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A B S T R A C T   

Background: The ability to accurately estimate risk of suicide deaths on an individual level remains elusive. 
Methods: This study reports on a case-control study set-up from a well-characterized cohort of 88 predominantly 
female suicide attempters (SA), stratified into low- (n = 57) and high-risk groups (n = 31) based on reports of 
later death by suicide, as well as degree of intent-to-die and lethality of SA method. We perform an unbiased 
analysis of 12,930 whole-blood derived CpG-sites (Illumina Infinium EPIC BeadChip) previously demonstrated to 
be more conciliable with brain-derived variations. The candidate site was validated by pyrosequencing. External 
replication was performed in (1) relation to age at index suicide attempt in 97 women with emotionally unstable 
personality disorder (whole-blood) and (2) death by suicide in a mixed group of 183 prefrontal-cortex (PFC) 
derived samples who died by suicide or from non-psychiatric etiologies. 
Results: CYP2D6-coupled CpG-site cg07016288 was hypomethylated in severe suicidal behavior (p < 10E-06). 
Results were validated by pyrosequencing (p < 0.01). Replication analyses demonstrate hypomethylation of 
cg07016288 in relation to age at index SA in females (p < 0.05) and hypermethylation in PFC of male suicide 
completers (p < 0.05). 
Limitations: Genotyping of CYP2D6 was not performed and CpG-site associations to gene expression were not 
explored. 
Conclusions: CYP2D6-coupled epigenetic markers are hypomethylated in females in dependency of features 
known to confer increased risk of suicide deaths and hypermethylated in PFC of male suicide completers. Further 
elucidating the role of CYP2D6 in severe suicidality or suicide deaths hold promise to deduce clinically mean-
ingful results.   

1. Introduction 

Suicide is a major cause of mortality and years-lost worldwide and a 
major public health concern. Globally, it is estimated that 700,000 
deaths each year are caused by suicide (WHO)(World Health Organi-
zation (WHO), 2021). Endeavors have been made for over a century to 
determine major risk factors and causes of suicide. These endeavors 
were initially primarily based on social research and have since been 

supplemented with biological and neuropsychiatric oriented models. 
Complex epigenetic models and genome-wide association studies 
(GWAS) have been a particular focus of preventive suicidology over the 
past decade. Despite scientific progress, the ability to accurately esti-
mate suicide risk on an individual level remains elusive and has not 
significantly improved in the last half century(Mishara and Weisstub, 
2021). Theories have been put forth that suicide prediction models are 
complicated by the complex and varied underlying pathophysiology, 
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encompassing both hereditary, environmental and emotional inputs 
(Mishara and Weisstub, 2021). However, recent progress in suicide 
research implicate that suicide attempters exhibiting high intent to die 
or choosing more lethal methods are more neurobiologically compara-
ble to suicide victims(Jokinen et al., 2010a,b ; Stefansson et al., 2012; 
Stenbacka and Jokinen, 2015),(Jollant et al., 2005). These presumptions 
indicate additional knowledge can be gained from deep phenotyping of 
suicidal subjects. In a wider sense, they promote the intriguing prospect 
of uncovering biomarkers for severe suicidal behavior by identifying 
distinct neurobiological underpinnings of this subcategory. Arguably, 
such endeavors hold promise to uncover objective, reliable and com-
plementary biomarkers to aid in efforts to distinguish suicide attempters 
evincing a high risk of later death by suicide. 

A previous epigenome-wide DNA-methylation meta-analysis identi-
fied distinct prefrontal cortex (PFC)-derived DNA methylation within 
the PSORS1C3 gene by comparing suicide cases to non-suicidal sudden- 
death controls(Policicchio et al., 2020a). Other epigenome-wide asso-
ciation studies (EWAS) investigating confirmed suicide cases – with 
DNA methylation measured from white blood cells(Bani-Fatemi et al., 
2020, 2021) and hippocampus(Kouter et al., 2019) - report varying re-
sults and are burdened by limited sample sizes. While smaller sample 
studies allow for the identification of DNA methylation variations with 
large effect size, recent research informs us that such studies should be 
inadequately powered to comprehensively exclude the involvement of 
additional DNA methylation regions(Mansell et al., 2019). Jokinen et al. 
investigated hypothalamic-pituitary-adrenal (HPA)-axis coupled 
methylation sites in a cohort of suicide attempters measured in 
whole-blood, stratified into low- and high-risk groups based on the 
severity of suicidal behavior. This study detected a corticotropin 
releasing hormone (CRH)-coupled DNA methylation site to be hypo-
methylated in the high-risk group of suicide attempters(Jokinen et al., 
2017a,b). 

The main goal of the study was to identify blood-based epigenetic 
biomarkers for severe suicidality (with higher risk of later suicide). In a 
well-characterized cohort of 88 suicide attempters, 31 subjects that used 
a violent method of attempted (i.e., hanging, shooting, or drowning) 
(Träskman et al., 1981), exhibiting a high intent-to-die as measured by 
the Freeman scale(Freeman et al., 1974), or having later death by sui-
cide were classified as high-risk. Whole blood derived DNA methylation 
markers - whereby individual factors were previously shown to influ-
ence methylation levels to a greater extent than the tissue from which it 
was extracted – were investigated in relation to severity of suicide 
attempt. Candidate CpG-site/s were measured in the same cohort by 
pyrosequencing and assessed for replicability. An external study group 
consisting of 97 female emotionally unstable personality disorder 
(EUPD, previously borderline personality disorder) patients with severe 
suicidal behavior (a history of at least two recent SAs) was used to 
further investigate associations between candidate methylation sites and 
occurrence of later suicide (N = 8). Importantly, age at onset of first SA 
(index attempt [IA]) has previously been implicated as a marker to 
delineate SA subgroups(Menon et al., 2018), whereby adolescent IA has 
been associated with a substantially greater contribution of firearms and 
overall lethality(McKean et al., 2018). Thus, candidate methylation sites 
were contrasted between individuals with a history of suicide attempt in 
adolescence and adulthood, respectively. A secondary objective was to 
further explore any underlying neurobiological processes in brain that 
such biomarkers may elicit information of. Thus and subsequently, 
openly available data across three independent data sets was retrieved 
to further investigate candidate probes in postmortem extracted brain 
biopsies (prefrontal cortex – previously associated with epigenetic dys-
regulation in suicide completers(Murphy et al., 2017a; Nagy et al., 2017; 
Schneider et al., 2015)) from 88 suicide-completers compared to 95 
non-psychiatric controls. As a final step - considering well-studied sex 
differences in suicide-related outcomes present in both adolescent and 
adult populations (putatively with distinct underlying neurobiological 
mechanisms(Ho et al., 2021)) - in each data set, the above analyses were 

re-performed exclusively in male (where available) and female subjects, 
respectively. 

2. Methods 

2.1. Characterization of the discovery group 

2.1.1. Ethics and patient consent 
Details on the cohort of death by suicides and stratification of sub-

jects have been previously published(J. Jokinen et al., 2017). In brief, 
the study protocols were approved by the Regional Ethical Board in 
Stockholm, Sweden (Dnrs: 00–194,2015/1454.32) and the participants 
gave their informed consent to the study, which was conducted in 
accordance with guidelines and regulations. 

2.1.2. Discovery cohort of suicide attempters 
The study includes adult patients that were clinically assessed in 

2000–2005 at a Suicide Prevention Clinic (Karolinska university hos-
pital) after conducting acts of self-destruction with variable intention to 
die. Subjects documented with psychotic disorders, dementia, mental 
disability or (intravenous) substance abuse were excluded. To improve 
the clinical generalizability of the study, patients with a history of non- 
suicidal self-injury and/or non-intravenous substance abuse were not 
included in the participant exclusion criteria. After exclusion of subjects 
declining to participate (n = 50), not meeting inclusion criteria (n = 61) 
or an inability to attend clinical follow-up visits (n = 47), 100 patients 
were included in the study (33 men and 67 women). 26 subjects were 
medication-free at the time of assessment. The only medication reported 
in more than five individuals were antidepressants (Sertraline [n = 20], 
Citalopram [n = 12], Mirtazapine [n = 12], Venlafaxine [n = 9] and 
Fluoxetine [n = 7]). No individual subjects received lithium treatment 
(Sinai et al., 2009). DNA samples were extracted from 88 of these sub-
jects. The information about suicide and cause thereof was available 
from matching unique identification numbers with the national Cause of 
Death register. Later death by suicide was established in four cases in the 
years 2004, 2006, 2007 and 2014, respectively - three of which from 
hanging and one from substance intoxication. Subjects that used a vio-
lent method of suicide attempt (i.e., hanging, shooting, or drowning) 
(Träskman et al., 1981), exhibiting a freeman scale of >6(Freeman et al., 
1974), or having later died by suicide were classified as high-risk. 

2.1.2.1. Blood sample collection. Peripheral blood specimens were 
collected according to standardized procedures. Study samples were 
required to be fasting at the time of blood sampling, which occurred in 
morning. 

2.1.2.2. Methylation profiling and data processing. DNA was retrieved in 
using the phenol-chloroform method, after which bisulfite conversion 
was performed in accordance with the EZ DNA Methylation GoldTM kit 
(ZymoResearch, USA). DNA specimens were thereafter hybridized to the 
Illumina Infinium Methylation EPIC beadchip and the array was imaged 
in using the Illumina Iscan system (Illumina, San Diego, CA, USA), 
resulting in the quantification of methylation values at approximately 
850,000 unique methylation identifiers across all samples. Preprocess-
ing of methylation data included background correction, adjustment for 
methylation site measurement techniques (i.e., type I and type II 
probes), adjusting for any potential batch effects and the removal of 
putatively unreliable probes. DNA methylation data was corrected for 
in-silico generated surrogate measures of white blood cell type hetero-
geneity. Evaluation of sample outliers based on methylation data was 
performed by principal component analysis (PCA). Methylation pre-
processing steps were performed in using R software, version 3.3.0, and 
the following bioconducor packages - minfi(Aryee et al., 2014), water-
melon(Schalkwyk et al., 2013), sva(Leek et al., 2012), champ(Morris 
et al., 2014) and FactomineR(Lê et al., 2008). A detailed description of 
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the preprocessing steps has been previously published(J. Jokinen et al., 
2017). 

2.1.3. Annotation and selection of DNA methylation probes 
The validity of implementing blood-based psychiatric EWAS studies 

to discern interindividual DNA methylation variation in inaccessible 
tissues where the main biological effects is presumed to occur has come 
under increasing scrutiny(Hannon et al., 2015). To improve trans-
ferability of any findings measured in whole blood to changes occurring 
in brain, we only considered the 22,458 CpG sites whereby Hannon et al. 
previously demonstrated that individual characteristics predicts more of 
the variance in DNA methylation than the tissue from which the DNA 
methylation was extracted(Hannon et al., 2015). We further limited the 
analysis to CpG sites located within 2000 bp of the transcriptional start 
site of the nearest gene according to Price et al. (2013), as these have 
been shown to especially influence transcription of the adjacent gene 
(Wagner et al., 2014). Following preprocessing procedures, a total of 12, 
930 such CpG-sites were included in the subsequent analysis. 

2.1.4. Pyrosequencing 
Validation of cg07016288 was performed using bisulfite (BS) pyro-

sequencing. Primers were designed using the PyroMark Assay Design 
software version 2.0 (Qiagen, Dusseldorf, Germany) (Fwd: AGTG-
TAGGTGGTTTTTTGGTT, 5′-biotinylated Rev: CCTAACCCTCCCTCTA-
CAATT, sequencing: TTTTTATAGTTGTTTGTTTTGGGAA). Genomic 
DNA (500 ng) was bisulfite-converted using DNA methylation-Gold 
Bisulfite Kit (Zymo Research, Irving, CA, USA) and eluted in 25 μl of 
elution buffer. The converted DNA (~15 ng) was applied as a template 
in the PCR performed with the PyroMark PCR kit (Qiagen, Dusseldorf, 
Germany) following manufacturer’s recommendations. To verify the 
efficiency and sensitivity of the pyrosequencing, unmethylated and fully 
methylated human BS-DNA samples (EpiTect PCR Control DNA Set, 
Qiagen, Dusseldorf, Germany) were included as controls. The entire PCR 
product, 4 pmol of the sequencing primer, and streptavidin sepharose 
high-performance beads (GR Healthcare) were used for pyrosequencing 
on the PSQ 96 system and PyroMark Gold 96 reagent kit (Qiagen). The 
PyroMark CpG software 1.0.11 (Qiagen, Dusseldorf, Germany) served 
for preliminary data analysis. 

2.2. Characterization of replication data sets 

2.2.1. Cohort of severely suicidal females with emotionally unstable 
personality disorder (EUPD group) 

Details on the EUPD cohort have been previously published(Sinai 
et al., n.d., 2018; Zaboli et al., 2006) and are extensively described in 
Supplementary Material (including blood sample collection, methyl-
ation profiling and data processing). 

2.3. Aggregated analysis of three data sets profiled post-mortem from the 
prefrontal cortex of suicide completers and non-psychiatric controls (Brain 
Suicide group) 

Policicchio et al. recently performed a genome-wide DNA methyl-
ation meta-analysis of previously published studies in the brains of 
suicide completers and non-psychiatric controls(Policicchio et al., 
2020b) and are described in more detail in Supplementary Material 
(including Methylation profiling and data processing steps, Sections 
1.1.1-2). 

2.4. Statistical analysis 

2.4.1. Data analysis (discovery group) 
The classification of violent and non-violent suicide attempts into 

low- or high-risk groups has been previously described in detail(J. 
Jokinen et al., 2017). In brief, dichotomization was performed with 
relevance concerning putative biological differences and subjects 

fulfilling any of the following criteria were classified as high-risk: violent 
suicide attempt method, or a high score in the Freeman Scale, or later 
death by suicide. Discriminating validity of the scale was considered 
very good in a previous study consisting of a large sample of attempted 
suicide subjects and suicide victims(Freeman et al., 1974). In accor-
dance with the literature, non-violent attempts included substance 
intoxication or self-cutting of wrists, whereas violent attempts pertained 
to all other available suicide methods, i.e., attempted drowning, 
shooting, gassing or hanging(Träskman et al., 1981). Details pertaining 
to the classification of variables, data analysis and replication analyzes 
are available in Supplementary Material (Sections 1.3.1-2). 

2.4.2. DNA methylation association study (discovery group) 
Optimal co-variates were calculated to minimize risks of overfitting 

the subsequent model. Clinical variables previously shown to exhibit 
between-group differences with a p-value <0.05 were included as co- 
variates, i.e., gender and occurrence of death by suicide. For the sub-
sequent analysis, methylation beta-values were log2-transformed to the 
more robust M-values(Du et al., 2010). The association analysis between 
DNA methylation and severity of suicide attempt were modelled by 
specific linear models using an empirical Bayes framework based on a 
moderated t-statistic – a method previously deemed adequate for 
epigenome-wide association studies(Rask-Andersen et al., 2016; Smyth, 
2004). The analysis thus contrasted methylation M-values for each 
investigated CpG-site to the phenotype of interest (suicidal severity 
phenotype), adjusting for optimal co-variates (gender and occurrence of 
later suicide). To minimize risks of type I errors, p-values were adjusted 
for multiple-testing with the more stringent Bonferroni-method(Arm-
strong, 2014). Bonferroni-adjusted p-values were calculated by multi-
plication of the nominal p-value by the number of investigated CpG-sites 
(i.e., 12,930). In addition, epigenome-wide association studies (EWAS) 
are demonstrably sensitive to confounding from bias of test statistics and 
inflation. This could introduce spurious findings and are not completely 
abated by standard DNA-methylation preprocessing methods and/or 
confounder adjustment methods. The R/Bioconductor package BACON 
implements a Bayesian method based on the empirical null distribution 
– and is demonstrated from both simulated and real data to adequately 
control for bias and inflation in EWAS studies(van Iterson et al., 2017). 
To exclude potential unmeasured sources of confound, we therefore 
implemented the R/Bioconductor package BACON(van Iterson et al., 
2017) to adjust the global regression results for estimated bias and 
inflation. P-values <0.05 after Bonferroni-, bias- and inflation adjust-
ments were considered significant. Methylation beta-values of such 
significant methylation sites were illustrated in boxplot/s. To examine 
the impact of excluding the co-variate pertaining to individuals who 
later died by suicide, the prior analysis was reperformed, adjusting for 
gender as a co-variate. To assuredly exclude any bias from unadjusted 
for factors, post-hoc binomial logistic regression models were performed 
contrasting the phenotype of interest (suicidal severity phenotype) to 
cg07016288 methylation M-values and adjusting for age, age, alcohol or 
substance abuse and use of antidepressants. Methods pertaining to 
replication analysis (pyrosequencing) and replication cohort analyses 
(EUPD and Brain Suicide groups) are available in Suppementary Ma-
terials (Sections 1.3.2-3). 

3. Results 

3.1. Cohort description (discovery group) 

31 patients (35%) were classified into the high-risk/severe attempt 
category and 57 (65%) into the low-risk group. The severe suicidal risk- 
group exhibited an overrepresentation of male participants (p < 0.01). 
By a significance level <0.05, other clinical outcome variables were 
largely comparable between the two groups (p > 0.05), i.e., BMI, 
occurrence of depression, SSRI medication usage, personality disorder, 
alcohol dependence or substance abuse. Patients from both groups 
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scored equally on the Karolinska Interpersonal Violence Subscales which 
measures both expressed and exposure to violent behavior during child- 
and adulthood(Jokinen et al., 2010) (Table 1). 

Age of all participants ranged from 18 to 67, with a mean of 34 years 
(SD: 12.4). In the whole sample, occurrence of one or more axis I psy-
chiatric diagnoses were evinced in 86% of study participants, including 
mood disorders (76%), anxiety disorder (6%), adjustment disorder 
(5%), and alcohol abuse disorder (4%). Comorbid substance-abuse dis-
order (in the majority alcohol dependency) was detected in 12% of 
samples, whereas 4% exhibited comorbid eating disorders. Approxi-
mately 28 per cent of participants presented with personality disorders. 

3.2. Investigation of 12,930 less tissue-reliant methylation probes reveals 
hypomethylation of blood-based measurements of CYP2D6-coupled CpG- 
site cg07016288 in severe suicidal behavior 

On the association analysis between whole-blood DNA methylation 
and suicidal behavior, we studied 12,930 CpG-sites deemed to be more 
swayed by intraindividual factors compared to tissue. In this analysis, 
methylation M-values were contrasted to suicidal phenotype, adjusting 
for potential confound from co-variates with significant (p < 0.05) 
between-group differences (gender and occurrence of later suicide). 
After adjustments for multiple-testing by the more stringent Bonferroni- 
method, CYP2D6-coupled CpG-site cg07016288 exhibited significant 
hypomethylation in dependency of suicidal severity. The genomic 
inflation factor lambda measured 1.035, indicating minimal inflation of 
test-statistics. After additional adjustment for potential unmeasured 
sources of bias and inflation, cg07016288 remained significantly 
hypomethylated after Bonferroni-correction of p-values (Bonferroni 
correction factor: 12,930)(Table 2.)(Fig. 1.). A post-hoc analysis was 
performed to examine the impact of excluding the covariate ‘occurrence 
of later suicide’ from our study. Our results indicate that the top finding 

remains consistent after removal of this covariate, at a Bonferroni- 
corrected p-value of 0.034 (Bonferroni correction factor: 12,930). In a 
subsequent post-hoc analysis, cg07016288 was confirmed as signifi-
cantly hypomethylated in the severe suicidal phenotype as measured by 
binomial logistic regression models contrasting the phenotype of inter-
est (suicidal severity phenotype) to cg07016288 methylation M-values 
and adjusting for age, alcohol or substance abuse and use of SSRI 
medication (p = 0.0145). 

3.3. Hypomethylation status of cg07016288 in severe suicide attempters 
measured in whole blood was validated by pyrosequencing 

For validation purposes, DNA-methylation levels of cg07016288 
were measured by pyrosequencing in the Discovery cohort. 6 outlier 
samples were identified and excluded from subsequent analyses due to 
concerns over technical bias from measurement errors specific to 
pyrosequencing (described in section 2.6.3)(Supplementary Fig. 1), 
resulting in 53 and 27 individuals in the low- and high-risk group 
included in the subsequent analysis, respectively. Pearson correlations 
of cg07016288 Illumina EPIC and pyrosequencing measurements sug-
gested moderate correlations (r = 0.459, p < 0.0001). The hypo-
methylation of cg07016288 in severe suicidal behavior was confirmed 
by pyrosequencing, as measured by independent-samples t-test, using 
one-tailed hypothesis testing assessing putative hypomethylation in the 
high-risk group (p < 0.01)(Supplementary Fig. 2.). The validity of the 
initial finding was further supported by multivariate binomial logistic 
regression models, contrasting suicidal risk group (low- or high-risk) to 
cg07016288 pyrosequencing measured methylation levels and the 
dichotomous co-variates gender (F/M) and occurrence of death by sui-
cide (Y/N)(p < 0.01)(Supplementary Table 1.). 

3.4. Methylation of CYP2D6-coupled probe cg07016288, which is 
hypomethylated in severe suicidal behavior, is lower methylated in female 
EUPD patients with a history of first suicide attempt in youth (EUPD 
group) 

The 97 EUPD participants were all females with a mean age and BMI 
of 29.4 years (SD = 7.6) and 24.5 kg/m2 (SD = 4.7), respectively. 
Detailed characteristics of the EUPD group are available in Suppe-
mentary Material (Section 2.1) and Supplementary Table 3. 
Cg07016288 methylation levels were independent of occurrence of later 
suicide (n = 8, p > 0.1). However, history of a suicide attempt in 
adolescence was associated with Cg07016288 hypomethylation, when 
compared to subjects with a first suicide-attempt in adulthood (p =
0.02966) – as measured by one-sided t-tests in EUPD-subjects (n = 97) 
(Supplementary Fig. 3.). These findings were borderline-significant in 
subsequently performed multivariate binomial logistic regression 
models adjusted for optimal co-variates (occurrence of active MDD 
episode) (p = 0.0815)(Supplementary Table 4.). Cg07016288 methyl-
ation levels were unrelated to age, BMI and the use of SSRI medication 
(p > 0.05)(data not shown) – as measured by Pearson correlations 
(continuous variables, i.e., age and BMI) and chi squared-tests (dichot-
omous variables, i.e., medication usage frequencies). 

3.5. Cg07016288 is borderline hypermethylated in prefrontal cortex of 
suicide completers compared to controls (Brain Suicide group) 

Details of the three studies have been previously published(Guinti-
vano et al., 2013; Kozlenkov et al., 2017; Murphy et al., 2017b; Viana 
et al., 2017) and presented at an aggregate level(Policicchio et al., n.d.). 
A detailed description of the characteristics of the Brain Suicide group is 
available in Supplementary Materials (Section 2.2). 

In the aggregated data set, cg07016288 methylation M-values were 
borderline significantly hypermethylated in dependency of suicide (β =
1.957, p = 0.0503) – as measured by binomial logistic regression models 
adjusted for age, gender, neuronal components, sample (BA11, BA25 or 

Table 1 
Characteristics of subjects.   

Attempted suicide (n = 88) 

High-risk 
group 

Low-risk 
group 

Statistics (t-test, Mann- 
Whitney U test, chisq-test), 
p-value) 

N 31 57  
Age (years) 35.16 

(12.3) 
33.6 (12.2) ns 

Men: Women, n(%) 16(51.6): 
15(48.4) 

12 (21.1): 
45 (78.9) 

6.92E-03 

BMI, mean (SD) 24.3 (4.6) 24.9 (4.3) ns 
Depression, n(%) 23 (74.2) 37 (64.9) ns 
Borderline personality 

disorder, n(%) 
7 (22.6) 5 (8.8) ns 

Other personality 
disorder, n(%) 

11 (35.5) 10 (17.5) 6.60E-02 

Alcohol dependence, 
(n(%)) 

9 (29.0) 8 (14.0) 9.35E-02 

Substance 
dependence, n(%) 

6 (19.4) 9 (15.8) ns 

Completed suicide, n 
(%) 

4 (12.9) 0 (0.0) 1.25E-02 

SSRI medication, n(%) 19 (61.2) 26 (45.6) ns 
KIVS subscale, n(%)** 

1Expressed violent behavior during 
Childhood 0 (0.0) 1 (1.8) ns 
Adulthood 6 (19.4) 4 (7.0) ns 

2Exposure to violent behavior during 
Childhood 10 (32.3) 15 (26.3) ns 
Adulthood 15 (48.4) 19 (33.3) ns 

Values are shown as mean (SD) unless otherwise specified. P-values were 
calculated by means of t-test, Kruskal-Wallis’ test or chi-squared test, contrasting 
values for subjects in the high-risk vs low-risk suicide attempt group. A one- 
tailed p-value <0.05 was considered significant.Abbreviations: KIVS, Kar-
olinska Interpersonal Violence Scale; ns, not significant. 
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simply neuronal when not detailed) and a multi-factorial variable rep-
resenting the varying datasets from which the data was extracted. 
Subsequently, the group was stratified by gender and analyzed sepa-
rately (Table 3.). By the same analysis (excluding model gender 
adjustment) in 80 female and 103 male subjects, respectively, 
cg07016288 methylation M-values were not associated to cause of death 
(p > 0.05). Post-hoc independent samples t-tests indicated that male 
subjects were the driving factor behind the association of hyper-
methylation (p = 0.0489) – an association which was not observed in 
female samples (p > 0.1) (Fig. 2.). 

4. Discussion 

Investigation of 12,930 whole-blood derived DNA methylation 
probes more conciliable with brain-derived variations revealed CYP2D6- 
coupled CpG-site cg07016288 to be significantly hypomethylated in 
dependency of severe suicidal behavior after stringent adjustments for 
multiple-testing, bias, and inflation. The hypomethylated status of the 
identified probe was validated by pyrosequencing-derived measures in 
both univariate and multivariate analyses. In an independent cohort of 
severely suicidal female EUPD patients, cg07016288 was hypomethy-
lated in subjects with an index suicide attempt (IA) in youth (p < 0.05) – 
a characteristic previously associated with greater contribution of vio-
lent SA methods and overall lethality(McKean et al., 2018). Moreover, 
aggregate analyses of open-access data extracted from the prefrontal 
cortex of suicide completers and non-psychiatric controls demonstrated 
borderline significant hypermethylation of the same locus (p = 0.0503) – 
apparently driven by males (p < 0.01) but not females. These findings 
indicate gender dependent effects of CYP2D6-coupled epigenetic 
markers in relation to severe suicide attempters and suicide. 
CYP2D6-polymorphisms have been implicated in death by suicide(Wang 
et al., 2009), findings that were not replicated in a previous larger Eu-
ropean study of non-suicide completers subjects exhibiting suicidal 
behavior(Stephens and De Leon, 2016). This is the first study to impli-
cate epigenetic involvement of CYP2D6 in predicting severe suicidal 
behavior and death by suicide, indicating a clinical potential of this 

Table 2 
Suicide attempt severity associated methylation changes in probes where individual predicts more of the variance than tissue.  

Gene Transcript Illumina ID % DNA Methylation (SD) High-risk logFC p p (Bonf.) pBC pBC (Bonf.) 

Low-risk 

CYP2D6 AY663390 cg07016288 81.1 (4) 78.7 (4.3) − 0.39 2.66E-06 3.44E-02 3.61E-06 4.67E-02 
PPIEL NR_003929 cg10243676 52.5 (4) 56.3 (4.9) 0.21 1.35E-05 ns 1.52E-05 ns 
FAM212B NM_198,926 cg23955903 2.3 (0.4) 2.6 (0.5) 0.17 5.18E-05 ns 5.71E-05 ns 
C13orf39 NM_001,010,977 cg19359983 88.7 (4.9) 85.9 (5.6) − 0.57 7.26E-05 ns 9.09E-05 ns 
RAE1 NM_003610 cg07931024 89 (3.4) 86.4 (3.4) − 0.45 9.49E-05 ns 1.18E-04 ns 
ZNF133 AK316386 cg16872106 16 (3.7) 19.1 (5.7) 0.40 9.48E-05 ns 1.03E-04 ns 
GPR108 NM_001,080,452 cg17223624 4.9 (1) 4.4 (0.7) − 0.20 1.24E-04 ns 1.53E-04 ns 
LOC285441 NR_033,901 cg21004358 81.5 (8.9) 75.4 (7.2) − 0.71 1.26E-04 ns 1.55E-04 ns 
CCDC42 NM_001,158,261 cg03115937 4.4 (0.6) 4.1 (0.8) − 0.17 1.34E-04 ns 1.66E-04 ns 
APRT NM_000485 cg07769176 2.8 (0.8) 3.3 (0.8) 0.31 1.87E-04 ns 2.01E-04 ns 

Robust linear regression models of methylation M-values to a binary outcome variable of severity of suicide attempt (high/low-risk), adjusting for gender and 
occurrence of completed suicide. 12,930 individual CpG-sites whereby the variance of methylation levels better predicted by individual factors compared to tissues 
sampled. P-values were corrected for multiple testing using the Bonferroni-method. Correction for inflation and estimated bias was made using the package ‘Bacon’ for 
R statistics.Abbreviations: % DNA Methylation (SD), mean beta value percent DNA methylation (standard deviation); logFC, log fold change of M-values; p, p-value; 
pbc, p-values after bacon adjustment for inflation and bias; p bc (Bonf.), Bonferroni-adjusted p-values after bacon adjustment for inflation and bias. 

Fig. 1. Manhattan plot of the association analysis between whole-blood DNA 
methylation and suicidal behavior, studying 12,930 CpG-sites deemed to be 
more swayed by intraindividual factors compared to tissue. In this analysis, 
methylation M-values were contrasted to suicidal phenotype, adjusting for 
potential confound from co-variates with significant (p < 0.05) between-group 
differences (gender and occurrence of later suicide). After adjustments for 
multiple-testing by the more stringent Bonferroni-method, CYP2D6-coupled 
CpG-site cg07016288 exhibited significant hypomethylation in dependency of 
suicidal severity. The genomic inflation factor lambda measured 1.035, indi-
cating minimal inflation of test-statistics. After additional adjustment for po-
tential unmeasured sources of bias and inflation, cg07016288 remained 
significantly hypomethylated after Bonferroni-correction of p-values (Bonfer-
roni correction factor: 12,930). 

Table 3 
Binomial logistic regressions contrasting cause of death (suicide or non- 
psychiatric control) to cg07016288 methylation levels (n = 183).   

Estimate Std. 
Error 

t- 
value 

p 

Intercept − 5.0 2.3 − 2.1 0.0343 
Cg07016288 6.5 3.3 2.0 0.0503 
Age 0.0 0.0 0.4 ns 
Gender 0.8 0.3 2.3 0.0219 
Experimental control variable 1 − 0.4 1.0 − 0.4 ns 
Experimental control variable 2 − 0.1 0.6 − 0.2 ns 
Neuronal components 0.5 1.0 0.5 ns 
Tissue control variable (BA25/BA11/ 

"Neuronal”) 
− 0.7 0.4 − 1.6 ns 

Results presented from the aggregated data set (n = 183). Binomial logistic 
regression models contrasting cause of death (suicide or non-psychiatric control) 
to cg07016288 methylation M-values and adjusted for age, gender, neuronal 
components, sample (BA11, BA25 or simply neuronal when not detailed) and a 
multi-factorial variable representing the varying datasets from which the data 
was extracted. Subsequently, the group was stratified by gender and analyzed 
separately.Abbreviations: p, p-value. 
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gene. 
Strengths of the study include the representative patient population 

of suicide attempters with thorough diagnostics of the psychiatric dis-
orders and a careful assessment of severity of suicidal behavior(J. 
Jokinen et al., 2017). Also, possible confounders such as gender, psy-
chotropic medication usage, childhood adversity and comorbidity pat-
terns were carefully considered. It is clear that suicide attempts are 
highly heterogeneous and prospective studies demonstrate that high 
intent to die and choice of suicide method evince a higher risk of death 
by suicide(M. & J., 2015; Stefansson et al., 2012),(J. Jokinen et al., 
2017). It can thus be argued that additional knowledge can be gained 
from results of well-characterized cohorts of suicide attempters. More-
over, the study pertained only to DNA methylation markers measured in 
whole blood deemed more conciliable with variations occurring in 
disease-relevant tissue (i.e., brain) and the differential methylation 
status of the candidate site was indicated also in brain-derived DNA 
methylation signatures. 

5. Limitations 

Our study is burdened by several limitations. First, given the rela-
tively small sample size, the main analysis would be underpowered to 
comprehensively detect subtle changes in DNA methylation. Yet, lower 
powered studies are appropriate in detecting group-differences with 
larger effect size, lending further support for the global relevance of the 
presented findings. Second, as derived methylation changes were small 
(i.e., mean absolute difference in methylation beta-value of 2.4%), the 
biological relevance of such subtle changes in a single CpG-site could be 
questioned. Recent studies, however, implicate that methylation 
changes in the 1–5% range is associated with extensive transcriptional 
and translational consequences – a magnitude of alteration deemed 
particularly relevant in the pathophysiology of complex multifactorial 
psychiatric conditions(Leenen et al., 2016). Third, similarly to previous 
epigenetic findings derived from this cohort(J. Jokinen et al., 2017), the 
detected loci exhibited near-significant hypermethylation in brain tissue 
of suicide completers (putatively driven by males) whereas demon-
strating hypomethylation in whole blood of female severe suicide 
attempters. The interpretation of these findings is a challenge since 
making direct comparisons between suicide attempters and suicide 
completers or blood and brain tissue regarding functional consequences 
of subtle DNA methylation changes requires complementary preclinical 
research. Recognized sex differences in suicide-related outcomes(Ho 
et al., 2021) would indicate sex-specific effects of cg07016288 methyl-
ation levels in relation to suicidal severity/death by suicide. Fourth, 
given the limited scope of the study objectives – to investigate 

blood-derived DNA methylation markers in relation to severity of sui-
cide attempt – genotyping of CYP2D6 was not performed. Future studies 
investigating associations between CYP2D6 polymorphisms and 
cg07016288 methylation levels are needed to fully elucidate whether 
putative underlying pathophysiological mechanisms are conferred by 
epigenetic, genetic, or combined effects thereof – while simultaneously 
exploring any potential adjunctive value of CYP2D6-coupled 
epigenetic-genetic composite risk-scores to aid in clinical suicide as-
sessments. Fifth, associations between cg07016288 methylation levels 
and gene expression levels were not investigated. This was a conscious 
choice of the authors as the putative prevalence of driving CYP2D6 gene 
mutations would need to be accounted for the adequate interpretation of 
such analyses(Ciuculete et al., 2017). Sixth, CYP2D6 is involved in the 
metabolism of many medications. Therefore, while psychotropic medi-
cation usage was carefully considered, it is possible that non-psychiatric 
medications also could influence CYP2D6 activity, putatively exerting 
downstream effects on DNA methylation at the identified CpG-site. The 
inability to control such factors – due to data availability issues – could 
thus be perceived as a limitation. Seventh, the prevalence of 
non-suicidal self-injury (NSSI) was not included as a covariate in the 
analysis. However, NSSI was highly prevalent in both the high- and 
low-risk groups and evenly balanced between the two groups. This 
should be taken into consideration when interpreting the results of the 
study. Lastly, exposure to violent behavior can potentially be an effect 
modifier on severity of suicidal behavior. The KIVS scale suggested no 
between-group differences regarding exposure to violence in the sui-
cidal low- and high-risk groups. Further studies are needed to investi-
gate the potentially moderating effects of this variable on the association 
between cg07016288 methylation levels and severity of suicidal 
behavior. 

In conclusion, in an unbiased assessment of 12,930 whole-blood 
derived methylation probes more conciliable with brain-derived varia-
tions, this is the first study to implicate potentially gender-specific ef-
fects of a CYP2D6-coupled epigenetic marker in predicting age at onset 
of first suicide attempt and severe suicidal behavior in females and pu-
tatively death by suicide in males, indicating a clinical potential of this 
gene. Ample research previously implicated CYP2D6 gene variations in 
relation to suicide deaths(Wang et al., 2009), arguably providing strong 
support to the relevance of the presented findings (discovered in a 
non-targeted analysis of 12,930 methylation sites). Future studies 
investigating associations between CYP2D6 polymorphisms and 
cg07016288 methylation levels are needed to fully elucidate whether 
major underlying pathophysiological mechanisms are conferred by 
epigenetic, genetic, or combined effects. Results of such studies hold 
potential to aid efforts aimed at preventing suicide by granting 

Fig. 2. Boxplots contrasting cg07016288 methylation values by cause of death across the different data sets investigated.  
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complementary objective markers that account for both baseline genetic 
elements (gene polymorphisms; constituting hereditary risk factors that 
are constant over time) and more variable epigenetic susceptibility 
factors (DNA methylation; epigenetic mechanisms that in dependency of 
hereditary and environmental factors change over time) – consistent 
with a stress and vulnerability model for suicidal risk(Lopez-Castroman 
et al., 2014). 
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Lê, S., Josse, J., Mazet, F., 2008. Package ‘ FactoMineR. J. Stat. Software 25 (1), 1–18. 
https://doi.org/10.1007/978-3-540-74686-7. 

Leek, J.T., Johnson, W.E., Parker, H.S., Jaffe, A.E., Storey, J.D., 2012. The SVA package 
for removing batch effects and other unwanted variation in high-throughput 
experiments. Bioinformatics. https://doi.org/10.1093/bioinformatics/bts034. 

Leenen, F.A.D., Muller, C.P., Turner, J.D., 2016. DNA methylation: conducting the 
orchestra from exposure to phenotype? Clin. Epigenet. 8 (1), 92. https://doi.org/ 
10.1186/s13148-016-0256-8. 
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