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ABSTRACT

The increasing interest in DNA methylation (DNAm) analysis within the forensic scientific community prompted a collaborative
project by Ge.F.I. (Genetisti Forensi Italiani). The study evaluated a standardized bisulfite conversion-based Single Base Extension
(SBE) protocol for the analysis of the methylation levels at five age-predictive loci (ELOVL2, FHL2, KLF14, Clorfl32/MIR29B2C,
and TRIM59). The study encompassed three phases: (1) setting up and validating the protocol to ensure consistency and
reproducibility; (2) comparing fresh peripheral blood with blood spots; and (3) evaluating sources of intra- and inter-laboratory
variability. Samples from 22 Italian volunteers were analyzed by 6 laboratories in replicates for a total of 528 records. From phase
I emerged that the choice of genetic sequencer significantly contributed to inter-laboratory data variation, resulting in separate
regression analyses performed for each laboratory. In phase II, blood spots were found to be a reliable source for DNAm analysis,
despite exhibiting increased experimental variation compared to fresh peripheral blood. In phase III, a strong correlation between
the individual’s predicted and true ages was observed across different laboratories. Analysis of variance (ANOVA) of the residuals
indicated that one-third of the total variance could be attributed to laboratory-specific factors, whereas two-thirds could be
attributed to inter-individual biological differences. The leave-one-out cross-validation (LOO-CV) method yielded an overall mean
absolute deviation (MAD) value of 4.41 years, with an average 95% confidence interval of 5.24 years. Stepwise regression analysis
proved that a restricted model (ELOVL2, Clorfl32/MIR29B2C, and TRIM59) produced results virtually indistinguishable from the
five-loci model. Additionally, the analysis of samples in replicates greatly improved the fit of the regression model, balancing the
slight effects of intra-laboratory variability. In conclusion, the bisulfite conversion-based SBE protocol, combined with replicate
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analysis and in-lab calibration of a regression-prediction model, proves to be a reliable and easily implementable method for age

prediction in forensic laboratories.

1 | Introduction

In the last decade, epigenetic modifications, such as DNA
methylation (DNAm) patterns, have become the object of a
rapidly growing interest from the forensic scientific community.
In particular, DNAm consists of the transfer of a methyl group
to the 5’ carbon of a cytosine (C), producing a 5-methyl-cytosine
(5mC). For the most part, DNAm occurs at CpG sites, which
are dinucleotide sequences consisting of a cytosine followed
by a guanine [1]. For forensic applications, bisulfite-dependent
sequencing techniques are mainly employed for DNAm analysis
[2, 3]. Bisulfite conversion is, as of today, the most widely used
method for “transferring” the epigenetic information into a
nucleotide sequence modification [4, 5]. Treating the DNA with
sodium bisulfite converts unmethylated cytosines into uracils (U),
whereas methylated cytosines remain unchanged. A subsequent
polymerase chain reaction (PCR) step substitutes uracils into
thymines (T) [4, 5], and the region of interest is then sequenced
through a variety of methods, such as Single Base Extension
(SBE). SBE, also known as minisequencing, consists of a primer
extension reaction in which primers that bind 1 bp upstream to
the CpG site of interest and dideoxynucleotides (ddNTP) are used,
thus typing exclusively the target nucleotide. Despite the avail-
ability of next-generation sequencing (NGS) assays [6-9], SBE
sequencing is still frequently employed, thanks to its multiplexing
ability, single-base resolution, and ease of implementation in
most forensic genetics laboratories [10-14].

Given its hereditability, reversible nature, and modulation due
to intrinsic and extrinsic factors, DNAm is currently being
studied for implementation in forensic genetics analysis for tissue
and body fluid identification, monozygotic twins discrimina-
tion, lifestyle prediction, and biological and chronological age
prediction [15-21]. For its relevance in generating investigative
leads, chronological age prediction is a particularly active area of
research aimed at developing accurate and robust age-predictive
models for forensic purposes [22-24]. However, this proves to
be a challenging task due to both biological and analytical
factors (refer to the reviews by Naue [25], Refn et al. [26], and
Castagnola et al. [27] for an in-depth analysis). Biologically,
epigenetic modifications are not exclusively linked to the aging
process. An individual’s biological background (population of
origin, disease status, etc.) [28, 29], environmental conditions,
and lifestyle choices [17, 20, 30] are some of the factors found
to have a compound effect on DNAm levels, leading to a sub-
stantial inter-individual variation. The observed multi-factorial
nature of DNAm directly correlates to technical aspects, because
strictly age-related markers have to be selected for an accurate
DNAm-based chronological age-predictive model. Additionally,
routine forensic casework samples may be multi-source, scarce,
degraded, and oftentimes not suitable for DNAm level quantifi-
cation [7, 26, 31-35]. As of today, a variety of multi-tissue and
tissue-specific loci have been identified for age prediction from
forensically relevant substrates [11, 34, 36-39].

The present study consisted of an Italian collaborative project
aimed at evaluating the robustness, reproducibility, and accuracy
of a standardized bisulfite conversion-based SBE protocol for
DNAm analysis of the five most researched loci for age prediction
from blood (ELOVL2, FHL2, KLF14, Clorfl32/MIR29B2C, and
TRIMS59) [11-13]. Beyond the age-predictive application of DNAm
analysis, the purpose of this study was the validation of the pro-
posed DNAm analysis protocol for its future implementation in
the routine forensic workflow. A cohort of 10 Italian laboratories,
part of the Genetisti Forensi Italiani (Ge.F.L.), the Italian-speaking
group of the International Society for Forensic Genetics (ISFG),
collaborated in analyzing bisulfite-converted DNA extracted from
fresh blood samples and mock-casework blood spots.

2 | Materials and Methods
2.1 | Outline of the Study

The study was organized in three phases, with 10 participating
Ge.F.I laboratories. Due to the extended time frame in which
the analytical part of this study was conducted (approximately 2
years), not all laboratories took part in all phases. To minimize
variability caused by different laboratory processing conditions
and possible time-dependent alterations to DNAm status, labo-
ratories were instructed to perform the analysis within 10 days
of receiving the samples. Laboratories that could not guaran-
tee immediate processing were excluded from participation in
specific phases of the study. Moreover, during the experiment’s
extended course, some laboratories’ genetic analyzers were
replaced. The participants are listed in Table 1, along with the
genetic analyzers used in each phase.

Peripheral blood samples were collected from a total of 22 healthy
volunteers after they had provided their informed consent,
according to each laboratory’s Institutional guidelines and the
approval by the Ethics Committee of Perugia University. All
samples were anonymized, and only the information considered
relevant to the study was collected, namely, chronological age
and healthy status, without any additional specifications. The
protocol from Onofri et al. [13] was employed throughout the
study, and all participants received detailed instructions on the
entire workflow as well as an electropherogram representative
of the expected results (Figure S1). The organizing laboratory
provided all participating laboratories with PCR and SBE primer
mixes for the entire duration of the study.

The phases were organized as follows:

A. Phase I: The aim of this phase was the protocol set-up
and validation in all participating laboratories. To assess
inter-laboratory variability, the organizing lab sent each
participating lab a sample of extracted DNA and a sample
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TABLE 1 | Listof the participating laboratories and the genetic analyzers used in each phase.
Laboratory Code Phase I Phase II Phase I1I
Universita Politecnica delle Marche, Ancona Labl — 3130 3130
Universita degli Studi di Brescia Lab2 3500 3500 3500
Centro Regionale Antidoping “A Bertinaria” Lab3 3500 3500 3500
Universita degli Studi di Ferrara Lab4 310 310 —
Universita degli Studi di Padova Lab5s — 3130 3130
Universita di Pavia Lab6 SeqStudio SeqStudio SeqgStudio
Reparto Carabinieri Investigazioni Scientifiche di Lab7 — 3500 3500
Parma
Azienda Ospedaliera “S.Maria” di Terni* Lab8 310 SeqgStudio SeqStudio
Universita degli Studi di Torino Lab9 SeqStudio SeqStudio SeqgStudio
Universita degli Studi di Trieste Labl0 — — —

Note: Labl0 did not participate in the analytical process but provided samples in Phase III.
2Organizing Lab.

of bisulfite-converted DNA from the same individual (a
44-year-old female). As shown in Figure 1, labs agreed to
bisulfite-convert the extracted DNA in duplicate. Both the in-
house converted and the pre-converted DNA samples were
to be amplified by PCR and subjected to SBE analysis in
triplicate.

. Phase II: Given the relevance of analytical accuracy for
casework samples, the aim of this phase was the comparison
of the results obtained from whole blood and bloodstains.
Additionally, the intra- and inter-laboratory repeatability
was tested, and an analysis of possible variability fac-
tors (e.g., different extraction protocols) was performed.
From the peripheral blood of 8 volunteers, aged 25-60
(Table S1), the organizing laboratory set up dried blood
spots and performed DNA extraction. Laboratories were
provided with 8 DNA extracts and 8 dried blood spots, 1
per each individual. Laboratories were tasked with extract-
ing the blood spots with their own preferred method
and with performing downstream bisulfite conversion and
PCR/SBE analysis. Both the in-lab extracted blood spots
and the DNA extracts provided by the organizing labora-
tory were bisulfite-converted in duplicates. Each bisulfite-
converted DNA was PCR/SBE amplified in duplicates
(Figure 1).

. Phase III: This phase aimed to compare the true and the
predicted age of 22 individuals across labs and to deter-
mine components of the deviations due to experimental
error and/or true biological differences. Seven participat-
ing laboratories collected peripheral blood samples from
2 individuals each and distributed the DNA extracts to
all other laboratories. Thus, each laboratory analyzed the
same pool of 14 volunteers aged 25-83, selected to rep-
resent the full spectrum of the human adult lifespan
(Table S1). All laboratories were asked to convert the DNA
extracts twice. Each bisulfite-converted DNA was PCR/SBE
amplified in duplicates (Figure 1). The data gathered from
the analysis of the 8 DNA extracts from Phase II was
merged with Phase III results, for a total cohort of 22
individuals.

2.2 | Sample Preparation, DNA Extraction, and
Conversion

Sample preparation is described in the Supporting Information
section (“Sample preparation”) for each phase. The extraction
method used by each laboratory is reported in Table S2. The orga-
nizing laboratory performed genomic DNA extraction with the
QIAamp DNA Mini kit (QIAGEN, Hilden, Germany) and quan-
titation with the PowerQuant System (Promega Corporation,
Madison, WI, USA) according to the manufacturer’s protocols
[40, 41]. Bisulfite conversion was performed in all laboratories
with the EZ DNA Methylation-Direct kit (Zymo Research, Irvine,
CA, USA) [42]. As per the manufacturer’s instructions, around
400 ng of DNA per sample were bisulfite-converted.

2.3 | PCR Amplification of Bisulfite-Converted
DNA, SBE, and Enzymatic Clean-Ups

The preliminary results [13], the bisulfite conversion reaction
yield was estimated to be around 60% of the initial input.
Bisulfite-converted DNA samples were diluted accordingly to a
concentration of 2.5 ng/uL. Bisulfite-converted DNA of 10 ng was
amplified in a PCR pentaplex by using the QTAGEN Multiplex
PCR Master Mix 2x (QIAGEN, Hilden, Germany) [43]. The PCR
primers’ sequences for the five investigated loci (ELOVL2, FHL2,
KLF14, Clorf132/MIR29B2C, and TRIM59) were reported in the
studies of Cho et al. and Jung et al. [11, 12], whereas primer
mix concentrations and amplification conditions were the ones
used by Onofri et al. [13]. PCR amplification was followed by
an enzymatic clean-up with the ExoSAP Express PCR Product
Cleanup reagent (Applied Biosystems, Waltham, MA, USA)
[44].

The multiplex SBE reaction was performed using the SNaPshot
Multiplex Kit (Applied Biosystems, Waltham, MA, USA). The
SBE primers’ sequences were reported in the studies of Cho et al.
and Jung et al. [11, 12], whereas SBE primer mix concentrations
were as in the studies of Onofri et al. [13]. Temperature conditions
for SBE were as per the SNaPshot manufacturer’s instructions
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FIGURE 1 | Graphical representation of the samples and laboratory tasks of each phase. “C” represents the bisulfite conversion replicates, whereas

“R” represents the PCR/SBE replicates. For sample information, refer to Table S1. PCR, polymerase chain reaction; SBE, Single Base Extension.

[45]. SBE products were purified by using the USB Shrimp
Alkaline Phosphatase (SAP) (Applied Biosystems, Waltham, MA,
USA) as per the manufacturer’s instructions [46].

PCR/SBE primer mix aliquots were provided by the organizing
laboratory for the entire duration of the study.

2.4 | Capillary Electrophoresis (CE)

All genetic analyzers are listed in Table 1. CE running conditions
and analytical threshold (AT) routinely used by each laboratory
for SNP analysis were applied. As above mentioned, laboratories
were provided an electropherogram (EPG) representative of
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the expected peak placement to aid in results interpretation
(Figure S1) along with the information from the studies of Cho
et al. and Jung et al. [11, 12] on the SBE fragments length. For
the loci with forward SBE primers, namely, ELOV2 and FHL2,
methylated cytosines were indicated by peaks in the yellow
fluorescence channel and labeled C, whereas unmethylated
cytosines appeared as red peaks and were labeled thymine (T). For
the loci with reverse SBE primers (KLF14, Clorf132/MIR29B2C,
and TRIM59), methylated cytosines appeared as blue peaks and
were labeled guanines (G), whereas unmethylated cytosines
were indicated by green peaks and labeled adenines (A). For
each sample replicate, laboratories were asked to report the size,
height, and area of the methylated and unmethylated peaks
observed at each of the five loci by filling a table provided by
the organizing laboratory (Table S3) and to accompany this
information with the samples’ EPGs.

2.5 | Statistical Analysis

Methylation levels at each locus were calculated by dividing the
intensity in RFU (I) of the methylation signal by the sum of
the intensity of the methylated (I or I;) and the unmethylated
peaks (I; or I,). For the loci with forward SBE primers, namely,
ELOVL2 and FHL2, the methylation ratio corresponded to
I./I + I, whereas for the loci with reverse SBE primers (KLF14,
Clorf132/MIR29B2C, and TRIMS59), the ratio was calculated as
I/1; + I,. In the present study, these fractions are designated as
peak ratios.

Mean absolute deviation (MAD) was reported to summarize
data variability around a central tendency, whether an aver-
age or a predicted value from regression analysis. Two-tailed
Student’s t-tests (for two samples) and one-way analysis of vari-
ance (ANOVA) (for multiple samples) were performed to assess
whether observed differences among variables were meaningful
or likely due to random variation. For multiple regression results,
we reported R-squared values, representing the percentage of
variance explained by a model, the root mean squared error
(RMSE, equivalent to the standard deviation of residuals), and
MAD. Regression analyses were cross-validated using the leave-
one-out cross-validation (LOO-CV) method, which provides
unbiased performance estimates and is particularly suitable for
small datasets. This method systematically excludes one data
point at a time, fitting the regression model with the remaining
data, in the end producing N regression analyses, N being the
number of data points used in a regression analysis. Stepwise
regression modeling was performed with a p value inclusion
threshold of 0.2 to account for potential collinearity among locus
data and to evaluate whether reducing the number of predic-
tors could maintain the performance of a more parsimonious
model.

Calculations and visualizations were performed using Microsoft
Excel with the Real Statistics Resource Pack [47] and custom
macros, as well as R (version 4.2.1) and Python (version 3.10.12).
Analyses were cross-checked by multiple authors (especially S.A.
and S.P.).

3 | Results
3.1 | Results of Phasel
3.1.1 | Repeatability of the Conversion Reactions

As the main aim of Phase I was to establish a consistent bisulfite
conversion protocol across all labs, the participating laboratories
received an aliquot of DNA pre-converted by the organizing
lab, alongside a sample of extracted DNA to be converted. Both
samples were subjected to triplicate PCR/SBE analysis, resulting
in nine data points per locus per laboratory. Figure 2 depicts a
comparison between the pre-converted DNA (blue points, left)
and the DNA locally converted in duplicates (yellow points,
right) by the five laboratories that completed the protocol. To
assess the repeatability of the conversion reaction performed
by each lab, data from the 2 in-lab conversion experiments
were analyzed separately by locus using Student’s ¢-test, totaling
25 comparisons. Four labs showed no significant heterogeneity
among experiments for any locus. However, one lab (Lab2) did
not detect any peak at the KLF14 locus for the replicates of
one bisulfite-converted sample. Therefore, a comparison for the
KLF14 locus for Lab2 could not be performed, and, additionally,
Lab2 displayed p values <0.02 at two other loci, suggesting some
inconsistency. Additional evidence of difficulty was reflected
in the smaller overall MAD from the means of each locus in
the experiments conducted on provided bisulfite-converted DNA
(blue points in Figure 2, MAD = 0.010) compared to the MAD for
in-lab bisulfite-converted DNA (yellow points in Figure 2, MAD
0.018). Overall, these results demonstrate the effectiveness of the
standardized protocol in achieving consistent conversion, despite
minor challenges that were addressed as the study progressed.

3.1.2 | Heterogeneity of Peak Ratios Among Labs

The previous section demonstrated fair consistency in the data
produced by each lab across different DNA sources (the DNA
converted by the organizing lab and two independently in-lab-
converted DNAs). However, Figure 2 shows that calculated peak
ratios vary widely across labs. For example, Lab2 and Lab3
produced, for ELOVL2, average peak ratios exceeding 0.4, Lab4
reported values between 0.3 and 0.4, and Labs 6 and 9 reported
values around 0.3. To further investigate, we focused on the data
from DNA pre-converted by the organizing lab (blue points in
Figure 2), which was a single-DNA batch shared among labs.
Because the organizing lab also provided its own data (four PCR
reactions performed on the same converted DNA used for the
exercise), we were able to compare results from six labs on the
exact same DNA source. Figure 3 presents side-by-side data from
each of the six labs in the same order, separately by locus. A
pattern emerges in the data; for simplicity, if we label high values
as “H” and low values as “L,” we observe the sequences HHLLHL
for the first two loci (ELOVL2 and FHL2) and LLHLHL for the last
two loci.

A plausible explanation for this pattern is the use of different
electrophoresis instruments across labs. Specifically, two labs
used the ABI PRISM 310 Genetic Analyzer (Applied Biosystems,

80 of 91

Electrophoresis, 2025

1puY BLSBS AQ 06TO0KZ02 SAR/Z00T OT/I0P/LIOD" A8 IM ARIQ 1 BUIIUO S FeU.NO BoUB 105 0 NA U/ /'SANY WiO14 papeojumoq ‘Z-T ‘SZ0T ‘€89222ST

5UBD |7 SUOWILIOD SAERID 3|qeal|dde 8y AQ peuenoh a.e SSpIe YO SN JO S3|NJ Joj ARIgITaUIUO AB|IAA UO (SUO R PUOD-PUR-SWLRY WD A3 1M Aeiq U1 UO//:SdiY) SUORIPUOD PUe SWIS | 3} 885 *[SZ02/70/ST] Uo ARIqiT8UIUQ AB[IM * IRl BURIYI0D -



Lab2 Lab3 Lab4 Lab6 Lab9
0.5 1 O
(@]
044 & § 9] 2 8 8 g
o O |<Z
0.3 ¢ oo ¢ o-° 8 @ >
o [olNe)
0404 & o . b 4 pa
0.35 A o o 8 )
o T
" 0.30 - g o 8 O g 8-¢ g g 8 8 I
2 0.25- o 8
> (@)
2 <
.5 0.3 1 ~
So20 o g
E=] o =
@ 0.14
= 24 reg-©0-8 |6 -0-8 |8 -B-¢ o- 0
<Z( o) F® -© -0
o s
061 & 8 ® 8.8 -8 e-o |
(@] =5
0.4 —%‘
0.2 41 @)
(9}
0.30 1 o o g g i i =
‘ 8 fe) Es)
0.25 1 8 o 3 g 8 g =
“Te © 5 O |lg ol
0.20 T T T T T T T T T T T T T T Q2
3 1 2 3 1 2 3 1 2 3 1 2 3 2
experiments
< 3: DNA converted O 1: DNA extracted O 2: DNA extracted
by Lab8 replica 1 replica 2

FIGURE 2 | DNA methylation levels of all experiments performed by each laboratory in Phase I. Yellow dots: three PCRs from the two conversion
reactions performed by the participating labs. Blue dots: three PCRs from the converted DNA provided by the organizing laboratory. The dashed line
represents the mean of the results obtained on the DNA converted by Lab8.
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FIGURE 3 | Variation of DNA methylation levels among labs in repeated PCR/SBE/capillary electrophoresis. For each locus, the three or four data
points obtained by six labs on the same bisulfite-converted DNA are arranged vertically. The dashed lines refer to the mean DNA methylation levels
among all laboratories.
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Waltham, MA, USA), two labs used the SeqStudio Genetic
Analyzer (Applied Biosystems, Waltham, MA, USA), and two labs
used the 3500 Genetic Analyzer (Applied Biosystems, Waltham,
MA, USA). Analyzing deviations of lab means from the grand
mean for each locus (dashed line in Figure 3), we found that
labs using the SeqStudio consistently reported lower means in
10 out of 10 cases, whereas labs using the 310 reported higher
means in 8 out of 10 cases. A chi-square test for independence
on the contingency table (not shown) yielded a chi-square value
of 13.71 with two degrees of freedom (p = 0.001), indicating a
significant association. Furthermore, ANOVA confirmed that the
type of instrument used had a significant impact. We examined
the deviations of lab peak ratios from each locus mean and
grouped them by the three instrument types. A substantial
portion of the total variance (32%) was attributed to differences
among instruments (p = 7.6 X 10"—9), highlighting their notable
contribution to the observed variability.

3.2 | Results of Phase II
3.2.1 | Outline of Phase IT

In the second phase, the organizing lab provided the partic-
ipating labs with DNA extracted from eight subjects and the
corresponding blood spots (see the first eight samples in Table S1).
The participating laboratories were responsible for two tasks: (1)
converting the DNA in duplicate and performing PCR/SBE on
both bisulfite-converted DNA products in duplicate, generating
four peak ratios for each of the five loci, and (2) extracting DNA
from the blood spots and applying the same protocol, finally
providing eight data points for each of the eight individuals. The
mean and standard deviation of methylation ratios are reported
in Figure S2.

3.2.2 | Comparing Blood With Bloodstains

To compare DNAm levels from whole blood and blood spots,
we performed a locus-by-locus regression analysis on the methy-
lation data from each laboratory. In this analysis, methylation
values from blood spots were regressed against those from whole
blood. This approach allows us to assess the agreement between
the two sample types by examining regression parameters for
paired observations. Perfect consistency between the two would
yield a correlation (¥) of 1, a slope of 1, and an intercept of
0. Any deviations from these values provide insight into the
reliability of blood spots, compared to whole blood, for predicting
chronological age and for other methylation-based epigenetic
studies.

The correlation coefficients (Pearson r values) for ELOVL2
and FLH2 exhibited a high level of agreement, averaging
0.93 across all six laboratories for both loci (Table 2). Slightly
lower r values were observed for Clorfl32/MIR29B2C and
TRIM59, both averaging 0.87. In contrast, the mean correlation
for KLF14 was low, with an average of 0.35 and remarkable
variation among labs. Considering the slopes of the regression
lines, the averages for all loci were below 1, indicating a slight
increase in variability in the spots compared to blood across all
laboratories. Additionally, there was significant variation among

labs, with the KLF14 locus again standing out as an outlier
compared to the others. Examining the intercepts, the average
values were close to zero, suggesting an overall fair consistency
in the data. However, the variation among laboratories was
substantial.

In conclusion, the KLF14 locus appears as a problematic one,
whereas the other loci, despite showing increased variability
in the bloodstain dataset, appear to be useful for methylation
analysis in the context of age prediction from spotted blood.

3.3 | Results of Phase III
3.3.1 | Outline of Phase III

In the third phase of the study, seven of the participant labs agreed
to extract and quantify DNA from the blood of two individuals
each and to deliver the extracts to all other labs (Figure S3).

As the protocol applied in Phase III was the same as in Phase
11, the results from fresh blood extract analysis in Phase II and
the data from Phase III were merged. Thus, the final database
of the study included 22 individuals (Table S1), 12 females and
10 males, with mean ages of 42.8 and 50.9, respectively. Women
were more represented in the younger age class, though the sex
mean difference was not significant. Boks et al. [48] reported a
significant association of DNAm with sex, albeit of a modest level
(more comprehensive review in [25]). We tested the sex effect in
a regression model in our sample, and it was not significant (data
not shown). Therefore, the data were not stratified for sex in the
present work.

Each laboratory conducted two DNA conversions for each sam-
ple. Both bisulfite reaction products were subjected to duplicate
PCR/SBE analysis, resulting in four data points per individual
per locus. Six laboratories submitted complete or nearly complete
data, contributing to a total of 528 records (22 subjects X 6 labs x 4
replicates). Of the 2640 total data points (528 records x 5 loci), only
31 (1.2%) were missing from the final dataset.

3.3.2 | Single-Locus Regressions

We began by visually inspecting the methylation data from each
lab, stratified by study phases (II and III), duplicate conversion
reactions, and loci, resulting in a total of 120 regression lines.
This initial analysis confirmed no systematic differences between
the two conversion reactions within each lab, allowing us to
average the four measurements for each subject. However, clear
differences emerged in some cases between Phases II and III,
particularly in the intercepts of the regression lines (data not
shown). To account for these differences, we aligned the Phase II
data to Phase III data. The data of phase I1 y; ,, (Where the index
i refers to the ith subject, i = 1,2,...,8, and the index 0 refers to
Phase II), were aligned to the data of Phase IlL y;;, (j = L, 2,...,
14) by computing y;; =, + e; ,, where caret refers to predicted
values and e, , are the residuals from the regression line of Phase
II(i.e., ;g =Y; 0V o) Figure 4 illustrates the aligned methylation
data for all 22 subjects across both phases, with regression lines
showing methylation ratios by chronological age at each locus.
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TABLE 2 | Regression analysis of DNA methylation levels in spotted samples versus blood samples.

Locus Regression values  Labl Lab2 Lab3 Labé6 Lab8 Lab9 Mean
ELOVL2 R 0.97 0.88 0.95 0.96 0.82 0.98 0.93
Slope 1.09 0.78 0.91 1.06 0.96 1.05 0.98
Intercept -0.07 0.08 —0.03 —0.03 0.03 —0.03 -0.01
FHL2 R 0.96 0.87 0.98 0.98 0.84 0.96 0.93
Slope 0.98 0.72 0.91 1.13 0.68 0.87 0.88
Intercept —0.02 0.1 —0.02 —0.02 0.13 0.02 0.03
KLF14 R N.D. -0.25 -0.11 0.99 0.44 0.68 0.35
Slope N.D. —0.28 —0.04 1 0.35 0.55 0.32
Intercept N.D. 0.13 0.02 0 0.02 0.01 0.04
Clorf132/MIR29B2C R N.D. 0.89 0.65 0.99 0.9 0.89 0.87
Slope N.D. 1 0.93 1.06 0.74 0.84 0.91
Intercept N.D. 0.04 0.19 —0.05 0.18 0.12 0.1
TRIM59 R 0.86 0.65 0.92 0.99 0.85 0.96 0.87
Slope 1.08 0.34 1.58 1.06 0.95 0.84 0.98
Intercept 0.08 0.14 -0.17 0 0.01 0.03 0.02

Note: R, Pearson correlation coefficient.
Abbreviation: N.D, no data.

3.3.3 | Multiple Regressions

3.3.3.1 | Full Model. On the basis of current literature [10-
13, 29, 32, 49], methylation levels at the five studied markers
are commonly used as independent variables in age prediction.
Accordingly, a multiple linear regression model was developed
using the adjusted data from Phases II and III (see previous
section). This five-loci model will thereafter be referred to as the
“full model.” The full model was applied both to each laboratory
dataset individually (22 records per lab) and to the combined
dataset (132 records). Model fit summary statistics (Table 3) reveal
some heterogeneity across laboratories, as indicated by variations
in R-squared and MAD values. Notably, the fit for the combined
dataset is substantially lower, suggesting that attempting to create
a generalizable model across different data sources without
specific adjustments may be ineffective. Even with lab-based
adjustments (Table 4, last column), the model fit statistics remain
poorer than those of all but one individual lab.

Figure 5 presents the results of the multiple regression analysis
of the full model across the six laboratories. Panel (a) shows
the ages predicted by each lab for each individual, plotted
against their chronological age. The high correlation of predicted
ages across laboratories is evident; a one-way ANOVA on the
residuals revealed that 33.8% of the variance could be attributed
to intrinsic laboratory variability. The remaining 66.2% of the
variation could be attributed to biological factors, indicating
that such deviations between chronological and biological age
may be due to true individual differences in methylation levels
rather than experimental error. Further, no lab consistently over-
or underestimated age relative to the others. Instead, predicted
ages for each individual varied randomly around the overall
mean, indicating an absence of systematic bias across labs.
Interestingly, two individuals, a 38-year-old and a 46-year-old,

showed predicted ages consistently much higher and much lower,
respectively, than their chronological ages, suggesting a real
biological explanation for their deviation.

Figure 5b illustrates each individual’s mean predicted age and
standard deviations, with six color-coded regression lines for each
lab and an overall regression line (black), shaded with a 95%
confidence interval (CI). Notably, this CI includes the line where
chronological and predicted ages are equal (dashed line in both
panels). We also computed the 95% CI for each individual’s mean
age prediction, which ranged from 2.43 to 8.82 years, with an
average width of 5.24 years across the 22 subjects. This interval
indicates that, with 95% confidence, the true deviation of a new
sample’s predicted age from its chronological age will fall within
approximately X + 2.62 years, where X represents the mean of
the six lab predictions. The relatively narrow CI range can be
attributed to the independent measurements provided by the
six labs. Notably, eight of the 22 CIs do not contain the actual
chronological age of the individual, whereas only one would be
expected to deviate by chance. This finding supports the idea that
much of the observed variation among individuals likely reflects
true differences in methylation levels rather than purely technical
variability.

3.3.3.2 | Restricted Model. Redundancy of the CpG loci
concerning age prediction, due to their generally high level of
collinearity, has been previously reported [36, 50-52]. In our
analysis, 15 out of the 30 p values calculated for the variables in
the full model exceeded 0.2; this is a commonly used threshold
for retaining predictors in a stepwise selection of the backward
elimination method [53]. This threshold allows potentially rel-
evant predictors to remain in the model while accounting for
collinearity. Consequently, a stepwise regression analysis applied
to the datasets from each of the six laboratories was conducted.
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and III by each laboratory.

TABLE 3 |
all data adjusted for labs.
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Pearson correlation between DNA methylation levels at each locus and chronological age of the 22 individuals analyzed in Phases II

Summary of performance metrics for the full regression model applied separately to each lab, to all data without any correction, and to

Metric Lab2 Lab3 Lab5 Labé6 Lab8 Lab9 All data Adjusted
R square 0.940 0.901 0.939 0.926 0.956 0.960 0.850 0.924
RMSE 4.600 5.950 4.670 5.150 3.940 3.760 6.380 4.625
MAD 3.310 4.040 3.280 3.020 2.200 2.570 5.000 3.415

Abbreviations: MAD, mean absolute deviation; RMSE, root mean square error.
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interval) as well as colored regression lines for each laboratory are reported. The dashed lines, both in (a) and in (b), represent the line of identity.

TABLE 4 | Results of the stepwise regression applied to the data by
each lab.

Locus Lab2 Lab3 Lab5 Lab6 Lab8 Lab9
ELOVL2 Y Y Y Y Y
FHL2 Y Y

KLF14

Clorfl32/MIR29B2C Y Y Y Y Y
TRIMS59 Y Y Y Y Y

Note: “Y” indicates that the model retained the locus. Five out of the six
laboratories retain three loci.

The goal of this approach is to establish a parsimonious model
that retains only the most relevant predictors. The process
initiates with all variables included and systematically removes
one variable at a time, eliminating the least contributing variable
to the model’s fit until no more variables meet the removal
criteria. On the basis of the results (Table 4), we retained the three
loci ELOVL2, Clorfl32/MIR29B2C, and TRIM59 in a “restricted
model.”

The performance metrics of the full and restricted models were
comparable. The mean R-squared values were 0.930 and 0.937,
respectively. The mean RMSE values were 4.771 versus 4.687, and
the mean MAD values were 3.125 versus 3.173. Additionally, the
MAD values were even lower in three out of the six labs.

At the individual level, the SE of the residuals was similar
between the restricted and full model (averages across all subjects:
1.15 + 0.33 years and 1.02 + 0.27 years, respectively), and the
individual mean MAD values were highly correlated (r = 0.93,

Figure 6). For 14 subjects, the absolute difference between the
deviations of the two models was <1 year; for 6 other subjects,
it was <2 years, and for only 2 subjects out of 22 it was slightly
higher than 3 years (namely, 3.1 years).

Comparable results were obtained by applying another approach
that deals with multicollinearity in the predictor variables,
namely, the least absolute shrinkage and selection operator
(LASSO) regression. In this method, all the original variables are
retained in the analysis, but the model penalizes the coefficient
of each variable and simultaneously performs variable selection.
Notably, the KLF14 coefficient was set to zero in five of the six
laboratories. Table S4 shows the final coefficients obtained with
this approach and the basic performance metrics.

3.3.4 | Data Cross-Validation

Although the primary goal of this study was not to create a
fully predictive model for chronological age based on methylation
levels—an endeavor that would ideally require a larger sam-
ple size—the accuracy and robustness of the regression model
remain important to assess. Evaluating the generalizability of a
model developed from a small dataset is especially critical, as
adding or removing even a single subject can significantly affect
regression parameters and predictions. In the preceding sections,
we evaluated the model fit across the entire dataset, which is
effective for comparing repeated measurements but does not
estimate generalizability. To better understand how this model
might perform with new data, a cross-validation approach is
required. LOO-CV is a method well suited for small datasets,
as it systematically excludes each data point in turn, refitting
the model with the remaining data to provide an unbiased
performance estimate. We applied LOO-CV to each laboratory’s
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data, evaluating the MAD for the full model (including all
five genetic markers) across the six labs. The cross-validated
MAD values, shown in Table 4 of Section 3.3.2, increased as
expected across all laboratories, with the mean rising from 3.07 to
4.41 years. This increase illustrates the potential over-optimism
that can arise when regression analysis is performed without
cross-validation.

4 | Discussion

This collaborative effort among Ge.F.I laboratories evaluated
the robustness, reproducibility, and accuracy of an SBE-based
assay for age-predictive DNAm analysis and aimed at easing its
implementation in forensic laboratories. A significant strength
of the study design is the concurrent analysis of the same
panel of test individuals by multiple forensic laboratories, with
each lab working independently and blind to the others’ results
throughout all phases.

4.1 | The Study Protocol

A crucial step of the exercise was the establishment of a common
protocol. In Phase I, we began by assessing the replicability of
the bisulfite conversion reaction across different laboratories.
The organizing laboratory provided all participating laboratories
with one DNA extract and one bisulfite-converted DNA, both
derived from the peripheral blood of a single individual. The par-
ticipating laboratories were tasked with bisulfite-converting the
DNA extract in duplicate. Both the in-house bisulfite-converted
DNA samples and the bisulfite-converted sample provided by
the organizing laboratory were to be PCR/SBE amplified in
triplicates, for a total of 9 replicates. To assess whether blood spots
could be a reliable source of material for DNAm analysis, in Phase
I1, the protocol was tested on the DNA extracts and dried blood
spots derived from the peripheral blood of eight individuals. The

organizing laboratory provided one DNA extract and one blood
spot per individual. All laboratories were tasked with extracting
the dried blood spots according to their preferred method. Both
the DNA extracts provided by the organizing laboratory and the
in-house-extracted DNA extracts were to be bisulfite converted in
duplicate. Each bisulfite-converted DNA was PCR/SBE amplified
twice for a total of 8 replicates per individual (4 PCR/SBE
replicates for the DNA extract and 4 PCR/SBE replicates for
the dried blood spots), resulting in a total of 192 replicas for
the provided DNA extracts and 192 replicas for the dried blood
spots. In Phase III, seven participating laboratories provided DNA
extracts derived from the peripheral blood of two individuals. The
samples were distributed to all laboratories; thus, all laboratories
analyzed the same pool of 14 samples using the same protocol
established for Phase II, that is, 2 bisulfite conversions per sample
and 2 PCR/SBE replicates for each bisulfite-converted DNA.
Given that the same experimental protocol was employed, Phase
III results were merged with data obtained from the analysis of
the DNA extracts from Phase II for a final cohort of 22 individuals,
resulting in a database of 528 records (22 subjects times 6 labs
times 4 replicates).

Although some challenges arose during initial implementation
(Phase 1), the results obtained from Phases II and III demonstrate
that the protocol was easily and successfully adopted by all
participating laboratories and produced promising results in
terms of the accuracy of the predicted age (Section 3).

4.2 | Intra- and Inter-Lab Variations of
Methylation Levels

Overall, a slight intra-laboratory variation was observed for
DNAm levels estimation, whereas results were substantially
more heterogeneous among the laboratories (Figures 3 and 5).
This variation can be attributed to differences in the equipment
and technical procedures among the laboratories, which may
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result in a cumulative effect when considering the number of
analytical steps of the protocol [19, 32, 54, 55]. In fact, after
DNA extraction, samples are bisulfite converted and must then
undergo multiplex PCR, multiplex SBE, in-between purification
steps, and CE. Given its crucial role in the adopted protocol,
bisulfite conversion was first investigated as a possible source
of variability, and its replicability was assessed (Phase I). Some
minor initial challenges were encountered, as shown by the
incomplete and more heterogeneous results provided by Lab2.
In subsequent Phases II and III, a negligible intra-laboratory
variation was observed, demonstrating the consistency of the
bisulfite conversion reaction.

Downstream processes following bisulfite conversion and the
laboratory equipment seem to impact the inter- and intra-lab
variability in a greater fashion. Differences between Phases II
and III were observed for some participants, especially in the
intercepts of their regression lines. Such discrepancies could
be attributed to several factors, including the aliquots of PCR
and SBE primer mixes sent at different times for the duration
of the study. Nonetheless, it was possible to adjust the data
from both phases per each laboratory by applying a correction
factor (as described in Section 3.3.2). After adjustment, it was
revealed that the PCR and SBE steps contribute more to intra-
laboratory variation than the DNA conversion step. On the basis
of the overall results, we may suggest that future implementations
could reduce costs by performing a single-bisulfite conversion per
sample and at least three independent amplifications/SBE steps.
Such an approach has been previously proposed [13, 54]. As far as
laboratory equipment is concerned, the CE instruments appeared
to substantially contribute to inter-laboratory variations observed
in DNAm levels measurement. In fact, in Phase I, the greatest
source of inter-lab variation was attributed to the genetic analyzer
used by each laboratory. This finding was confirmed by Phases
IT and III of the study and is consistent with previously reported
results [7, 19, 31].

Lastly, unknown factors and DNA extraction methods can have
an impact on the analysis of DNAm levels [56-58]. Phase II
results proved how DNA extraction, among other factors, could
contribute to inter-laboratory variation and the discrepancy in
the DNAm levels measurements between fresh samples and dried
blood spots. Such consideration is more thoroughly discussed in
Section 4.6.

4.3 | Regression Analysis of the Full Model

The CpG sites examined in this study, namely, ELOVL2, FHL2,
KLF14, Clorfl32/MIR29B2C, and TRIMS59, have previously been
used for age prediction from blood samples [10-13, 29, 32, 49].
We refer to the multiple linear regression based on these loci
as the full model. As mentioned above, the CE instruments
greatly contribute to inter-laboratory variation. To adjust the
data produced by different laboratories based on the genetic
analyzer used, a z-score correction could be applied to the results,
as demonstrated in the studies of Freire-Aradas et al. and Lee
et al. [7, 19]. However, our primary goal was to compare the
different labs’ results using their original data, not to develop a
comprehensive model. Considering the number of factors respon-
sible for inter-laboratory variability (see previous section), it does

not seem useful nor scientifically sound to produce a universal
regression model applicable to all participating laboratories or to
conduct data correction to transpose the results solely based on
the genetic analyzer. As described in Section 3.3.3 and reported in
Table 3, the model constructed using the entirety of the collected
data (not adjusted) performed worse than any of the laboratory-
tailored models. Similarly, the model built on the adjusted data
presents poorer summary statistics than those of all laboratories
except one. Precisely, the ages predicted by the laboratory-specific
models were highly correlated, with a prediction error (MAD)
ranging from 2.22 to 4.04 years (mean of 3.07 years). One of the
most relevant outcomes of this study was the finding that 66.2%
of the differences between predicted and chronological ages are
due to individual-dependent factors, indicating true biological
variations in the DNAm levels. This suggests that only 33.8% of
the variation can be attributed to lab-dependent factors related
to technical procedures. Large deviations of the “biological age”
from the chronological age were apparent for two of the 22
subjects (Figure 5a); otherwise, the analysis of the CIs, whose
overall mean was 5.24 years, showed an excess of individuals
with smaller but yet significant deviations. Quite interestingly,
the evidence of consistent over- and under-estimation in the pre-
dicted age for the two above-cited individuals, a 38-year-old and
a 46-year-old, confirmed that factors unrelated to chronological
age contribute to substantial inter-individual variation in DNAm
patterns. Therefore, additional studies are necessary to identify
significant DNAm changes that occur during the lifespan of an
individual, to understand and quantify the effect of additional
influences on DNAm status, and to further improve the true
age prediction accuracy and robustness of DNAm-based tools for
forensic purposes.

4.4 | Cross-Validation and Sample Size

The full model was cross-validated by applying to each of the
six datasets the LOOCV method; this revealed a marked increase
in the mean MAD value, from 3.07 years to 4.41 years (a rise
of 44%). While a value of 4.5 years aligns with the literature
[10-13, 29, 32, 49], the large increase suggests that prediction
errors are sensitive to outliers in a sample of 22 subjects. In other
words, including a few subjects with large deviations from the
predicted age could significantly alter the model’s performance
metrics. However, this sensitivity is precisely the issue that cross-
validation approaches like LOOCV address by providing a more
robust estimate of model performance.

It is important to acknowledge that the sample size used in
this study (n = 22) is relatively small. However, the focus of
this analysis was to assess the feasibility of using DNAm for
age prediction by forensic labs with limited budgets. The high
degree of correlation between the predicted ages from the six
independent labs shows that even with such a sample size,
the model can effectively capture the core relationship between
DNAm and age.

4.5 | Regression Analysis of a Reduced Model

Given the redundancy observed for some commonly used CpG
loci in age prediction [36, 50-52] and the high p values observed
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for many variables in the full model regression analysis, we
explored a model with a lower number of loci. Stepwise regression
analysis, using a p value threshold of <0.2 [53], identified ELOV2,
Clorf132/MIR29B2C, and TRIM39 as the three loci to be kept
in a “reduced model.” Although p value thresholds for variable
inclusion are not fixed rules, they are useful tools for model
selection, aiming to balance model complexity reduction with the
preservation of predictive accuracy. The fact that roughly half
of the p values exceeded 0.2 in our case suggests that further
lowering the threshold would not be advisable. Notably, the
exclusion of the KLF14 locus, which was problematic in the
analysis of bloodstains, was also supported by LASSO regression
analysis (Table S4). As the performance metrics of the reduced
and the full models were found to be similar, we suggest that
these three loci may be sufficient and may even be more accurate
for establishing an efficient and cost-effective age prediction
test suitable for forensic applications (Section 3.3.3.2, Figure 6).
However, further research is warranted to definitively prove
the efficacy of this reduced panel for robust age prediction. A
direction for future research could be to replicate the study on
additional datasets of comparable size to ensure that the observed
results aren’t sample-specific and that the simplified protocol is
broadly applicable.

4.6 | Blood Spots vs. Fresh Blood Extracts

Dried blood traces are a much more common substrate than fresh
blood for forensic genetics investigations. For potential casework
applications, it was essential to assess the reliability and accuracy
of DNAm analysis protocol on dried blood spots. As a proof of
concept, in Phase II, the organizing laboratory provided dried
blood spots and fresh blood extract from eight individuals. As
noted in Section 3.2.2, blood spots can serve as a reliable source for
DNAm analysis based on the five loci investigated here; however,
a degree of inter- and inter-laboratory variability greater than
that registered for fresh blood extracts was observed (Table 2).
Overall, DNAm level measurements at all loci appeared to be
less consistent in blood spots than in DNA extracts, with KLF14
standing out as a problematic locus. It is worth noting that KLF14
performed poorly in both whole blood extracts and blood spots,
albeit more so in the latter. Considering that both extracts and
spots originated from the same biological material (blood), it
would be reasonable to retain the loci that performed well in both
declinations of the same biological source material rather than
choosing a different set of age-predictive CpG loci. In addition to
the locus selection carried out by stepwise regression analysis and
the performance metrics of the reduced model, the exclusion of
the KLF14 locus is further supported by its performance in dried
blood stains.

From a technical standpoint, because all laboratories followed the
same bisulfite conversion and PCR/SBE protocol, the increased
variation observed for blood spots could be reasonably attributed
to the different extraction methods employed by the laboratories
[58]. It is important to note that the blood traces analyzed in
this study were of relatively fresh deposition because they were
processed within 10-15 days from peripheral blood collection
by the organizing laboratory (Supporting Information section,
Sample Preparation). In fact, despite the data reported in the
literature on global methylation levels stability for dried blood

spots [59-63], to minimize variability dependent on possible
time-dependent effects on DNAm status, blood spots were
immediately analyzed upon being received by the participating
laboratories. However, real casework evidence is rarely of these
pristine conditions. A considerable amount of time may pass
between the deposition of a trace at the crime scene and its
collection, all the while exposing the biological material to
external agents that affect its quality and quantity. After collec-
tion, time and storage conditions can contribute to the trace’s
alteration. Therefore, it is not possible to exclude issues arising
from scarce amounts of template DNA and degradation, which
commonly hinder forensic DNA profiling [64-68] and could
also affect the correct detection and quantification of DNAm
patterns.

As already proposed in the studies of Peng et al. [69], addi-
tional research is necessary to more comprehensively assess the
reliability and accuracy of the bisulfite conversion—-dependent
SBE analysis for age prediction when performed on real forensic
casework samples. DNAm stability in trace blood samples will
need to be examined for varying storage times and conditions
as well as for external factors known for affecting DNA integrity
(e.g., humidity, temperature, UV radiation, chemical and micro-
bial agents) [64-68]. On the basis of Phase II results, different
forensically used DNA extraction methods will have to be more
thoroughly investigated in relation to DNAm measurement
variability. Additionally, the performance of a reduced model
comprising the most informative loci in both fresh DNA extracts
and dried blood spots will have to be evaluated to develop a single
age-predictive tool that can be applied for both declinations of the
same source material.

5 | Conclusions

This study successfully validated an efficient protocol for DNAm-
based age prediction, which can be easily replicated by any
forensic genetics laboratory. The results show that, despite the
availability and accuracy of NGS methodologies, laboratories that
do not yet dispose of this technology may easily implement
the bisulfite conversion-based SBE protocol herein employed.
In fact, the protocol was highly reproducible with minimal
intra-laboratory variations, which could be mitigated by perform-
ing PCR/SBE replicates, and the apparatus and methodologies
employed by different laboratories appeared to have minimal
impact on age-prediction accuracy. Laboratories wishing to
implement the method can analyze a reference sample of 20-
25 individuals to calibrate their in-house regression model and
then proceed to predict the age of unknown samples. Both fresh
and spotted peripheral blood proved to be reliable sources of
DNA for age methylation studies, though blood spot analysis
has a wider statistical error, highlighting the need for addi-
tional analysis from blood stains. Our findings also suggest
the possibility of further simplifying the protocol by reducing
the analyzed loci to three, although this simplification requires
validation through dedicated collaborative studies in the future.
The evidence collected on inter-individual variability suggests
that the true age prediction accuracy and robustness of DNAm-
based tools for forensic purposes would benefit from analyzing
multiple individuals in the same age range to account for true
inter-individual differences and from further research on the
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impact of factors unrelated to chronological aging (e.g., lifestyle
habits) on DNAm levels.
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