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DNA methylation is emerging as an attractive marker 
providing investigative leads to solve crimes in forensic 
genetics. The identification of body fluids that utilizes 
tissue-specific DNA methylation can contribute to solving 
crimes by predicting activity related to the evidence material. 
The age estimation based on DNA methylation is expected to 
reduce the number of potential suspects, when the DNA 
profile from the evidence does not match with any known 
person, including those stored in the forensic database. 
Moreover, the variation in DNA implicates environmental 
exposure, such as cigarette smoking and alcohol consumption, 
thereby suggesting the possibility to be used as a marker for 
predicting the lifestyle of potential suspect. In this review, we 
describe recent advances in our understanding of DNA 
methylation variations and the utility of DNA methylation as a 
forensic marker for advanced investigative leads from evidence 
materials. [BMB Reports 2016; 49(7): 359-369]

INTRODUCTION

In recent years, forensic DNA typing mainly focuses on 
matching a suspect with the evidence by testing a set of short 
tandem repeat (STR) markers. With advances in the DNA 
detection technology and the increased number of available 
markers, useful DNA profiles can be obtained from highly 
damaged evidence materials. However, DNA profiles can 
often fail to identify persons when there is no suspect 
available, and the evidence DNA profile does not match that 
of any person in the forensic DNA database (1, 2). When no 
other evidence is available, hundreds to thousands of 
volunteers can be invited to provide their samples for DNA 
mass screening; however, such DNA dragnets without specific 

cause and evidence to ask volunteers often face criticisms and 
are legally forbidden in some countries because of ethical 
concerns (1, 3). 

Nowadays, forensic phenotyping, aiming to infer the 
unknown sample donor’s appearance from DNA, is expected 
to reduce the number of potential suspects (4, 5). To date, the 
most well studied externally visible characteristic (EVC) 
markers are the single nucleotide polymorphism (SNP) markers 
associated with pigmentation, e. g., the variations in the 
coloration of the iris, hair, and skin (6-8). However, such 
pigmentation markers may not be useful in certain populations 
such as Asians and Africans with little color variation. More 
recently, age has been suggested as an EVC that can be used 
regardless of the ethnicity to predict an individual’s appearance, 
thereby providing an investigative lead to track an unknown 
suspect or identify a missing person. Recently, a DNA test 
based on sjTREC DNA quantification has been introduced in 
the forensic field, and is based on the existing knowledge of 
the decrease in T-cells and a particular T-cell DNA rearrange-
ment in blood with increased age (9). This test has shown 
relatively high prediction accuracy with an error of 9 years. 
However, this method cannot be applied to the age prediction 
of other body fluids that do not include T-cells and needs to be 
tested using patients’ blood samples because of its immune- 
dependent characteristics. In the meantime, the advancement 
of epigenetics led to the identification of a number of CpG 
markers, exhibiting age-associated DNA methylation changes 
in various types of tissues and cells. Several studies have 
reported age-predictive models that could be applied across a 
broad spectrum of tissues as well as those based on the use of 
blood or saliva with considerable prediction accuracy (＜5 
years) (10-13). To date, DNA methylation is regarded as the 
most promising age-predictive biomarker.

In situations where the evidence profile matches a suspect’s 
DNA, the suspect is not always proved guilty, because the 
matching DNA profiles only help addressing the issue at 
source or sub-source level. The probative force of matching 
DNA profile for sub-source and source level issues, in most 
cases, does not transfer directly to the probative force at 
activity or offence level (14). Therefore, the activity leading to 
the deposition of the evidence material is mainly assessed by 
forensic experts (15, 16); offence level issues are normally 
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dealt with by the court. To evaluate the evidence at the activity 
level, knowledge about the cell types in evidence material as 
well as the investigation of fingerprints and bloodstain pattern 
analysis will be helpful (17). For example, the detection of 
semen from vaginal swabs can indicate the involvement of 
some form of sexual encounter or assault, and blood stains can 
indicate some form of physical struggle, assault or murder, 
whereas menses may be proposed as an alternative inoffensive 
scenario for a blood stain in an alleged violent assault (17). In 
the past decades, numerous types of analytical methods 
including chemical tests, immunological tests, protein catalytic 
activity tests, spectroscopic methods, and microscopy have 
been developed for the investigation of forensically relevant 
body fluids (18). However, most of these methods have 
limitations such as low specificity, lack of sensitivity, sample 
destruction, instability of biomolecule assayed, or incompati-
bility with downstream STR analysis (19). In recent years, 
molecular approaches detecting specific messenger RNA 
(mRNA) and micro RNA (miRNA) expressions and differential 
DNA methylation patterns have therefore been intensively 
investigated (17). Among these methods, DNA-methylation 
based assays identifying differential DNA methylation profiles 
of different cells or tissue types have been proposed for 
distinguishing different types of body fluids owing to their high 
specificity, DNA-based testing characteristics, fit with the 
current forensic casework application, and applicability to old 
cases with only DNA extracts available.

DNA methylation has only recently come into focus in the 
forensic field; however, its applicability is being highly 
estimated among an increasing number of forensic investigators. 
Just like epigenetics to genetics, DNA methylation analyses are 
now expected to add more informative layers to the forensic 
genetic analyses of the evidence materials. 

BIOLOGICAL BACKGROUND OF DNA METHYLATION

DNA methylation
Methylation of nucleotides provides a molecular mean to 
reversibly mark genomic DNA (20). DNA methylation is 
involved in immune recognition in bacteria, but regulates the 
structure and expression of the genome in complex higher 
eukaryotes (21). In eukaryotes, methylation only occurs at the 
cytosine residue and is different from those in bacteria that can 
methylate adenosine or cytosine residue (20). Moreover, 
vertebrates are unique as cytosine methylation occurs through-
out the entire genome, whereas plants and invertebrates show 
mosaic methylation patterns with only specific genomic 
elements targeted (20). 

Despite the widespread methylation in vertebrate genomes, 
CpG islands (CGIs), which often overlap with promoter regions, 
generally remain unmethylated, whereas CG-poor promoters 
are methylated when not active (20). Because DNA methylation 
blocks the start of transcription initiation not elongation (22), 
CGI methylation at the transcription start site is also associated 

with long-term silencing, e. g., X-chromosome inactivation, 
imprinting, and genes expressed dominantly in germ cells and 
some tissue-specific genes (22). In contrast, sometimes, CGIs in 
gene bodies are known to be methylated in a tissue-specific 
manner, and non-CGI methylation is more dynamic and more 
tissue-specific than the CGI methylation (22). 

Such pattern of DNA methylation is established by de novo 
DNA methyltransferases DNMT3A and DNMT3B in com-
bination with DNMT3L and is faithfully maintained through 
cell division by maintaining methyltransferase DNMT1 and 
associated proteins (23). DNA methylation has long been 
considered to be lost passively through imperfect maintenance, 
but the recent discovery of mammalian ten-eleven trans-
location family of proteins showed a convincing path for 
catalyzed active demethylation (24). 

DNA methylation variations
DNA methylation at a single CpG site within a single DNA 
strand is a binary trait, as the site is either methylated or not 
(25). However, experimental samples contain a large number 
of DNA strands, and therefore DNA methylation, which is 
recorded as a fraction between zero and one, represents the 
frequency of methylation at a given CpG site across the 
population of cells in the sample (11).

DNA methylation changes during the development and 
aging. The full range of DNA methylation variation is 
potentially enormous considering that the diploid human 
genome contains ≥107 CpGs that may all potentially vary 
(26). The most common features in which DNA methylation 
varies appear as methylation variable position (MVP), variably 
methylated region (VMR) or differentially methylated region 
(DMR) (27-29). DNA methylation at a single CpG site is 
known as a MVP, and the region defined by increased 
variability rather than gain or loss of DNA methylation is 
referred as VMR. DMR is a region of the genome at which 
multiple adjacent CpG sites show differential methylation and 
can occur in many different contexts, e. g., imprinting-specific 
DMR (iDMR), tissue-specific DMR (tDMR), reprogramming- 
specific DMR (rDMR), cancer-specific DMR (cDMR), and 
aging-specific DMR (aDMR). 

The factors underlying variable DNA methylation include 
cell differentiation, aging, and environmental exposures and 
genetic factors. During early embryo development, cell-specific 
DNA methylation patterns develop to aid in cell differentia-
tion, thereby enabling cells to have specific structures and 
functions (30). The established DNA methylation patterns are 
maintained through consecutive cell divisions, and are 
relatively stable throughout life (25). However, aging can 
modify DNA methylation through epigenetic drift and 
epigenetic clock; epigenetic drift is caused by the stochastic 
accumulation of small errors in transmitting and maintaining 
DNA methylation (31), and epigenetic clock refers to the 
phenomenon in which specific sites in the genome undergo 
DNA methylation changes with age that are progressive and 
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common across individuals and sometimes even tissues (11, 
12). In addition, environmental exposures such as diet, stress, 
or smoking can alter DNA methylation at various stages of 
human development (25). Besides, twin and family-based 
studies suggested that a considerable amount of inter-individual 
variation in DNA methylation is in part determined genetically 
(32, 33). The genome-wide association studies, which test 
genotype-phenotype associations, identified a large number of 
SNPs associated with the DNA methylation levels at various 
CpGs (34, 35). Therefore, DNA methylation at a certain CpG 
site is the result of multiple processes that are regulated both 
by genetic and environmental factors.

FORENSIC APPLICATIONS OF DNA METHYLATION

Tissue-specific DNA methylation changes and forensic body 
fluid identification 
A significant number of studies have reported tissue-specific 
DNA methylation and gene expression variations (17, 18). In 
fact, tissue of origin is the primary difference in DNA 
methylation profiles from different samples, regardless of their 
origin from the same or different individuals (36-39). 
Genome-wide DNA methylation analysis of different tissues 
demonstrated that numerous tDMRs exist in the mammalian 
genome, and DNA methylation patterns were more consistent 
among the same tissues from different individuals than among 
different tissues from the same individual (36). 

In the forensic field, the potential of tissue-specific differential 
DNA methylation has been examined for the identification of 
body fluids that are frequently observed in crime scenes 
(40-45). Frumkin et al. (40) first reported genomic loci that are 
differentially methylated among blood, saliva, semen, skin 
epidermis, urine, and vaginal secretion using a method based 
on methylation-sensitive restriction enzyme-PCR (MSRE-PCR). 
Lee et al. (41) examined the potential of tDMRs for forensic 
body fluid identification by the bisulfite sequencing method. 
They suggested two testis-specific tDMRs located at the 
DACT1 and USP49 genes as a semen-specific marker and the 
PFN3 tDMR as a vaginal fluid-specific marker. Madi et al. (42) 
also examined a few genomic loci using bisulfite modification 
and pyrosequencing and reported that the methylation patterns 
at the ZC3H12D and FGF7 loci can differentiate sperm from 
other biological samples, whereas the C20orf117 locus and 
the BCAS4 locus can differentiate blood and saliva from other 
samples, respectively. 

Recently, rapid advances in epigenetics have made 
genome-wide DNA methylation profiling accessible to many 
researchers. In particular, as Illumina’s HumanMethylation450 
(450K) BeadChip array provides DNA methylation profiles at 
≥450,000 CpG sites using only as little as 0.5 g of genomic 
DNA, several researchers have reported CpG markers that 
show differential DNA methylation patterns in different types 
of body fluids based on the 450K BeadChip array results. Park 
et al. (43) investigated the methylome data from 16 samples of 

blood, saliva, semen, and vaginal secretions and identified 
eight CpG sites as forensically relevant DNA methylation 
markers: cg06379435 and cg08792630 for blood; cg26107890 
and cg20691722 for saliva; cg23521140 and cg17610929 for 
semen; and cg01774894 and cg14991487 for vaginal secretions. 
In a subsequent validation with pyrosequencing analysis, the 
blood and semen markers were confirmed to have high 
specificity for the identification of the target body fluid; 
however, their vaginal secretion and saliva markers did not 
show a sufficient methylation difference from other body fluids 
for acceptable specificity. Lee et al. (44) also identified 
markers using the same approach of generating the 450K 
BeadChip array data for 42 body fluids including blood, saliva, 
semen, vaginal fluid, and menstrual blood. Further validation 
with bisulfite sequencing and methylation SNaPshot produced 
a total of 8 CpGs located at or adjacent to the sites investigated 
in the BeadChip array as body fluid-specific markers: 
cg17610929, cg26763284, and cg17621389 for semen; 
cg06379435 and cg01543184 for blood; cg09765089-231d (a 
CpG located 231 bp downstream of cg09765089) and 
cg26079753-7d (a CpG located 7 bp downstream of cg26079753) 
for vaginal fluid; and cg09652652-2d (a CpG located 2 bp 
downstream of cg09652652) for saliva. From both of the two 
studies, cg17610929 and cg06379435 have been suggested as 
a semen-specific marker and a blood-specific marker, re-
spectively. In addition, cg08792630 that had been proposed 
as a blood-specific marker by Park et al. was confirmed to 
show methylation signal only in blood even when examined 
using the array data generated by Lee et al. (unpublished data). 
More recently, Forat et al. (45) selected body fluid-specific 
CpG marker candidates from HumanMethylation27 (27K) and 
450K BeadChip array data of pooled DNA samples from 
various body fluids and tissues: cg26285698 and cg03363565 
for blood; cg09696411 for menstrual blood; cg21597595 and 
cg15227982 for saliva; and cg14991487 and cg03874199 for 
vaginal fluid; and cg22407458 and cg05656364 for semen. 
Through further validation with methylation SNaPshot called 
methylation-sensitive single nucleotide primer extension 
(Ms-SNuPE), they suggested body fluid-specific CpG markers 
that were not identical with those investigated by the 
BeadChip array but were adjacent to them with 0 to 288 bp 
apart. However, no marker overlaps were observed between 
Forat et al. (45) and the two previous studies, suggesting the 
need to further evaluate those markers. 

Nevertheless, because body fluid-specific hypo- or hyper-
methylation status, which does not provide “on or off” signal, 
has attracted criticism when used for the analysis of mixed 
samples, it is notable that the three recent studies (43-45) 
reported a set of CpG markers that show a methylation signal 
only in the target body fluids through genome-wide methy-
lation profiling and gene-specific confirmation. Overall, the 
identification and use of semen-specific CpG markers is not a 
problem because of the significant difference in DNA 
methylation between somatic and germ cells. However, 
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Models Age signaturesa Gene Tissue Analysis platform Accuracyb

Bocklandt et al. (10) cg09809672 EDARADD Saliva 27K array 5.2 years
cg27210390 TOM1L1
cg12799895 NPTX2

Koch & Wagner (49) cg12799895 NPTX2 Various tissues 27K array 11 years
cg07533148 TRIM58
cg25148589 GRIA2
cg01530101 KCNQ1DN
cg23571875 BIRC4BP

Hannum et al. (11) 71 CpG sites Blood 450K array 3.9 yearsc

Horvath (12) 353 CpG sites Various tissues 27K & 450K array 3.6 yearsc

Weidner et al. (13) cg25809905 ITGA2B Blood Pyrosequencing 4.3 years
cg02228185 ASPA
cg17861230 (−14 bp) PDE4C

Zbieć-Piekarska et al. (55) cg16867657 (−2 bp) ELOVL2 Blood Pyrosequencing 5.0 years
cg16867657 (−10 bp)

Zbieć-Piekarska et al. (56) cg16867657 (−10 bp) ELOVL2 Blood Pyrosequencing 3.9 years
cg10501210 (＋6 bp) C1orf132
cg07553761 (＋10 bp) TRIM59
cg14361627 KLF14
cg06639320 (＋6 bp) FHL2

Park et al. (57) cg21572772 ELOVL2 Blood Pyrosequencing 3.4 years
cg04208403 ZNF423
cg19283806 CCDC102B

Lee et al. (58) cg06304190 TTC7B Semen Methylation SNaPshot 5.4 years
cg06979108 NOX4
cg12837463

Bekaert et al. (60) cg02228185 ASPA Blood, teeth Pyrosequencing 4.9 years
cg17861230 (−14 bp) PDE4C
cg16867657 (−4 bp) ELOVL2
cg09809672 EDARADD

Giuliani et al. (61) 4 CpG units ELOVL2 Cementum, dental pulp EpiTYPER 1.2 yearsd

4 CpG units FHL2
5 CpG units ELOVL2 Dental pulp 2.3 yearsd

5 CpG units FHL2
3 CpG units PENK
7 CpG units ELOVL2 Cementum 2.5 yearsd

4 CpG units FHL2
1 CpG units PENK
3 CpG units ELOVL2 Dentin 7.1 yearsd

1 CpG units FHL2
1 CpG units PENK

aAge signatures indicate the CpGs used for model construction. When CpG differs from that investigated in the BeadChip array, distance is in-
dicated in parenthesis. ＋ and − indicates downstream and upstream, respectively. bAccuracy is indicated by MAD from chronological age. When 
indicated by root-mean-square error or median of absolute difference, accuracy is marked by superscript c or d, respectively. 

Table 1. DNA methylation-based age predictive models

because most somatic tissues and body fluids possess similar 
DNA methylation patterns across the genome, CpGs that have 
been suggested to be specific to blood, saliva, vaginal fluid, 
and menstrual blood should be carefully validated for better 
applications to forensic caseworks. 

Age-associated DNA methylation changes and forensic age 
estimation
Age-associated DNA methylation changes have been 
extensively studied both globally and at specific regions (46). 
These studies indicated a gain in DNA methylation in early life 
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and gradual loss in later life across the genome (46). After 
birth, average DNA methylation levels increase in the blood 
throughout the first year of life (47, 48), and after the first year, 
the median global DNA methylation levels are relatively stable 
except some regions that frequently gain methylation (47). 
After reaching adulthood, DNA methylation generally 
decreases across the genome and specifically at repetitive 
elements (46). 

With the advent of microarray technology, more specific 
DNA methylation changes at certain genes or genomic regions 
have been reported to show high association with age (46, 49, 
50) (Table 1). These age-associated CpGs have been found 
both within a specific tissue and across tissues, because DNA 
methylation profiles are highly divergent in different tissues. In 
earlier studies (51-53), Polycomb group protein target genes 
(PCGTs) known to have roles in the chromatin remodeling 
related with gene silencing were reported to gain methylation 
in blood and other tissues during aging. Bocklandt et al. (10) 
identified three age-associated CpG sites from the promoters of 
EDARADD, TOM1L1, and NPTX2 in saliva based on the 27K 
BeadChip array results and built a regression model that could 
predict the age of an individual with an average accuracy of 
5.2 years. Koch and Wagner (49) also used the 27K array 
results on various tissues and cells and suggested an 
age-predictive model composed of five CpGs (associated with 
the genes NPTX2, TRIM58, GRIA2, KCNQ1DN, and 
BIRC4BP), which was applicable for many tissues, but the 
average absolute difference between the predicted and 
chronological age was ∼11 years. Of the studies using the 
450K BeadChip array, Garagnani et al. (54) demonstrated a 
high association between the age and DNA methylation at 
three CpG sites of the genes ELOVL2, FHL2, and PENK and 
suggested ELOVL2 as the most promising age predictive 
marker in blood. A quantitative aging model built by Hannum 
et al. (11) used 71 CpG sites of the 450K array and showed a 
very high prediction accuracy with an error of 3.9 years in 
blood. Horvath (12) developed a multi-tissue predictor of age 
using 8,000 samples from the 27K and 450K array data sets. 
The model was applicable across a broad spectrum of tissues 
and showed a high accuracy with an error of 3.6 years. 

However, the genome-wide DNA methylation analysis 
requires a substantial amount of DNA, time, and effort; 
therefore, an assay utilizing only a few CpG sites was expected 
to be more appealing to forensic investigators if it could 
provide accuracy comparable to that provided by the 
genome-wide methylation profiling. The model by Weidner et 
al. (13) was notable, as it was based on the pyrosequencing 
data of only three CpGs at the genes ITGA2B, ASPA, and 
PDE4C for age prediction of blood, and the accuracy was high 
with an average absolute difference between the predicted and 
chronological age of 4.3 years. In the forensic field, 
Zbiec-Piekarska et al. (55) reported an age predictive model 
for blood using two CpGs in the ELOVL2 gene with a 
prediction error of 6.85 years and a mean absolute deviation 

(MAD) from chronological age of 5.03 years. Later, they also 
demonstrated that a model composed of five CpGs of the 
genes ELOVL2, C1orf132, TRIM59, KLF14, and FHL2 had an 
improved prediction accuracy in blood with a MAD from 
chronological age of 3.9 years (56). Recently, Park et al. (57) 
also reported an age predictive model for blood using three 
CpGs of the genes ELOVL2, ZNF423, and CCDC102B. These 
CpGs were evaluated in more than 760 blood samples based 
on a pyrosequencing platform, and the model provided a very 
high prediction accuracy with a MAD from the chronological 
age of 3.4 years. They mentioned that the DNA methylation at 
KLF14 and FHL2 were significantly associated with age; 
however, the primer design for pyrosequencing of these genes 
failed. Because strong age correlation of DNA methylation at 
the genes ELOVL2, KLF14, and FHL2 have been repeatedly 
observed in many independent studies with blood, they are 
considered to be some of the most promising age-predictive 
markers for blood.

Recently, Lee et al. (58) identified age-associated CpGs for 
semen, which is a particularly relevant body fluid in the 
forensic analyses, using the 450K array and subsequent 
methylation SNaPshot analyses. Although the model by 
Horvath is applicable to the age prediction with various types 
of tissues and cells, the age prediction values for sperm were 
significantly lower than the chronological age of the donors 
(12). The model by Lee et al. composed of three CpGs 
(cg06304190 in the TTC7B gene, cg06979108 in the NOX4 
gene, and cg12837463) exhibited a high correlation between 
the predicted age and the chronological age with a MAD from 
chronological age of ∼5 years. In addition, the region around 
the TTC7B gene has been reported to show age-related DNA 
methylation alteration in the sperm methylome of two samples 
collected from each individual 9-19 years apart (59), indicating 
TTC7B as one of the most promising age predictive marker for 
semen. 

Besides, Bekaert et al. (60) constructed a model with four 
age-associated markers suggested for blood (ASPA, PDE4C, 
ELOVL2, and EDARADD) and demonstrated that the model 
was also capable of producing highly accurate age predictions 
for teeth samples with a MAD from chronological age of 4.9 
years. Giuliani et al. (61) also showed that the previously 
reported age-associated markers for blood, i. e., CpGs located 
in the ELOVL2, FHL2, and PENK genes (54), could be a 
powerful tool to predict age in teeth; however, the MAD from 
chronological age varied (1.2-7.1 years) depending on the part 
of the tooth from which DNA was extracted. 

Exposure-related DNA methylation changes and their 
potential of forensic application
Environmental factors such as cigarette smoking and alcohol 
consumption may also alter DNA methylation (62). Environ-
mental effects during early embryogenesis may induce 
extensive, soma-wide modifications of DNA methylation, 
whereas environmental effects in later life are more likely to 
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induce less extensive, tissue-specific modifications of DNA 
methylation (25). 

Cigarette smoke is considered as one of the most powerful 
environmental modifiers of DNA methylation (63) and is 
implicated in both effects during early embryogenesis and later 
stage of life. It may modulate DNA methylation through the 
mechanisms related to carcinogen-induced DNA damage and 
repair (64), downregulating effect of nicotine on DNMTs (65), 
and hypoxia (66). 

Breitling et al. (63) generated DNA methylation profiles of 
peripheral lymphocytes from smokers, ever-smokers, and 
never-smokers with the use of 27K BeadChip array and 
reported that a single locus, cg03636183 located in F2RL3 
gene is differentially methylated between smokers and 
non-smokers. This CpG showed significantly lower methylation 
in smokers than non-smokers (% methylation difference = 
12%) and has been also observed in other independent studies 
(67). Later, several epigenome-wide studies have been 
conducted using the 450K BeadChip array to identify 
smoking-associated DNA methylation changes (67, 68). These 
studies replicated the previous findings related to F2RL3 and 
revealed that DNA methylation at multiple CpGs located in 
the AHRR were also significantly lower in smokers than 
non-smokers. These sites (cg23576855 and cg05575921) 
showed smoking-related hypomethylation in the lungs and in 
the peripheral lymphocytes, but the percentage methylation 
difference between smokers and non-smokers in the lungs was 
much larger than in the peripheral lymphocytes (34% vs. 
17%). Another study using more than 2,000 whole blood 
samples also demonstrated significantly low DNA methylation 
at these sites in smokers (% methylation difference = 24%) 
(69). The protein encoded by aryl hydrocarbon receptor 
repressor (AHRR) participates in the aryl hydrocarbon receptor 
signaling cascade, mediating detoxification of environmental 
pollutants (70). Thereby, cigarette smoking decreases the 
AHRR DNA methylation, and related increases in the AHRR 
expression may remove harmful environmental chemicals 
such as polycyclic aromatic hydrocarbons contained in 
cigarette smoking (25).

However, it should be noted that such DNA methylation 
changes differ between tissues. Wu et al. (71) showed that a 
significant difference existed in the DNA methylation between 
the blood and saliva even from non-smokers. Therefore, 
potential tissue variability should also be examined to predict 
the effect of cigarette smoking with various tissues. Moreover, 
prenatal exposure to cigarette smoke induces DNA methy-
lation change at the AHRR and CYP1A1 genes in the cord 
blood and placental DNA (72). However, at these sites, DNA 
methylation differences between the exposed and non- 
exposed newborns were ≤10%, and potential DNA methylation 
change after that time should be investigated in various tissues.

Other studies have shown that alcohol consumption may 
induce DNA methylation changes in blood (73). Global DNA 
methylation increases in peripheral blood samples of the 

patients with alcoholism (74, 75). Early candidate gene-based 
investigations have generally focused on the genes related to 
neurotransmitter systems and reported small but significant 
changes associated with alcohol dependence (AD) (73). 
However, the loci of these studies failed to replicate previous 
association or reported association only in subgroups (76-78). 
Epigenome-wide analyses using the 27K and 450K BeadChip 
arrays reported many significant probes, which are mostly 
hypomethylated by alcohol consumption (79-81). Zhang et al. 
(79) reported that the differential methylation regions in the 
AD patients include dehydrogenases 1A, ADH7, ADH3B2, 
CYP2A13, and five loci (C8orf4, HCRTR1, FLJ38379, HSA277841, 
and TSC2) with methylation difference of ≥40%. Zhao et al. 
(80) produced DNA methylation profiles of AD-discordant 
siblings using the 450K BeadChip array and reported 865 
hypomethylated and 716 hypermethylated loci with a 
methylation difference of ≥20%; the most hypomethylated 
CpG was located in the promoter of SSTR4 and the most 
hypermethylated CpG was GABRP. Philibert et al. (81) also 
investigated alcohol-associated methylation changes using the 
450K BeadChip array, but they selected active heavy alcohol 
consumers entering and exiting the treatment for alcohol use 
disorders and compared them to community controls. In this 
report, significant changes within individuals were not 
detected at four weeks following the treatment entry, but 8626 
CpGs were found to be differentially methylated between the 
current heavy drinkers and controls. However, methylation 
differences at these loci were generally ≤10%. Moreover, 
almost all the alcohol users (85%) were daily smokers, and the 
cg09935388 at GFI1 gene with the largest value of 15% has 
been reported in a number of smoking-related studies, thereby 
suggesting a possible confounding effect at this site (73). In 
contrast to smoking, numerous limitations were found both in 
terms of quality and number of studies on alcohol (73). The 
primary weakness is the lack of replicated findings, which may 
attribute to the difference in the study design and population 
investigated. In addition, the effect size is relatively small with 
the largest methylation difference frequently at ≤10% (73).

In an effort to establish tools to aid diagnosis and monitor 
treatment response by environmental exposures, Endo et al. 
(82) developed an assay to measure DNA methylation at 
smoking and alcohol consumption-associated CpGs using the 
MethyLight method that utilizes fluorescence-based real-time 
PCR technology. They selected cg23576855 in the AHRR 
gene as smoking and cg02583484 in the HNRNPA1 gene as 
alcohol consumption biomarkers and tested their specificity in 
33 blood samples from healthy donors. The methylation rate at 
cg23576855 was significantly different between the current 
and never smokers (never smokers: 72.0 ± 9.5, past smokers: 
65.8 ± 8.0, current smokers: 44.4 ± 15.1), and the AUC for 
the DNA methylation rate was 0.955 for current smokers. The 
cg02583484 was selected from the study by Philibert et al. 
(81), and the methylation rate at this site could differentiate 
among never and habitual alcohol consumers (never drinkers: 
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58.5 ± 13.2, habitual alcohol drinkers: 48.1 ± 9.1). In the 
ROC analysis, the AUC for the DNA methylation rate was 
0.746 for habitual alcohol consumers. Although the DNA 
methylation rates of AHRR and HNRNPA1 did not correlate 
with the frequency of smoking and alcohol consumption (82), 
DNA methylation at these sites seems to have the potential to 
monitor the lifestyle of the blood sample donors. Further 
analyses with more various types of tissues would be also 
helpful. Once the specificity and the effect size of selected 
markers are confirmed to be suitable as biomarkers, cigarette 
smoking and alcohol consumption-associated DNA methylation 
changes could be used for the prediction of individual’s life 
style, and will also be useful in reducing the number of 
potential suspects.

Assay design for DNA methylation measurement in forensic 
evidence samples
Because DNA methylation patterns are erased by PCR 
amplification, an extra step is needed to convert DNA 
methylation information into readily assayable DNA sequence 
information (83). Above all, the chemical treatment of the 
DNA with sodium bisulfite gives rise to methylation-specific 
sequence variants, which can be mapped and quantified by 
various epigenome-wide technologies and locus-specific 
analysis. 

Assay design means the development of locus-specific 
analysis for the detection of single or a few genes that are 
already established as predictive biomarkers. Therefore, 
selecting relevant markers to allow the detection of desired 
characteristics is essential. In general, relevant markers can be 
selected from studies employing epigenome-wide technologies. 
Whole genome bisulfite sequencing, bisulfite microarray, and 
enrichment methods are the current most useful and popular 
approaches (83), and among them, bisulfite microarray is the 
most public and easily accessible. The latest 450K BeadChip 
array allows high-resolution, genome-wide DNA methylation 
profiling of human samples, covering 99% of all the RefSeq 
genes and ∼450,000 CpGs overall (84). In addition, its low 
cost allows the profiling of a large number of samples, thereby 
now enormous data can be browsed and downloaded from 
the public databases, e. g., Gene Expression Omnibus (GEO) 
database of the US National Center for Biotechnology 
Information (83). 

Once the markers to be included in the assay are 
determined, locus-specific analysis can be designed using 
several approaches. Although an approach based on the use of 
MSRE has been reported in the forensic body fluid 
identification, sequencing-based technologies such as direct 
bisulfite pyrosequencing or alternatives including methylation- 
sensitive single nucleotide primer extension-based analysis are 
more suitable for reliably assessing DNA methylation level in 
terms of reproducibility and resolution. Direct bisulfite 
pyrosequencing has been most widely used in forensic field as 
well as in other fields. This approach has been reported to 

provide considerable reproducibility with ≥10 ng of DNA 
(56, 85). Tost and Gut (86) reported high reproducibility of the 
pyrosequencing method with differences in the methylation 
results of only 2% in the case of the same PCR reaction and 
5% in the case of different bisulfite treatments and/or separate 
PCR reactions. However, because this assay does not allow 
multiplexing of markers, a lot of time, cost, and efforts may be 
required when multiple markers are analyzed in a large 
number of samples. 

The second most popular approach used in the forensic field 
is the methylation-sensitive single nucleotide primer extension- 
based approach, generally called methylation SNaPshot. This 
method enables simultaneous analysis of multiple markers by 
designing multiplex methylation SNaPshot, and methylation 
levels at multiple CpG sites can conveniently be observed at a 
glance in the electropherogram. In addition, it uses the same 
workflow used in the forensic SNP analysis except that 
bisulfite-converted DNA is used as a template, thus special 
training is not required for an assay. However, the signal 
strength between the fluorescence dyes in the electropherograms 
is different, and therefore this method is most favored when 
detecting “on-off” signal rather than measuring hyper or 
hypomethylation signal. As such, this method has been 
consistently used for assaying markers for forensic body fluid 
identification (Fig. 1) (44, 87). The sensitivity varied from 0.01 
to 0.5 ng of bisulfite-converted DNA (0.05 to 10 ng of 
genomic DNA) depending on the marker (44, 85, 87), 
indicating the importance of primer design and sequence 
analyzed in the assay. Alternatives such as MethyLight and 
Epityper methods employing real time-PCR or MALDI-TOF 
mass spectrometry could also be used for assay design, but 
they do not provide 1 bp resolution (61, 82). 

Because each method has different limitations, the assay 
should be designed in consideration of markers to be 
analyzed. For example, bisulfite pyrosequencing can be more 
suitable for the analysis of CpG islands than methylation 
SNaPshot, because the SBE reaction of methylation SNaPshot 
may be easily affected by CpGs adjacent to the target CpG 
site. Moreover, if the assay needs precise quantitative 
measurement of DNA methylation such as age-prediction 
analysis, the determination of the lowest DNA concentration 
that guarantees reproducibility will be much more crucial 
during assay validation, because the methylation rate represents 
the frequency of methylation at a given CpG site across the 
population of cells taken from a sample vial and would be 
affected by the number of DNA strands included.

CONCLUDING REMARKS

Recent advances in epigenetics have suggested that DNA 
methylation markers can provide more informative layers to 
the evidence in forensic analysis. DNA methylation profiling 
not only can provide information about tissue origin of 
evidence sample, but also can provide information about the 
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Fig. 1. Representative electropherograms
of body fluid identification using 
multiplex methylation SNaPshot. (A) 
Semen, (B) blood, (C) vaginal fluid, (D)
menstrual blood, and (E) saliva. SE1, 
SE2, SE3, BL1, BL2, VF1, VF2, and 
SA1 represent cg17610929, cg26763284,
cg17621389, cg06379435, cg01543184,
cg09765089-231d, cg26079753-7d, and
cg09652652-2d, respectively. In a DNA
methylation profile produced by the 
multiplex methylation SNaPshot, a green
peak represents the nucleotide A as 
an unmethylation signal and a blue 
peak represents the nucleotide G as a 
methylation signal. Reprinted from Lee 
et al. (44) with kind permission from 
Elsevier.

age and history of environmental exposure of an individual. 
The ability to infer the unknown sample donor’s age or 
lifestyle such as smoking and alcohol consumption habits can 
guide police investigations in cases without known suspects, 
thereby allowing forensic use of DNA methylation for inves-
tigation, not in the courtroom. In contrast, body fluid 
identification that allows predicting the activity leading to the 
deposition of the evidence material can play an important role 
to evaluate the evidence at the activity level in the courtroom. 
However, because cell lineage and tissue of origin are major 
determinants of DNA methylation, the identification of the 
type of tissues or body fluids is an essential prerequisite to 
obtain investigative leads such as predicted age and lifestyle 
using DNA methylation profiling of evidence materials. 
Therefore, the identification of CpG markers for more types of 
tissues and body fluids and following assay development to 
detect them need to be encouraged. More and more DNA 
methylation markers are being suggested as age-specific, 
smoking-specific, and alcohol consumption-specific markers; 
however, some of them failed to replicate previous findings 
and require further validation with various types of tissues and 
cells. In addition, because forensic evidence materials often 
possess only a scarce amount of DNA, determining the lowest 
DNA concentration that guarantees reliable quantitative results 
will be important. Moreover, some methylation markers show 
methylation changes of a mere of 10% or less; therefore, 
careful choice should be made in assay design so that the 
analysis platform employed could be able to detect the 
methylation change at least equivalent to the effect size of the 
marker. Nevertheless, DNA methylation has great potential to 
provide additional useful information to current forensic DNA 

profiling. In addition, DNA methylation profiling procedures 
fit well with the current forensic workflow, and accordingly 
could be easily integrated into forensic standardized pro-
cedures. Therefore, in the near future, forensic investigations 
should significantly improve with the continued advances in 
epigenetics to allow the extraction of more investigative leads 
from forensic evident materials.
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