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Abstract 

DNA methylation analysis is increasingly used in stress research. Available methods are expensive, 

laborious and often limited by either the analysis of short CpG stretches or low assay sensitivity. Here, 

we present a cost-efficient next generation sequencing-based strategy for the simultaneous 

investigation of multiple candidate genes in large cohorts. To illustrate the method, we present 

analysis of four candidate genes commonly assessed in psychoneuroendocrine research: 

Glucocorticoid receptor (NR3C1), Serotonin transporter (SLC6A4), FKBP Prolyl isomerase 5 

(FKBP5), and the Oxytocin receptor (OXTR). 

DNA methylation standards and DNA of a female and male donor were bisulfite treated in three 

independent trials and were used to generate sequencing libraries for 42 CpGs from the NR3C1 1F 

promoter region, 83 CpGs of the SLC6A4 5’ regulatory region, 5 CpGs located in FKBP5 intron 7, and 

additional 12 CpGs located in a potential enhancer element in intron 3 of the OXTR. In addition, DNA 

of 45 patients with borderline personality disorder (BPD) and 45 healthy controls was assayed. 

Multiplex libraries of all samples were sequenced on a MiSeq system and analyzed for mean 

methylation values of all CpG sites using amplikyzer2 software. 

Results indicated excellent accuracy of the assays when investigating replicates generated from the 

same bisulfite converted DNA, and very high linearity (R2 > 0.9) of the assays shown by the analysis 

of differentially methylated DNA standards. Comparing DNA methylation between BPD and healthy 

controls revealed no biologically relevant differences. 

The technical approach as described here facilitates targeted DNA methylation analysis and represents 

a highly sensitive, cost-efficient and high throughput tool to close the gap between coverage and 

precision in epigenetic research of stress-associated phenotypes. 

 

Keywords: DNA methylation, epigenetics, targeted bisulfite sequencing, borderline personality 

disorder (BPD) 
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Introduction 

Epigenetic processes have been traditionally studied for their essential role in normal cellular 

development, differentiation, and regulation of gene activity or function. More recently, it has been 

shown that the epigenome can potentially be influenced by external factors - for instance, epigenomic 

changes have been correlated with the exposure to various nutritional, chemical and physical risk 

factors (Feil and Fraga, 2012), and perturbations in epigenetic processes have been linked to different 

pathologies (Godfrey et al., 2015). The most widely investigated epigenetic mechanism is DNA 

methylation, which can occur at around 28 million CpG sites that are distributed throughout the human 

genome (Edwards et al., 2010). 

Epigenetics became particularly relevant for psychoneuroendocrinology, and developmental 

psychobiology in general, with the pioneering work by the Michael Meaney group. In a rodent model, 

they showed for the first time that variation in the psychosocial environment, i.e. natural variation in 

maternal care, could epigenetically program the offspring’s stress response (Weaver et al., 2004).  

This finding was the inception of epigenetic research in the mental health field, and since then many 

genes have been investigated for differential DNA methylation in relation to early life stress and/or in 

association with stress regulation in human and in animal models. The most widely studied candidate 

gene is the glucocorticoid receptor gene (NR3C1), with most researchers focusing on the promoter of 

alternative exon 1F, the human orthologue of the rat’s exon 17. Associations between early life 

adversity and altered NR3C1 DNA methylation in non-neuronal cells have been reported, with the 

majority of studies showing increased NR3C1 promoter DNA methylation following prenatal or 

postnatal stress exposure (Argentieri et al., 2017); reviewed by (Turecki and Meaney, 2016). Several 

other candidate genes, including the serotonin transporter gene (SLC6A4; Dammann et al., 2011; 

Philibert et al., 2007; van IJzendoorn et al., 2010), the FK506 binding protein 5 gene - an important 

regulator of glucocorticoid sensitivity (FKBP5; Hohne et al., 2015; Klengel et al., 2013; Tyrka et al., 

2015; Zannas et al., 2016), and the oxytocin receptor gene (OXTR; Cecil et al., 2014; Gouin et al., 

2017; Unternaehrer et al., 2012) have been investigated for differential DNA methylation, and 

associations with different stress-related phenotypes have been described. 
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For the quantification of DNA methylation several methods are available, varying in costs, coverage 

(genome-wide vs candidate gene approaches), and resolution (see Appendix 1 for overview of 

methods). The most comprehensive method is whole-genome bisulfite sequencing (WGBS) that offers 

true genome-wide coverage by sequencing the whole genome including all ~28 million CpGs after 

bisulfite treatment of DNA (Cokus et al., 2008; Laurent et al., 2010; Lister et al., 2009; Urich et al., 

2015). Another method - reduced representation bisulfite sequencing (RRBS; Meissner et al., 2005) - 

reduces costs and complexity of the analysis by performing an initial digest of DNA, which cleaves 

away rather uninformative DNA. This leads to a massive reduction in amount of DNA to be assayed 

and thus to reduced costs. Both of the aforementioned methods have in common that they are rather 

useful in forensic research but are still prohibitive in larger samples because of the associated costs 

and bioinformatics demands. The Infinium Methylation Epic Beadchip represents an affordable 

platform for assessing DNA methylation for up to 850.000 single CpG sites across the genome 

(Bibikova et al., 2011; Pidsley et al., 2016). This array-based method is most suitable as a tool to 

identify associations between single (or clusters of) CpG sites and phenotypes of interest, which can 

be directly mapped to genes. Although the Epic Beadchip only assays ~ 3 % of all genomic CpGs, it 

represents a highly informative and cost efficient tool to screen the genome for differentially 

methylated positions and regions; however, hits should be further validated using other methods. 

Manifold approaches exist to validate epigenome-wide findings or to perform candidate gene DNA 

methylation analysis. In recent years, the method of choice has been pyrosequencing, which is the 

most sensitive and accurate technology to quantify DNA methylation differences down to 2 %. 

However, pyrosequencing is rather laborious, expensive, not suitable for high-throughput, and can 

only analyze short DNA stretches including few CpG sites. Mass-spectrometry method like the 

Epityper is capable of analyzing up to 384 samples in parallel; longer DNA fragments (up to 600 bp) 

can be assayed for changes in methylation levels down to 5 %, but with less precision and imperfect 

resolution as not all CpGs in a given fragment can be analyzed. Cloning-based bisulfite sequencing or 

direct Sanger sequencing of bisulfite-specific PCR-products followed by Epigenetic Sequencing 

Methylation analysis (ESME) suffer from poor sensitivity (Lewin et al., 2004). In addition, they are 

very laborious, and are thus not suitable for high sample throughput. It can be expected that all these 
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methods will soon be replaced by strategies using massive parallel- or deep sequencing - also called 

next-generation sequencing (NGS) - technology. This technological progress can also be used for 

locus-specific DNA methylation analysis by targeted deep bisulfite sequencing (Leitao et al., 2018), 

which tremendously reduces costs for high-throughput DNA methylation analysis, and offers 

outstanding quality in terms of sensitivity, accuracy and reproducibility. 

Therefore, we outline a cost-efficient method, which allows for simultaneous analysis of longer 

genomic stretches at high resolution and appropriate sensitivity in larger cohorts that can be used to 

validate genome-wide data and to perform candidate gene approaches for many genes in parallel. 

 

Based on a recently published protocol (Leitao et al., 2018), we present a PCR amplicon-based deep 

bisulfite sequencing approach for DNA methylation analysis of four candidate genes commonly 

assessed in psychoneuroendocrine research. This approach allows for simultaneous and affordable 

analysis of larger DNA-fragments (up to 400 bp) of multiple candidate genes at single base resolution 

in large cohorts in a single experiment.  

To explore the validity of the assay, DNA methylation standards ranging from 0 % to 100 % for all 

fragments were assayed in triplicates. Reliability of the assays was tested from DNA of one female 

and one male donor, which was bisulfite treated in three independent trials and a pool generated out of 

the three conversions. Following, DNA from both donors was analyzed for reliability from three 

bisulfite converted DNAs and the pool in 10 separate PCR replicates each. 

To illustrate the method, we investigated 90 female individuals (45 with a diagnosis of borderline 

personality disorder (BPD) and 45 matched healthy controls) for their DNA methylation pattern of 

genomic regions typically studied in stress research. Assays were performed for the NR3C1 1F 

promoter fragment including 42 CpGs (McGowan et al., 2009; Moser et al., 2007; Weaver et al., 

2004), for the whole SLC6A4 specific CpG island and 3 CpGs located upstream of the CpG island (84 

CpGs; Alexander et al., 2014; Beach et al., 2010; Devlin et al., 2010; Kang et al., 2013; Philibert et al., 

2007; Zhao et al., 2013), for five CpGs located in the genomic region coding for the FKBP5 (Hohne et 

al., 2015; Klengel et al., 2013; Tyrka et al., 2015; Zannas et al., 2016), and for 12CpGs located in a 

putative enhancer element located in intron 3 of the OXTR (Gouin et al., 2017). 
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Materials and Methods: 

 

Principles of NGS library preparation 

The NGS workflow for targeted bisulfite sequencing comprises four different steps: i) Sample 

preparation; ii) cluster generation; iii) sequencing; and iv) data analysis. As cluster generation and 

sequencing are part of the Illumina platform, and data analysis is already described elsewhere (Leitao 

et al., 2018; Rahmann, 2013) we will mainly focus on sample preparation here (see also Appendix 2). 

For appropriate NGS library sample preparation, two rounds of polymerase chain reaction (PCR) are 

performed, starting from bisulfite converted DNA. In the first PCR, we used gene specific primers 

carrying tags for the second PCR (see Appendix 3). In the second PCR, specific adapter primers bind 

to these tag sequences and introduce additional DNA sequences to the PCR product, including barcode 

sequences. Each of these barcode sequences are unique to a specific NGS primer pair and serve as 

identifiers for a specific individual. In our study these NGS primer pairs consisted of eight different 

forward and 12 different reverse primers (based on Illumina adapters [N/S/E]501-[N/S/E]508 and 

N701-N712), which lead to 96 different combinations of primer pairs (as illustrated in Appendix 4). 

However, many more sets of primer pairs can be designed and used as identifiers for several hundreds 

of study participants (www.illumina.com). 

To summarize, during first round PCR, all samples are amplified for a specific target region before the 

samples are re-amplified with specific adapter primers in a second PCR (Appendix 2). Subsequently, 

second round PCR products of each specific amplicon are pooled, purified by use of magnetic beads, 

and measured for their concentration. For sequencing, all pools of purified amplicons have to be 

adjusted for the same copy number to ensure that all samples are sequenced with the same probability. 

 

DNA Extraction, bisulfite conversion and PCRs 

DNA was isolated from saliva samples using a salting-out procedure as described elsewhere (Miller et 

al., 1988). We used saliva for DNA extraction because of higher yields compared to buccal swab 
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DNA. We deemed this necessary for the protocol establishment phase, and we are well aware that 

saliva-derived DNA does not represent the optimal source for epigenetic analyses as it includes a 

mixture of different cell-types (mucosa cells, leucocytes besides bacteria and leftovers). 

Bisulfite conversion was performed from 500 ng genomic DNA using the EZ DNA Methylation-Gold 

Kit (Zymo Research, Irvine - USA) as it shows high conversion rates, integrity and amplifiability of 

DNA (Tierling et al., 2018).  

One µl of bisulfite-converted DNA was subjected to PCR using the G2 Green Mix (Promega, 

Mannheim - Germany) with bisulfite-specific primers at temperatures and concentrations as indicated 

in Appendix 3. When using the Illumina MiSeq 2 x 250 v2 reagent kit, primers must be chosen to lead 

to maximum amplicon lengths of 400 bp. If possible, SNPs and CpG sites in the primer binding region 

should be avoided. If polymorphic regions in the primer target region cannot be avoided one may 

choose to introduce a degenerate site or “wobble” to compensate for potential variability in the target 

sequence. CpG sites in the primer binding sites should be kept to a minimum and are only allowed 

from the primers middle to the 5’ ends. If a potentially methylated cytosine could not be avoided, 

either degenerated primers or primers with a mismatch neither targeting the methylated nor the 

unmethylated sequence were used to prevent preferential allelic amplification. As DNA strands are no 

longer complementary after bisulfite conversion primers can be designed targeting the upper or lower 

strand. This leads to different orientations of sequencing directions, which is indicated by the arrows 

in Figure 1. All primers were tested by gradient PCR and different primer concentrations in order to 

achieve optimal conditions for second round PCRs. After quality control of first round PCR-products 

on a 1.5 % agarose gel (primer dimers and by-products must be strictly avoided), one µl of PCR 

products were subjected to second round PCR. After quality control on a 1.5 % agarose gel, four µl of 

each 2nd round PCR-product were pooled and purified using the Magnetic bead-based MagSi-NGSPREP 

Plus Kit (MagnaMedics, Aachen; Germany) according to the manufacturers protocol. Subsequently, 

samples were quantified on a dual-channel fluorometer (Quantus TM Fluorometer, Promega, 

Mannheim; Germany), and adjusted for similar copy numbers for subsequent NGS analysis. The 

following paired-end sequencing was performed on a MiSeq system (Illumina, San Diego; USA) using 
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the Illumina MiSeq reagent Kit v2 (500 cycles- 2 x 250 paired end) in collaboration with the BioChip 

Labor of the Center of Medical Biotechnology (ZMB, University Duisburg/Essen). 

 

Quality controls 

To test the validity of the assays, five DNA methylation standards (100 %; 75 %; 50 %; 25 % and 0 % 

methylation) were also analyzed. Methylation standards (100 % and 0 %) were either prepared by in 

vitro methylation of human genomic DNA using M.SssI CpG methyltransferase (NEB, Frankfurt a.M; 

Germany) or by whole-genome amplification using the REPLI-g Mini Kit (Qiagen, Hilden; Germany). 

Methylation standards (75 %, 50 % and 25 %) were obtained by mixing 100 % and 0 % methylated 

DNA. For each amplicon methylation standards were assayed in triplicates. Linear regression was 

performed plotting the expected to measured DNA methylation values to calculate the coefficient of 

determination (R2). To determine the reliability of the assay, genomic DNA of a male and female 

donor were both bisulfite-treated in triplicates. From each triplicate and a pool of the triplicates 10 

PCR replicates were prepared from all amplicons to test for the means standard deviations of the 

assays.  

 

Proof of principle 

To demonstrate feasibility of the assay, DNA was taken from an existing cohort of female patients 

diagnosed with borderline personality disorder (BPD; n = 45) and 45 female healthy control 

participants (Flasbeck et al., 2018); a brief description of the cohort can be found in supplementary 

material 5. The study was approved by the local ethics committee of the Medical Faculty of the Ruhr 

University Bochum (project number 4639-13) and signed informed consent was obtained from all 

participants. 

 

Bioinformatics 
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For sequence analysis, FASTQ files from all sequencing reads were generated to enable third party 

software analysis using amplikyzer2 software (Leitao et al., 2018; Rahmann, 2013). This software 

enables to determine mean DNA methylation values of all CpG dinucleotides in a region, or of each 

CpG dinucleotide across all reads and allows comparing these values between different samples. 

Amplikyzer2 software was used with default settings for DNA methylation analysis excluding reads 

with less than 95 % bisulfite conversion rate and showing less coverage than 1000 reads per sample. In 

addition, we checked for the presence of SNPs, which might introduce or abolish CpG methylation 

sites. CpG sites created by SNPs were not included in the analysis. Unlike the standard setting, allele-

specific DNA methylation was not calculated. Discrimination of allele specific methylation is only 

possible in the presence of heterozygous SNPs. These can be very helpful in imprinted regions and on 

the X-chromosome. As a further quality control, the amplikyzer2 graphical output was used to check 

for potential technical issues, which are indicated by bars of grey color; blue fields represent 

unmethylated CpGs and red color indicates methylated CpGs (Appendix 6). 

 

Statistical Analysis 

Testing the validity of the assays, correlations between expected and observed percent DNA 

methylation of the DNA methylation standard curves were assessed by linear regression. Reliability of 

the assays was tested by the analysis of technical replicates. Mean standard deviation for all amplicons 

was calculated. 

For a more comprehensive insight, we started with comparing the mean DNA methylation over all 

corresponding CpGs per analyzed fragment between patients with BPD and controls. The equality of 

variances was tested with Levene’s test, afterwards Student’s t-tests or Welch’s t-test were used 

respectively to compare the groups. In case of SLC6A4, where three fragments belong to the same 

candidate gene, differences in mean DNA methylation between the groups were analyzed separately 

with Student’s t-tests and adjusted for the multiple comparisons by Benjamini and Hochberg correction 

(Benjamini and Hochberg, 1995).  
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Further, we considered differences in DNA methylation levels between borderline patients and controls 

at single CpGs. Where Levene’s test indicated equal variances, Student’s t-tests were performed 

between the groups; otherwise Welch’s t-test was used. All p-values were adjusted by Benjamini and 

Hochberg correction for multiple testing by the number of CpGs tested for each candidate gene.  

We defined a P-value, or FDR-adjusted P-value, of <0.05 as statistically significant. The analyses 

were performed using R statistical programming (version 3.5.1). 
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Results: 

Six different amplicons with a total length of 1973 basepairs, comprising 143 CpG sites were 

sequenced using the Illumina Miseq with the 2 x 250 v2 cycle kit. On average, assays showed around 

7500 reads/sample (maximum 12025 and minimum 4591 reads per sample and amplicon). All samples 

were checked for sequencing quality using amplikyzer2 software generating alignment files and 

graphical outputs to identify regions of missing or unclear sequence information (Appendix 6). 

Unclear regions or CpG sites were not included in the further analysis. 

Validity of the assays was first tested by the analysis of differentially methylated DNA standards (100 

%, 75 %, 50 %, 25 % and 0 %), which revealed high linearity (R2 > 0.9) for all amplicons (Figure 1). 

We also observed excellent reproducibility of results from two different DNAs – from a male and 

female donor- that were bisulfite-treated in three independent approaches and analyzed in 10 

independent PCR reactions and a pool out of the three. An overview of DNA methylation for all 

genomic regions is illustrated in Figure 1; technical specifications of the assays are presented in 

Appendix 7. 

 

NR3C1 

Forty-two CpG sites of the NR3C1 1F region as described elsewhere (McGowan et al., 2009) were 

investigated for their DNA methylation pattern. As indicated in the amplikyzer2-generated graphical 

output and data file, no technical problems occurred and all 42 CpGs located in our NR3C1 1F 

amplicon could be analyzed (Figure 2). Testing reliability of the assay, the DNA methylation analysis 

showed a mean standard deviation of 0.67 % (0.46 % for the tested female DNA; 0.88 % for the tested 

male DNA) with a maximum SD of 2.70 % and a high linearity (R2 = 0.969) when analyzing 

methylation standards (Figure1; Appendix 7). 

We found low DNA methylation throughout all CpGs in all subjects (Figure 2). Borderline patients vs 

matched healthy controls were compared for their respective NR3C1 1F DNA methylation status, and 

as Levene’s test indicated unequal variances (F = 4.91, p = .029), degrees of freedom were adjusted 
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from 88 to 80.84. Mean DNA methylation levels differed significantly by group according to a 

Welch’s t-test, t(80.84) = 3.01, p = .003. However, the difference between BPD patients and controls 

of 0.08 % were negligible (BPD: 0.66 % ± 0.02 %; control: 0.74 % ± 0.03 % (mean ± SEM)). The 

observed difference of 0.08 % cannot be reliably analyzed given the technical mean standard deviation 

of 0.46 % for this fragment. 

 

SLC6A4 

The entire SLC6A4 CpG island including 81 CpGs and 3 additional CpGs located upstream of the CpG 

island were investigated by the generation of three PCR amplicons. Genomic regions for rs25533 C/T 

(introduces a methylation site), rs35206195 C/T (disrupts a methylation site) and rs56384968 C/G 

(shifts the methylation site about one nucleotide) were not included in the statistical DNA methylation 

analysis. The methylation analysis for the three SLC6A4 fragments showed a mean standard deviation 

between 1.37 % to 1.51 % with a maximum SD between 1.37 % to 6.1 % and a high linearity (R2 > 

0.9) when analyzing methylation standards (Figure 1 and Appendix 7). 

Mean methylation of BPD patients and controls were identical (BPD: 4.76 % ± 0.14; control: 4.76 ± 

0.12 % (mean ± SEM); Figure 2). No significant differences in DNA methylation between patients 

with BPD and controls in any of the three fragments (SLC6A4_1 t(88) = 1.76, FDR-adjusted p = .243; 

SLC6A4_2 t(88) = - 0.16, FDR-adjusted p = .873; SLC6A4_3 t(88) = -0.38, FDR-adjusted p = .873) 

were observed. 

 

FKBP5 

A 272 base pair fragment of a FKBP5 intron 7 specific fragment, containing five CpGs of the bin 1 

and bin 2 fragments (Klengel et al., 2013) was also subjected to targeted deep bisulfite sequencing 

analysis. The assay showed high linearity (R2 = 0.98) in the identification of differentially methylated 

standards and high reproducibility (mean SD: 1.29 %) when analyzing 10 independent PCR products 

generated from 2 subjects from 3 independent bisulfite modified DNAs (Figure 1; Appendix 7). We 
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could not find a significant difference in mean methylation between BPD patients and controls (Figure 

2; BPD: 84.43 % ± 0.37; control: 83.90 ± 0.36 % (mean ± SEM)); (t(88) = -1.02, p = .311). 

 

OXTR 

We initially focused on 12 CpGs located 3 kb downstream of rs53576 in a putative enhancer fragment 

of OXTR intron 3, a region that has been associated with empathy, loneliness, more sensitive parenting 

techniques, and with lower rates of autism (Kim et al., 2010). Polymorphic sites at rs114435510, 

rs75975944, and rs7636061 where handled with special caution in which only rs7636061 C/T 

abolishes a methylation site but cannot be differentiated in bisulfite converted DNA. The assays 

showed high linearity (R2 > 0.99) and a mean standard deviation of 2.24 % (Figure 1 and Appendix 7). 

We found an almost fully methylated enhancer region in all investigated participants (BPD: 91.69 % ± 

0.40 %; control: 91.41 % ± 0.28 % (mean ± SEM)). Comparing DNA methylation from patients with 

BPD to healthy controls, no significant differences could be observed (t(88) = -0.524, p = .602; Figure 

2). 
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Discussion 

Here, we illustrate a new experimental protocol for cost efficient high-throughput DNA methylation 

analysis in four different genes of relevance for stress research. We first demonstrated excellent 

reliability and validity of the new NGS-based approach (Figure 1, 2 and Appendix 7). As a proof of 

principle, we investigated percentage DNA methylation of 142 CpGs located in six different 

amplicons representing four different genes of saliva-derived DNA from 45 female BPD patients 

compared to matched healthy controls. The whole procedure was performed according to a recently 

published, highly flexible protocol (Leitao et al., 2018) that can either be used for the investigation of 

large cohorts for a limited number of genomic regions or to investigate smaller cohorts for a larger 

amount of genetic elements. 

Chen et al. (2017) were the first in the field of psychiatric research to describe the application of 

targeted bisulfite sequencing for accurate detection of 5-methylcytosine and also 5-

hydroxmethylcytosine. Using a strategy applying three independent PCRs they investigated 16 

different post-mortem human brain tissues with greater than 100 x coverage. Targeting three different 

regions of the Opioid Receptor Kappa 1 (OPRK1) gene containing 83 CpG sites they could confirm 

high precision of their assay (R2 > 0.75) when compared to results obtained by RRBS. Comparing 

their assay to the assay presented here, our assay is less laborious as it needs only two rounds of PCRs 

followed by one final DNA purification step. In addition, every amplicon pool is adjusted for copy 

numbers, which are inserted into the sequencing reaction leading to predictable high coverages 

(Appendix 2). As illustrated, our assays show high linearity, and reproducibility for the six 

investigated amplicons (Figure 1, 2 and Appendix 7). These data are highly similar to recently 

published work introducing a comparable NGS approach for the DNA methylation analysis of the 

FKBP5 gene (Roeh et al., 2018). Performing High Accurate Method for Targeted Bisulfite 

Sequencing (HAM-TBS) a mean sensitivity of 0.72 % was reported, compared to a mean sensitivity 

between 0.67 % to 2.24 % we achieved for our six different assays (see Appendix 7). Whether the 

slightly higher mean standard deviation identified for our assay is due to its technical properties or due 

to the heterogeneous tissue used for DNA extraction has to be further evaluated in the future.  
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As illustrated in supplemental figure 8, FKBP5 revealed specific differences at CpG site 2 of Bin 1. 

Whether this an inter-individual variation or gender specific variation in the DNA-methylation 

signature cannot be clarified here. However, inter-individual differences in DNA methylation and the 

larger sample size assayed here could have led also to a slightly higher mean standard deviation 

comparing our assay to the HAM-TBS approach. However, for both platforms this is a much higher 

sensitivity compared to those achieved by pyrosequencing or the Epityper. Compared to our method, 

HAM-TBS requires only one PCR and thus is less susceptible to cross-contamination and PCR biases. 

Nevertheless, as the second PCR in our approach introduces barcode labelled primers this enables 

enormous flexibility for multiplexing of samples and amplicons. Around 15 million usable reads can 

be generated during one NGS run, which means that 15.000 different amplicons with 1000 reads per 

sample can be successfully investigated per run. In addition, this higher throughput leads to cost 

reduction depending on the amount of different amplicons that are finally assayed. Compared to other 

methods like the Epityper, pyrosequencing and to traditional Sanger sequencing, the method presented 

here is much cheaper, more accurate, less laborious, and allows for higher sample throughput 

(Appendix 1).  

For NR3C1, we present an assay to analyze DNA methylation of the promoter of exon 1F, most 

commonly investigated when differential DNA methylation of NR3C1 is of interest. As also observed 

by others (Elwenspoek et al., 2019; McGowan et al., 2009; Moser et al., 2007), the analyzed NR3C1 

stretch was generally unmethylated, with mean DNA methylation values below 1 %. The statistical 

difference for NR3C1 we observed comparing individuals with BPD and controls has to be handled 

with caution. First, given that the sensitivity of our method for this gene fragment is 0.46 %, 

differences in DNA methylation of 0.08 % cannot be reliably assessed. Second, DNA was extracted 

from saliva, which represents a heterogeneous tissue, and introduces a potential bias into the analysis 

(Jones et al., 2018; Kumsta, 2019). Third, individual genotype influencing individual DNA 

methylation signatures cannot be excluded (Gertz et al., 2011; Schroder et al., 2017). Fourth, the 

investigated cohort was rather small (Heijmans and Mill, 2012) and last but not least, differences in 

DNA methylation of way below 1 % are unlikely to be of biological significance (Heijmans and Mill, 

2012; Matthijs et al., 2016). 
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For SLC6A4, we were able to capture the entire CpG island, divided into three NGS amplicons. 

Comparing borderline patients vs healthy controls we found almost identical values in the whole 

SLC6A4 CpG island. Interestingly, the method described here provides the possibility to achieve a 

visual impression of whole CpG island methylation. In case of SLC6A4 the whole CpG island is rather 

unmethylated, with a slight increase in DNA methylation beginning at the end of exon 1 and a further 

increase downstream of the CpG island (Figure 2). This finding is supported by literature describing 

that methylation of CpG shores, defined as the 2 kb of sequence flanking a CpG island, tend to be 

more dynamic than methylation of the CpG island itself (Bird, 2002; Greally, 2013). 

For FKBP5, we focused on 5 CpGs in intron 7 of the FKBP5 gene, two of which are located in a 

glucocorticoid receptor consensus binding site. A previous study has reported that DNA methylation 

of so-called bin 2 (encompassing 3 CpGs sites) was associated with childhood adversity in a genotype-

dependent manner (Klengel et al., 2013), which makes this region a promising candidate for the 

investigation of gene by environment by DNA methylation interaction. We observed no differences 

between BPD and controls. Interestingly, significant inter-individual differences were observed 

comparing female and male DNA methylation signatures for this gene fragment. This underlines the 

necessity to control for inter-individual and gender-mediated differences when performing DNA 

methylation analysis (Bock et al., 2008; Boks et al., 2009). 

The investigation of the whole OXTR specific CpG island with 188 CpGs present in a stretch of 2318 

nucleotides would have been desirable here, but the enormous density of CpGs and redundancy of 

DNA after bisulfite treatment make specific primer design at this genomic locus extremely 

challenging. Focusing on a putative enhancer element located in the OXTR intron 3, we found high 

DNA methylation levels, but no differences between groups. Interestingly, as already described by 

others, gene bodies and intronic sequences show high methylation levels whereas CpG islands tend to 

be rarely methylated (Eckhardt et al., 2006; Zhou et al., 2011). 

Summary 

When designing and performing targeted deep bisulfite sequencing assays, the following aspects 

should be taken into account: 
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In order to prevent technical issues, SNPs and CpG sites in the primer binding region should be 

avoided or should be faced with strategies as illustrated above. Furthermore, any formation of primer 

dimers and unspecific by-products must be avoided. This makes primer design and efficient generation 

of high quality first round PCR-products very difficult when facing large CpG islands - like in cases of 

the OXTR - and demands for thorough primer design and careful optimization and validation of 

reliable assays. In addition critical care must be taken to prevent cross contamination when 

transferring first round PCR-products to prepare second round PCR.  

Analyzing DNAs from a male and a female donor, which were bisulfite-treated in three independent 

assays and a pool generated from theses samples revealed almost identical results with the exception 

of FKBP5, where inter-individual differences in the DNA methylation profile were visible. As the 

conversion rate of most commercial bisulfite assays is above 99 % (Tierling et al., 2018) in our 

opinion it is sufficient to perform bisulfite treatments in unique copies. In addition, the amplikyzer2 

software enables filtering of insufficient converted DNAs for final analysis. Analysis of pooled 

bisulfite converted DNA as suggested by others (Roeh et al., 2018) might complicate the analysis as 

according to our experience one bisulfite converted DNA of lower quality negatively affects the 

quality of the whole pool and leads to results of lower quality. Thus, we would recommend performing 

single bisulfite-treatment and to perform PCRs in triplicates, as long as sufficient bisulfite-treated 

DNA is available. In cases of low DNA availability, for instance when using buccal swabs for cell 

collection, performing bisulfite-treatment and PCRs in unique copies should also be acceptable. 

 

As suggested by others (Heijmans and Mill, 2012), we recommend to always use homogenous cells 

for DNA methylation analysis. Analysis of mouthwash and buccal cell DNA is often complicated by 

fluctuating amounts of blood-cell derived DNA, which influences epigenetic results. Blood consists of 

multiple different cell types with their respective divergent epigenotypes. As blood cell composition 

can vary across time and is influenced by several factors, including inflammation, physical and/or 

psychosocial stress, sexual hormones etc., many differences in DNA methylation might be driven by 

altered blood cell composition and not by cell type-specific alterations of DNA methylation (Hummel 
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et al., 2018; Jones et al., 2018; Kumsta, 2019). When using blood, this challenge can partly be 

addressed via physical isolation of cells via cell sorting or immunomagnetic isolation (Schwaiger et 

al., 2016), or by using blood cell counts to strip away variations in DNA methylation that can be 

attributed to differences in leukocyte subset composition (Jones et al., 2018). 

 

Conclusion 

The method we outlined here can be used for targeted analysis of selected candidate genes and for 

validation of hits derived from whole-genome or array-based approaches. It represents a cost-efficient, 

highly sensitive method that offers increased spatial resolution compared to other methods. 

Furthermore, it enables high-throughput analysis and offers the possibility of parallel investigation of 

many candidate genes in the same run. We expect this method to contribute to greatly improved 

quality and quantity of DNA methylation data and thus to improved understanding of the association 

between DNA methylation variation in different phenotypes and diseases. 
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Figure 1: Chromosomal location of all amplicons and corresponding DNA methylation levels
Chromosomal position of all genes are illustrated using graphical outputs generated by the UCSC Genome Browser (https://genome.ucsc.edu) and Geneious Prime 
2019 software (https://www.geneious.com). All genes are presented in 5’ -> 3’ orientation from left to right. Amplicons are highlighted with respect to their genomic 
orientation. All CpG sites are illustrated with green bars, CpG islands in light green, and exons in grey color. To determine the reliability of the assay, genomic DNA of 
a male and female donor were both bisulfite-treated in triplicates. From each triplicate and a pool of the triplicates 10 PCR replicates were prepared from all amplicons 
to test for the means standard deviations of the assays.
Linearity of the assays is illustrated by plotting expected to experimental methylation values of a serial diluted methylation standard. 
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Figure 2: DNA methylation levels comparing BPD to healthy controls
Percentage methylation and standard deviation of all CpGs are presented for all amplicons/genes 
comparing BPD patients (grey) vs healthy controls (black)
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