obtained by comparing the optical density
of ATERT gene with 3-actin. Their sequences are shown in
Table 1.

The hTERT gene was absolutely quantified by methylation
standard, and the mixture was diluted 10 times with double
distilled water as the solvent, and the concentration was 100,
80, 60, 40, 200 ng/ul, and stored at 4 °C. Methylation-positive
control DNA with different concentrations as the reaction sub-
strate was optimized with a concentration gradient. A standard
curve was prepared by taking the Ct value as the abscissa and
the amount of the standard DNA as the ordinate. Two models

can be established by relative quantification and absolute
quantification to detect the degree of methylation of the
hTERT gene.

Validation of the developed models in blood
and statistics

Thirty blood samples as the validation set was allowed to
examine the age prediction model. The average error from
the chronological age was calculated to evaluate the accuracy
of our prediction assay with linear regression model. Finally,
by comparing the average error of the three age prediction
models, the final age prediction model was determined.

Results
Methylation-specific polymerase chain reaction

The DNA sequence of the #”TERT gene promoter region con-
tains a large number of CpG islands, and the DNA sequence
detected in this experiment spans the transcription initiation
site of the ATERT gene. The length of the methylated and
unmethylated bands was 151 bp and 153 bp, respectively.
We used 2% agarose gel electrophoresis and ethidium bro-
mide staining to show the methylated and unmethylated
DNA obtained by MSP (Fig.1). From the randomly selected
24 specimens, we can see that the unmethylated band gradu-
ally deepens with age. It can be preliminarily judged that the
methylation status of the ”TERT gene promoter region grad-
ually decreases with age. Based on the ratio of the optical
densities of the methylated bands to the unmethylated bands
of a total of 60 blood samples, a predictive model of the
relationship between the degree of methylation of the
hTERT gene and age was obtained. We found that the meth-
ylation of the h/TERT gene is negatively correlated with age
shown in Fig.2a (Pearson r =—0.9923). As the age increased,
the degree of methylation of the A”TERT gene was gradually
reduced, which is consistent with the electropherogram results
of the obtained MSP. Figure 2 b presents a plot with

Table 1 Primer sequences for PCR

PCR fragment Upstream primer Downstream primer

MSP

hTERT M 5'-TTGAGAATTTGTAAAGAGAAATGAC-3' M 5'-TAAAAACGAACCCGAAAACG-3'

U 5-TTGAGAATTTGTAAAGAGAAATGATG-3'

Real-time PCR

hTERT M 5-TTGAGAATTTGTAAAGAGAAATGAC-3'
U 5'-TTGAGAATTTGTAAAGAGAAATGATG-3’
{3-actin 5-GGAGGTTTAGTAAGTTTTTTGGATTGTG-3'

U 5-ACTAAAAACAAACCCAAAAACACA-3'

M 5-TAAAAACGAACCCGAAAACG-3'
U 5'-ACTAAAAACAAACCCAAAAACACA-3'
5-AAAACCTACTCCTCCCTTAAAAATTACA-3'
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Fig. 1 Electropherogram of MSP product in partial sample of ATERT
gene. M, product of methylation primer amplification (151 bp); U, prod-
uct of unmethylated primer amplification (153 bp). The top number rep-
resents age

chronological age vs. predicted age. The developed model
explained 91% of variation in age (corrected R*=0.9106)
with an average error of 6.60 years.

Real-time PCR

Real-time PCR was based on the addition of MSP using
SYBR Green I dye to determine the amount of initial template
by detecting an increase in fluorescence signal. The relative
quantification of real-time was by comparing the optical den-
sity values of the methylated band with the internal reference
gene 3-actin. Absolute quantitative real-time PCR was based
on methylation-positive control to establish a standard curve
to predict the methylation level of hTERT gene in different
age groups. Two real-time PCR results were shown in Figs. 3a
and 4a. The results are consistent with those obtained by MSP,
but result is that methylation is negatively correlated with age
(Pearson »=—10.9656 and Pearson » =— 0.9842). As shown in
Figs. 3b and 4b, the predictive model established by relative
quantitative real-time PCR with age information and DNA
methylation pattern of the 60 training set samples explained
93.83% of the total variance (R*=0.9383) with an average
error of 5.31 years and one established by absolute quantita-
tive real-time PCR explained 95.64% of the total variance in
the 60 individuals (R*>=0.9564) with an average error of
4.36 years.

Validation of the developed models in blood

To validate the model’s prediction performance, 30 blood
samples were allowed to examine the age prediction
model. As shown in Fig. 5, the accuracy of the model
established by real-time absolute quantitative PCR is
higher than that of MSP and real-time relative quantita-
tive PCR. This age prediction model from MSP had only
slightly worse parameters, explaining 91.5% of age var-
iance with an average error of 6.60 years. The model
from real-time relative quantification PCR had an R val-
ue of 0.974 and the developed model explained 94.88%
of variation in age (corrected R =0.9488) with an aver-
age error of 5.19 years. Figure 5c presents a plot with
chronological age vs. predicted age (R*=0.9634) with
the average error of 4.29 years. From Fig. 5, we can also
see that R® is constantly improving, which also shows
the model from the real-time absolute quantitative PCR
can improve the accuracy of predicted age.

Discussion

DNA methylation is a paramount component of epige-
netics which plays an indispensable role in maintaining
normal cell function, genetic imprinting, embryonic devel-
opment, and human tumorigenesis. Some cells undergo
age-related changes during aging. For example, de novo
methylation of a CpG island shuts down a gene, causing
loss of physiological functions associated with this gene;
likewise, loss of methylation also activates genes that are
normally silenced, resulting in inappropriate ectopic ex-
pression. DNA methylation is characterized by age, with
major causes including changes in DNA methylation that
accumulate during the body’s growth and changes in
methylation status at specific sites in the genome due to
gene expression requirements [15]. With the increasing of
age, due to the progressive loss of DNA methyltransferase
DNMT1a enzyme activity, the overall level of DNA meth-
ylation presented a downward trend, while increased at
some special sites, revealing certain correlation [16].
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Fig. 3 Development of the a 4 b 100
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Human telomerase reverse transcriptase is the center of
human telomerase activity and is one of the most imperative
and common tumor-specific biochemical markers. It is a sig-
nificant protease involved in tumorigenesis and development
[17]. In recent years, the ”TERT promoter has been used to
regulate anti-tumor genes such as oncolytic virus, apoptosis
gene, tumor suppressor gene, and suicide gene all of which
have obvious anti-tumor effects in experiments. So far, studies
on methylation of A”TERT gene focused on the mechanisms of
tumor development, diagnosis, and treatment. The latest re-
port on the methylation status of an #/TERT gene promoter in
peripheral blood leukocytes can be used as a molecular marker
for the progression of head and neck cancer [18]. Since pre-
vious reports on the ATERT gene have concentrated on cancer
and are rarely related to age [18], it is used as a gene of interest
to better correlate age and disease. As demonstrated by results,
the degree of methylation of the A”TERT gene decreases with
age. The degree of methylation is illustrated negatively corre-
lated with age. Hence, the #TERT gene is a promising gene
that also corresponds with age. Compared with the studies of
Spolnicka et al. [11], ATERT is different from ELOVL2 and
Clorf132, which is both related to disease and age. How to
coordinate the correlation between disease and age of h”TERT
methylation remains to be further studied in the future.

Currently, methylation detection methods include the fol-
lowing types: (1) polymorphism detection by methylation-
sensitive restriction endonuclease combined with polyacryl-
amide gel electrophoresis (MSAP), (2) utilization of sulfurous
acid hydrogen salt modification method, and (3) chip

technology. The most commonly used is the bisulfite modifi-
cation method. In order to verify the conversion efficiency of
bisulfite, we referred to the methods mentioned in the paper
from Ogino et al. [19] to ensure the same conversion efficien-
cy for each sample. We also compare the three methods based
on the principle of bisulfite modification. After modification,
the unmethylated cytosine is converted to uracil, and the meth-
ylated cytosine remains unchanged. In contrast, bisulfite con-
version retains intact DNA sequences and requires a small
amount of DNA template, making it a usual method for fo-
rensic DNA methylation analysis for qualitative and quantita-
tive analysis of methylation. However, the transformation
conditions are harsh otherwise it is inclined to trigger DNA
degradation. At the same time, there may be incomplete con-
versions that result in overestimation of the proportion of
DNA methylation. In the subsequent PCR process, the con-
verted base U is regarded as T by the DNA polymerase, and
thus may also cause non-specific amplification. For both
cases, MSP designed different primers to amplify methylated
and unmethylated DNA and determined methylation at spe-
cific sites based on electrophoresis results. Real-time PCR is
based on MSP, using SYBR Green I dye to increase the
amount of initial template by detecting an increase in fluores-
cence signal. Although MSP is more commonly used, the
common MSP has low sensitivity and can only be used for
qualitative analysis, while electrophoresis always generates
environmental pollution. Real-time PCR can perform real-
time monitoring and quantitative analysis of DNA methyla-
tion. From our results, compared with the models established
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Fig. 5 Validation of the
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by methylation-specific PCR and real-time relative quantita-
tive PCR, real-time absolute quantitative PCR model predicts
the smallest age error (4.29 years). Therefore, real-time abso-
lute quantitative PCR builds up a more accurate quantification
of the degree of methylation.

Horvath et al. [15] used 353 CpG sites to predict chrono-
logical age with a mean absolute deviance of 3.6 years, while
many of the CpG sites individually show only a weak corre-
lation with age. Although the predicted age error of our study
is slightly higher, we only use one gene as a marker, which is
more convenient. For another, Freire-Aradas et al. [20] have
analyzed a total of 209 individuals from 2 to 18 years old
using EpiTYPER® DNA methylation analysis. From a total
of ten selected genes, six were used to develop a preliminary
age prediction model [20], which is more applicable to some
children who commit crimes and cannot be well applied to all
age groups. Jung et al. [21] have developed age prediction
models built separately for each sample type using the DNA
methylation values at the 5 CpG sites showed high prediction
accuracy with a mean absolute deviation from the chronolog-
ical age (MAD) of 3.478 years in blood, 3.552 years in saliva
and 4.293 years in buccal swab samples, while the studies are
based on targeted methylation detection via complex proce-
dures including pyrosequencing, melting curve analysis, and
the EpiTYPER system. In our study, the method is easy, con-
venient, economical, and without age restrictions. Therefore,
it has potential application in age prediction.

In summary, as an important marker for forensic genetics,
the detection of DNA methylation, especially the specific
gene methylation is very useful. It is expected that the real-
time absolute quantitative PCR of A7TERT gene methylation
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will be applied as a tool in the age prediction of victims in the
field of forensic science in the future.
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