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ABSTRACT

Background: Stressful events increase the risk for treatment-resistant depression (TRD), and
trauma-focused psychotherapy can be useful for TRD patients exposed to early life stress
(ELS). Epigenetic processes are known to be related to depression and ELS, but there is no
evidence of the effects of trauma-focused psychotherapy on methylation alterations.
Objective: We performed the first epigenome-wide association study to investigate
methylation changes related to trauma-focused psychotherapies effects in TRD patients.
Method: Thirty TRD patients assessed for ELS underwent trauma-focused psychotherapy, of
those, 12 received trauma-focused cognitive behavioural therapy, and 18 Eye Movement
Desensitization and Reprocessing (EMDR). DNA methylation was profiled with Illumina
Infinium EPIC array at TO (baseline), after 8 weeks (T8, end of psychotherapy) and after 12
weeks (T12 - follow-up). We examined differentially methylated CpG sites and regions, as
well as pathways analysis in association with the treatment.

Results: Main results obtained have shown 110 differentially methylated regions (DMRs) with a
significant adjusted p-value area associated with the effects of trauma-focused psychotherapies
in the entire cohort. Several annotated genes are related to inflammatory processes and
psychiatric disorders, such as LTA, GFI1, ARID5B, TNFSF13, and LST1. Gene enrichment analyses
revealed statistically significant processes related to tumour necrosis factor (TNF) receptor and
TNF signalling pathway. Stratified analyses by type of trauma-focused psychotherapy showed
statistically significant adjusted p-value area in 141 DMRs only for the group of patients
receiving EMDR, with annotated genes related to inflammation and psychiatric disorders,
including LTA, GFI1, and S100A8. Gene set enrichment analyses in the EMDR group indicated
biological processes related to inflammatory response, particularly the TNF signalling pathway.
Conclusion: We provide preliminary valuable insights into global DNA methylation changes
associated with trauma-focused psychotherapies effects, in particular with EMDR treatment.

Cambios en la metilacion del ADN en asociacion con la eficacia de la
psicoterapia centrada en trauma en pacientes con depresion
resistentes al tratamiento: un estudio longitudinal prospectivo

Antecedentes: Los eventos estresantes aumentan el riesgo de depresién resistente al tratamiento
(DRT), y la psicoterapia centrada en trauma puede ser Util para los pacientes con DRT expuestos a
estrés en su vida temprana (EVT). Se sabe que los procesos epigenéticos estan relacionados con la
depresidon y EVT, pero no hay evidencia de los efectos de la psicoterapia centrada en trauma sobre
las alteraciones de la metilacion.

Objetivo: Realizamos el primer estudio de asociacion de amplio-epigenoma para investigar los
cambios de metilacion relacionados con los efectos de las psicoterapias centradas en trauma en
pacientes con DRT.

Método: Treinta pacientes con DRT evaluados para EVT se sometieron a psicoterapia centrada en
trauma, de ellos, 12 recibieron terapia cognitivo-conductual centrada en trauma y 18,
desensibilizacién y reprocesamiento por movimientos oculares (EMDR). La metilacién del ADN se
perfilé con la matriz lllumina Infinium EPIC en TO (valor inicial), después de 8 semanas (T8, final
de la psicoterapia) y después de 12 semanas (T12 - seguimiento). Examinamos sitios y regiones
CpG metilados diferencialmente, asi como andlisis de vias en asociacién con el tratamiento.
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HIGHLIGHTS

Stressful events increase
treatment-resistant
depression, and trauma-
focused psychotherapy
can be useful for these
patients.

Epigenome-wide data
shows changes associated
with trauma-focused
psychotherapies, especially
eye movement
desensitization and
reprocessing therapy, in
treatment-resistant
depression patients.
Genes and biological
pathways related to
inflammatory and immune
systems are among the
most statistically
significant results.
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Resultados: Los principales resultados obtenidos mostraron 110 regiones diferencialmente
metiladas (RDMs) con un area de valor p ajustado significativa asociada con los efectos de las
psicoterapias centradas en el trauma en toda la cohorte. Varios genes anotados estan
relacionados con procesos inflamatorios y trastornos psiquidtricos, como LTA, GFI1, ARID5B,
TNFSF13 y LSTI1. Los andlisis de enriquecimiento genético revelaron procesos estadisticamente
significativos relacionados con el receptor del factor de necrosis tumoral (FNT) y la via de
sefalizacion del FNT. Los andlisis estratificados por tipo de psicoterapia centrada en trauma
mostraron un area de valor p ajustado estadisticamente significativo en 141 RDMs solo para el
grupo de pacientes que recibieron EMDR, con genes anotados relacionados con la inflamacion y
los trastornos psiquiatricos, incluidos LTA, GFIT y S100A8. Los andlisis de enriquecimiento de
conjuntos de genes en el grupo EMDR indicaron procesos biolégicos relacionados con la
respuesta inflamatoria, particularmente la via de sefalizacion del FNT.

Conclusiéon: Proporcionamos informacién preliminar valiosa sobre los cambios globales en la
metilacion del ADN asociados con los efectos de las psicoterapias centradas en trauma, en

particular con el tratamiento EMDR.

1. Introduction

Major depressive disorder (MDD) is the most preva-
lent psychiatric disorder worldwide, represents the
third leading cause of years lived with disability
(GBD, 2016 Disease and Injury Incidence and Preva-
lence Collaborators, 2016), and associates very fre-
quently with impaired quality of life and functioning
(Hasin et al., 2018). In spite of advances in pharmaco-
logical treatment, this approach is often ineffective,
especially when used as a single strategy. Indeed,
approximately 68% of individuals do not achieve
remission after a first course of antidepressant medi-
cation and up to 30% of patients with depressive epi-
sodes do not adequately respond to two different trials
of antidepressants (Dodd et al., 2021; Jaffe et al., 2019).
This condition is defined as treatment-resistant
depression (TRD).

One of the many prognostic variables used to pre-
dict treatment outcomes in MDD is exposure to stress-
ful events, especially when experienced during
childhood (so defined early life stress — ELS), which
associates with unfavourable outcomes and increased
probability to develop TRD (Kautzky et al., 2017;
Kraus et al., 2019). Evidence-based trauma-focused
psychotherapies, including trauma-focused cognitive
behavioural therapy (TF-CBT) and eye movement
desensitization and reprocessing (EMDR), have been
proposed as beneficial approaches for MDD manage-
ment and TRD patients being exposed to ELS, show-
ing evidence of positive therapeutic responses
(Minelli et al., 2019; Yan et al., 2021).

Epigenetic mechanisms, such as DNA methylation,
are involved in many neurobiological processes, being
altered in stress-related psychiatric disorders, includ-
ing MDD, and available methylation studies point to
epigenetic  signatures associated with trauma
exposure. A systematic review on methylation studies
in relation to maltreatment performed in clinical and
non-clinical samples of children and adults revealed

some promising markers identified with epigenome-
wide approaches, with significant genes involved in
neural cell development (BDNF, KITLG, and
POU3F1I), cell signalling and apoptosis (LINGO3 and
2NPFF2), neural influences on motor system (ALS2)
and nervous system inflammation (ITGBI) (Parade
et al,, 2021). A systematic review and meta-analysis
on epigenome-wide association studies (EWAS) and
candidate gene studies in correlation with childhood
maltreatment found 44 significant cytosine-phos-
phate-guanine dinucleotide (CpG) sites, 97.7% hypo-
methylated, with two CpG sites situated near the
RPTOR gene, involved in cell growth regulation. Net-
work analysis identified genes associated with the
PI3K-AKT and AMPK signalling pathways and gene
ontology analysis showed enrichment of biological
mechanisms associated with nervous system develop-
ment and regulation of multicellular organismal pro-
cesses (Neves et al., 2021).

Studies performed in clinical samples revealed
some differentially methylated regions in relation to
childhood maltreatment. An EWAS performed by
Labonté and colleagues studied hippocampal samples
of suicide victims, with and without a history of ELS,
and found 362 differentially methylated promoters
in maltreated individuals (Labonté et al., 2012). In a
genome-wide gene expression and DNA methylation
study in patients with post-traumatic stress disorders
(PTSD), differential methylation profile was seen in
69.3% of transcripts in individuals exposed to child
abuse, while 33.6% of probes were differentially
methylated in patients without this exposure (Mehta
et al.,, 2013). An EWAS on patients with borderline
personality disorders (BPD), with and without ELS
history, and controls, revealed that differential methyl-
ation patterns were stronger when comparing patients
with trauma and controls than when comparing
patients without trauma and controls, suggesting
that trauma associates with epigenomic alterations
that modulate or increase disease symptoms (Arranz



et al., 2021). Finally, an EWAS showed that develop-
ment of combat-related PTSD was associated with
diverse methylation profiles in different genomic pos-
itions, including genes involved in the immune system
through the human leucocyte antigen region and
HEXDC, and MADILI, known to be associated with
immune processes and PTSD (Snijders et al., 2020).

In non-clinical samples, different epigenetic and
epigenome-wide data also point to differential methy-
lomic profiles in relation to maltreatment history. A
DNA methylome variation study performed in a pro-
spective controlled trial on a psychosocial intervention
found that childhood abuse and neglect were associ-
ated with 14% of the inter-individual variation in
DNA methylation across the human genome in adult-
hood (O'Donnell et al.,, 2018). Analysis of genome-
wide DNA methylation profiles in elderly people
suffering from ELS and controls showed 71 differen-
tially methylated CpG sites, annotated to genes
involved in neuronal projections and neurodevelop-
ment, including SKAP2, DLGAP2, and MTOR, all
associated with traumatic stress (Marinova et al,
2017). Studying maltreated individuals in methylomic
variation analyses, Cecil and collaborators found 118
differentially methylated probes for physical neglect,
34 for physical abuse and 7 for sexual abuse, including
probes annotated in genes previously implicated in
stress-related disorders (GABBRI, GRIN2D, CAC-
NA2D4, PSEN2) (Cecil et al., 2016).

Few studies performed on clinical samples assessed
methylation variations in response to different kinds
of psychotherapy. One was performed in PTSD
patients undergoing trauma-focused psychotherapy
and trauma-exposed controls who did not receive
any trauma-focused treatment, and showed 12 differ-
entially methylated genomic regions specific for PTSD
improvement, but not related to depressive symptoms
changes, which included hypermethylation of ZFP57,
involved in stress vulnerability (Vinkers et al., 2021).
Instead, the EWAS performed by Yang and colleagues
detected methylation changes in PTSD patients fol-
lowing prolonged-exposure psychotherapy, with
CREB-BDNF signalling pathway predicting symptoms
changes and severity, and resilience markers, includ-
ing FKBP5, NR3C1, SDK1, and MADILI, associated
with disease recovery (Yang et al., 2021). In a candi-
date gene study (Perroud et al., 2013), patients with
BPD presented significantly higher brain-derived neu-
rotrophic factor (BDNF) methylation status in com-
parison to controls, with increased methylation
paralleling a higher number of childhood trauma.
After undergoing intensive dialectical behaviour
therapy, non-responders presented higher BDNF
methylation status, while responders showed a
decreased methylation over time (Perroud et al,
2013). Also, in another candidate genes study, methyl-
ation status of two genes known to be dysregulated in
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BPD, APBA3 and MCF2, was studied in BPD patients
undergoing dialectical behavioural therapy and con-
trols, with results showing genes’ hypermethylation
at the beginning of therapy in responders, in compari-
son to non-responders, underlining possible epige-
netic biomarkers predictive of therapy outcomes
(Knoblich et al., 2018). Patients with panic disorder
subjected to CBT presented differential candidate
gene MAOA methylation patterns according to
response status, with responders showing increased
methylation up to the level of healthy controls and
non-responders revealing decreased methylation
along the therapy course (Ziegler et al., 2016).

Based on the information presented, the available
literature on epigenetic and on epigenome-wide
approaches primarily focuses on epigenetic bio-
markers of childhood maltreatment in both non-clini-
cal and clinical samples, particularly on PTSD and
BPD patients. Only two studies, directed to the study
of PTSD patients, evaluated DNA methylation
changes in response to trauma-focused psychothera-
pies (Vinkers et al., 2021; Yang et al., 2021).

Currently, no studies have longitudinally assessed
the genome-wide methylation effects of trauma-
focused psychotherapies in patients with TRD who
have experienced childhood trauma. The goal was to
identify possible relations between global methylation
alterations and the effects of trauma-focused psy-
chotherapies on symptom changes, disease response,
and relapse, in order to find putative epigenome-
wide biomarkers associated with psychotherapy
effects.

2. Materials and methods
2.1. Study participants and clinical assessment

Thirty TRD patients were voluntarily enrolled in the
study. The diagnostic criterion for inclusion was a
diagnosis of MDD according to the Diagnostic and
Statistical Manual of Mental Disorders-IV (DSM-1V)
classification system. The exclusion criteria were the
following: (a) cognitive impairment or mental retar-
dation; (b) history of bipolar disorder, schizophrenia
or schizoaffective disorder; (c) primary diagnosis of
substance abuse, alcohol abuse or dependency, obses-
sive-compulsive disorder, personality disorder or
PTSD; and (d) comorbidity with eating disorders; (e)
comorbidity with alcohol and substance dependence;
(f) neurological disorders (i.e. Parkinson’s disease,
multiple sclerosis, Alzheimer’s and other dementias,
epilepsy, stroke, brain tumours, traumatic conditions
of the nervous system); (g) comorbidity with other
severe medical illness and severe autoimmune diseases
(i.e. cancers, Crohn’s Disease, Rheumatoid Arthritis
(RA), Scleroderma, Psoriasis, Myasthenia gravis, Sjog-
ren syndrome, Systemic lupus erythematosus); (h)
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pregnancy. Patients were referred to the Psychiatric
Hospital ‘Villa Santa Chiara’ in Verona, Italy. The
study was approved by the Ethics Committee for
Clinical Trials of province of Verona and Rovigo (N:
234777/11.05.16). Participants received full expla-
nation about study procedures and gave written
informed consents to participate.

TRD definition was the failure to respond to at least
two trials with two or more classes of antidepressant
drugs and to a trial with a tricyclic drug (TCA), corre-
sponding to stage III or above, in accordance to Thase
and Rush staging system (Thase & Rush, 1997).

Assessment of ELS was performed with the Italian
version of the Childhood Experience of Care and
Abuse Questionnaire (CECA.Q) (Bifulco et al., 2005).

All patients received trauma-focused psychothera-
pies and were assigned blinded to TF-CBT or
EMDR. Each patient received three individual sessions
per week, lasting 60 min each, over a period of 8
weeks, in addition to drug treatment as usual
(TAU), for a total of 24 sessions of TF-CBT or
EMDR carried out by experienced psychotherapists.

The symptomatological assessment was carried out
at 4 timepoints: baseline (T0), after four weeks of
treatment, after eight weeks of treatment/end of psy-
chotherapy (T8), and four weeks after the end of the
treatment when the patients came back to the hospital
for the follow-up visit (T12). Clinical depressive symp-
toms evaluations were made using Montgomery-
Asberg Depression Rating Scale (MADRS) (Mon-
tgomery & Asberg, 1979). The variation of the score
between visits (Delta MADRS) was used in the statisti-
cal analysis in order to evaluate the influence of symp-
toms changes. Response to trauma-focused
psychotherapies was defined as a reduction greater
than 50% in MADRS score at the T12 assessment.
Finally, after 6 months from the beginning of the treat-
ment (T26), a clinical evaluation of relapse was carried
out by phone. The clinician evaluated the condition of
relapse if the patient reported at least one of the fol-
lowing conditions: a significant worsening of one’s
condition concerning mental health; a score of <5
on a Likert scale, in which the patient evaluated
their own mood from 0 to 10 (where 10 is very good
and 0 is completely negative); the pharmacological
treatment was significantly increased in dosage or
new drugs were added.

2.2. DNA extraction and methylation analysis

Fasting blood samples were collected at TO, T8 and
T12 using EDTA Tube and the DNA was extracted
from whole blood samples using the Gentra Puregene
Blood kit (Qiagen), according to the manufacturer’s
instructions. DNA quantification and quality evalu-
ation were performed through spectro-photometric
analysis (NanoDrop 2000, Thermo Scientific). DNAs

were pipetted on 96-well processing plates: same-sub-
ject TO, T8 and T12 DNAs on the same plate; between-
subjects randomized based on sex and age on separate
plates.

Methylation was profiled at T0, T8 and T12 with
Mlumina Infinium Methylation EPIC BeadChip array
(850k) using HiScan array scanning systems (chips
and scanner from Illumina, San Diego, CA). Methyl-
ation data were available for thirty patients at TO
and T8, and for 27 patients at T12, since methylation
data at T12 was not available for 3 patients undergoing
EMDR.

Methylation levels were quantified after quality
control and normalization using ChAMP R package.
Probes with detection p-value cut off below .01
and with a beadcount less than 3 in at least 5%
of patients were removed. We also removed pro-
bes containing single nucleotide polymorphisms
(SNPs) with minor allele frequency above 0.01
within 10 base pair (bp) of the single base extension
position based on the list from Pidsley and collabor-
ators (Pidsley et al., 2016). Probes linked to X- and
Y-chromosomes were removed. None of the samples
have more that 10% of not available (NA) and all
were retained for analysis. Normalization was per-
formed on beta-values using Beta-Mixture Quantile
(BMIQ) Normalisation as implemented in ChAMP
R package. After normalization beta values were
transformed to M-values to perform association
(Du et al., 2010).

2.3. Statistical analysis

To evaluate clinical efficacy, MADRS scores were ana-
lysed using repeated measures ANOVA, including the
outcome score at different times as the dependent
variable, time as the within-subject factor, and the psy-
chotherapy treatment group as the between-subjects
factor.

A mixed linear model approach from the Limma R
package was used to perform association analysis
using patient as blocking factor. To adjust for con-
founding factors, we included white blood cell frac-
tions estimated for granulocytes, monocytes, B cells,
NK cells, CD4 + T cells, and CD8 + T cells, and two
principal components from control probes.

We estimated white blood cellular composition
using the estimateCellCounts function from the R
minfi package (Fortin et al, 2017). Principal com-
ponent analysis (PCA) was performed on EPIC chip
control probes to correct for technical artefacts. Opti-
mal number of principal components to use were
determined using findPC R package (Zhuang et al,,
2022).

Differentially methylated probes (DMPs) were
reported at the suggestive threshold of p < 10~°. Cyto-
sine guanine dinucleotide (CpG) site annotation was



performed using IlluminaHumanMethylationEPICan-
no.ilm10b2.hg19 R package (hgl9 genome reference).

Differentially methylation region (DMR) analysis
was performed using bumphunter R package. Single
probe statistic was calculated using univariate model
with patient as blocking factor and the phenotype/fea-
ture of interest as explanatory variable. Probes were
aggregated in clusters/regions with at least 7 probes,
with maximum distance of 300 bp within each
probe. Region p-values were computed by permu-
tation procedure over 250 permutations. Differentially
methylated regions (DMRs) were considered those
with adjusted p-value <.05, but also those with
adjusted p-value <.1 are reported in supplementary
tables. DMRs were considered as relevant those with
adjusted p-value area <.05.

Enrichment analysis was performed with enricher
and enrichGO functions from clusterProfiler R pack-
age. Gene sets were obtained from graphite (Sales
et al., 2019), msigdbr and has-ord-db R packages. Sig-
nificant enriched gene sets were considered as those
with an adjusted p-value <.1. P-values were adjusted
using the Benjamini & Hochberg method unless
otherwise stated.

3. Results

The socio-demographic and clinical characteristics of
the 30 TRD patients who experienced ELS treated
with trauma-focused psychotherapies, including the
TE-CBT (N=12) and EMDR (N=18) groups, are
shown in Table 1. The mean age of the enrolled par-
ticipants was 51.9 years (standard deviation of 8.9
years) and 76.7% were females. Twelve patients under-
went TF-CBT and eighteen patients followed EMDR
programme. As reported in the original paper on the
clinical trial (Minelli et al., 2019) performed on 22
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patients, even in this larger group where we obtained
EWAS data at three timepoints (T0, T8 and T12),
trauma-focused psychotherapies reduced depression
symptomatology  (Fo56=60.03; p=3.16x10""?),
whereas the treatment group by timepoint interaction
did not show any significant difference. However, the
treatment variable resulted significant (p <.05), as well
as MADRS post hoc comparisons showing, as in the
previous paper, a significant difference in scores
between the two treatment groups at T12 (follow-up
visit), with a lower score in the EMDR group than in
the TF-CBT group (8.89+10.90 vs. 16.92 +12.10; p
<.05). Although our study included only patients
with MDD as primary diagnosis, a portion of them
had PTSD in comorbidity (secondary diagnosis).
Since these patients could benefit more from
trauma-focused psychotherapy, leading to possible
confounding effects, we conducted the same analyses
by excluding patients with PTSD in comorbidity,
and the same results were confirmed (results not
shown).

3.1. Single CpG site analysis

In order to evaluate possible methylation changes
related to the trauma-focused psychotherapies treat-
ment, we performed longitudinal analyses to evaluate
DMPs between T0 and T12 in the whole cohort. We
identified 9 DMPs with nominal p-values < 10~ but,
after FDR correction, none of these probes remained
significant (Supplementary Table 1Sa). Additionally,
we conducted TO-T12 analyses adding covariates
into the model and we found 11 DMPs when includ-
ing type of trauma-focused psychotherapy, 27 DMPs
for clinical symptoms variations as measured by
MADRS, 19 for response at T12, and 10 for relapse
at  T26, all with nominal p-values<10~°

Table 1. Demographic and clinical characteristics of TRD patients treated with TF-CBT and EMDR.

Characteristics

Whole cohort (n =30)

TF-CBT group (n=12) EMDR group (n=18)

Age in years, mean (SD)

Gender, n (%F)

Education in years, mean (SD)

Smokers, n (%)

Body Mass Index (BMI), mean (SD)

Age of onset in years, mean (SD)

MADRS total score at the baseline, mean (SD)
Recurrent MDD, n (%)

Psychotic symptoms, n (%)

Comorbidity with personality disorders, n (%)
Comorbidity with anxiety disorders, n (%)
Comorbidity with PTSD, n (%)

Comorbidity with alcohol and/or substance abuse, n (%)
Comorbidity with psychiatric disorders among first-degree relatives, n (%)
Trauma (CECA-Q): Mother antipathy, n (%)
Trauma (CECA-Q): Father antipathy, n (%)
Trauma (CECA-Q): Mother neglect, n (%)
Trauma (CECA-Q): Father neglect, n (%)
Trauma (CECA-Q): Physical abuse mother, n (%)
Trauma (CECA-Q): Physical abuse father, n (%)
Trauma (CECA-Q): Sexual abuse, n (%)

51.9 (+8.9) 52.5 (£5.9) 51.5 (+10.3)
23 (76.7) 7 (58.4) 16 (88.9)
124 (£3.2) 12.8 (+3.2) 12.1 (£3.1)
12 (40.0) 6 (50.0) 6 (33.4)
26.0 (+4.3) 25.2 (£2.9) 26.6 (+5.0)
32.2 (£13.5) 33.3 (£13.8) 31.3 (£13.2)
284 (£7.0) 27.0 (+6.3) 305 (£7.4)
30 (100) 12 (100) 18 (100)
5(16.6) 3 (25.0) 2(11.0)
23 (76.7) 9 (75.0) 14 (77.8)
25 (83.4) 11 (91.7) 14 (77.8)
9 (30.0) 3 (25.0) 6 (33.0)
0 (0.0) 0 (0.0) 0 (0.0)
27 (90.0) 12 (100%) 15 (83.4)
22 (733) 11 (91.6) 11 (61.1)
4(133) 1(83) 3 (16.6)
16 (53.3) 8 (66.6) 8 (44.4)
22 (73.3) 8 (66.6) 14 (77.7)
10 (33.3) 6 (50.0%) 4(222)
5 (16.6) 2 (16.6) 3 (16.6)
14 (46.6) 5 (41.6) 9 (50.0)

Note: CECA-Q: Childhood Experience of Care and Abuse Questionnaire; EMDR: Eye Movement Desensitization and Reprocessing; F: female, PTSD: Post
Traumatic Stress Disorder; SD: standard deviation; TF-CBT: trauma-focused cognitive behavioural therapy; TRD: treatment resistant depression
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(Supplementary Table 1Sb, 1Sc, 1Sd, and 1Se). How-
ever, after FDR correction only the analysis including
clinical symptoms variations as covariate presented
significant adjusted p-values (g < 0.05) with 5 DMPs,
three of which annotated in the genes SRCINI,
RGS20 and INPPL1 (Supplementary Table 1Sc).

We also performed additional longitudinal ana-
lyses taking into account all three timepoints (TO,
T8, and T12) to investigate whether the results
obtained might differ across different time frames.
The results revealed the presence of 9 DMPs with
nominal p-values < 107>, but none remained signifi-
cant after FDR correction (Supplementary Table
2Sa). When adding the covariates, we identified 9
DMPs for type of trauma-focused psychotherapies,
40 DMPs for clinical symptoms variations, 16 for
response and 11 for relapse, all with nominal
p-values <107> (Supplementary Table 2Sb, 2Sc,
2S8d, and 2Se). However, after FDR correction, only
the analysis including clinical symptoms variations
as covariate presented significant adjusted p-values
(9 £0.05), with 5 DMPs, 4 of which annotated in
the genes INPPLI, HDC, SRCINI and CTPSI
(Supplementary Table 2Sc).

3.2. Differentially methylated region analysis

To identify DMRs associated with the effects of
trauma-focused psychotherapies, regional analyses
were conducted in the entire cohort. The DMR
analysis between TO and T12 resulted in 160 DMRs
with nominal p-value area<.05, of which 110
DMRs remained significant after FDR adjustment.
110 of these regions were annotated in genes, with
the most significant ones being LTA, GFII,
ARID5B, CD52, LDLRAD4, Cllorf21, and GAS7
(Supplementary Table 3Sa). When considering the
covariates into the model, we found several DMRs
with nominal p-value area <.05: 3 DMRs when con-
sidering type of trauma-focused psychotherapy, nine
for clinical symptoms variation, 22 for response, and
12 for relapse. After FDR correction, none of these
DMRs remained significant considering the adjusted
p-value area (Supplementary Table 3Sb, 3Sc, 3Sd
and 3Se).

We did not perform regional analyses considering
all three timepoints because we did not find significant
data in the corresponding DMPs analyses to allow us
to carry out further analysis

3.3. Gene and pathway enrichment analysis

Gene enrichment analyses were conducted on the 251
genes laying on the DMRs found in the T0-T12 ana-
lyses performed on the entire group of patients. The
‘TNFR2 non-canonical NF-kB pathway and ‘TNF
receptor superfamily (TNFSF) members mediating

non-canonical NF-kB pathway’ Reactome pathways
were found to be significantly enriched (adjusted
p-value <.1, Figure 1(A) and Supplementary Table
4Sa). Additionally, 33 gene ontology (GO) biological
processes (BPs; Figure 1(B) and Supplementary
Table 4Sb), 2 GO molecular functions (MF; Figure 1
(C) and Supplementary Table 4Sc) related to ‘tumor
necrosis factor receptor binding’ and ‘tumor necrosis
factor receptor superfamily binding’, and 1 GO cellu-
lar components (CC; Figure 1(D) and Supplementary
Table 4Sd) were found to be significant (adjusted
p-value <0.1).

3.4. Stratified analyses by type of trauma-
focused psychotherapy

In the prior clinical study by our research group
(Minelli et al., 2019), we observed a decrease in
depressive symptomatology in patients with TRD trea-
ted with trauma-focused psychotherapy, with a greater
efficacy of EMDR. Therefore, we also performed longi-
tudinal analysis (T0-T12) separately for the EMDR
and TF-CBT patients’ subgroups.

We found 1 differentially methylated CpG site in
EMDR subgroup (Supplementary Table 5Sa), and six
differentially methylated CpG sites in TF-CBT sub-
group (Supplementary Table 5Sb), all with nominal
p-values < 107>, However, none of these CpG sites
remained significant after FDR correction.

Regional analyses revealed 259 DMRs with nominal
p-value area < .05, of which 141 DMRSs also presented
significant adjusted p-value area. Among these
regions, 141 were annotated in genes, with the most
significant ones being LTA, GFII, MIR4526,
TRIM39-RPP21, and SI00A8 (Supplementary Table
6Sa). Regional analysis on the methylation profiles of
patients undergoing TF-CBT revealed 9 DMRs with
nominal p-value area < .05, but none remained signifi-
cant after FDR correction (Supplementary Table 6Sb).

Gene set enrichment analyses were performed on
the genes with significant DMRs (adjusted p-value <
.1) in the EMDR subgroup. We found 8 significant
(adjusted p-value<.1) GO BPs mainly related to
inflammatory response (Figure 2(A); Supplementary
Table 7Sa) and 3 GO MFs (Figure 2(B); Supplemen-
tary Table 7Sb). Using biological pathways, we found
2 significantly enriched KEGG pathways (Figure 2
(C); Supplementary Table 7Sc) and 2 Reactome path-
ways (Figure 2(D); Supplementary Table 7Sd). Both
pathway sources pointed out the TNF signalling path-
way as enriched in the DMRs associated genes. Finally,
we searched for enrichment in transcription factor tar-
get using gene set defined in the Molecular Signature
Database. We found enrichment for targets of the
transcription factors MAMLI, HDGF, TBXI,
MED?25, and PRDM4 (adjusted p-value < .1, Figure 2
(E); Supplementary Table 7Se).
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Figure 1. Gene set enrichment analyses on the genes annotated to significant differentially methylated regions in the longitudinal
analysis performed between T0 and T12. (A) Top 10 enriched Reactome pathways. Top 10 enriched gene sets for (B) GO BP, (C) GO
MF and (D) GO CC. Dots are coloured according to adjusted p-value (in grey pathways with adjusted p-value >.4). Dot size rep-
resents the number of genes that belong to the gene set/pathway.

In Table 2, a synthesis of the main results from the
different analyses performed is reported.

4, Discussion

This is the first EWAS to investigate how changes in
global DNA methylation in TRD patients experien-
cing ELS were related to the outcomes of trauma-
focused psychotherapies (TF-CBT and EMDR). Con-
sidering the available literature, our study contributes
to filling a gap in the current scientific knowledge,
identifying potential epigenetic biomarkers that
could predict therapy response and disease outcomes.

We found several DMPs and DMRs related to
therapy outcomes in TO-T12 analyses, particularly
when considering specific covariates, such as clinical
response and trauma-focused psychotherapy, into
the analyses. Also, gene and pathways enrichment
analyses revealed significant biological processes, in
particular related to inflammatory and immune

pathways. The most significant results were obtained
for patients undergoing EMDR.

When analysing differentially methylated CpG
sites, our findings revealed several DMPs between
TO0 and T12, with significant adjusted p-values when
accounting for changes in clinical symptoms. Among
these significant probes, we identified annotated
genes such as SRCINI, RGS20, and INPPL. The gene
SRCIN1 (SRC kinase signalling inhibitor 1) is a
protein-coding gene that acts as a tumour suppressor
and plays a role in inhibiting SRC kinase-mediated
signalling pathways, involved in some oncogenic and
cellular processes (Wang et al., 2016; Zhang et al,
2017). RGS20 encodes for the Regulator of G protein
Signalling 20 protein, which is involved in regulating
the activity of G protein-coupled receptors (GPCRs)
and plays a role in various physiological processes
such as neurotransmission, hormone signalling, and
immune responses (Huang et al., 2018). The gene
INPPL (Inositol Polyphosphate Phosphatase-Like)
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Figure 2. Gene set enrichment analyses on the genes annotated to significant differentially methylated regions in the longitudinal
analysis performed between T0 and T12, in patients who underwent EMDR. Top 10 enriched gene set for (A) GO BP and (B) GO MF.
Top 10 enriched pathways for (C) KEGG and (D) Reactome. Top 10 enriched Transcription Factor Target gene set defined by the
MSigDB (collection C3: regulatory target gene sets, GTRD subset)

encodes the protein INPPLI, regulates insulin func-
tion and plays a role in the regulation of epidermal
growth factor receptor turnover and actin remodel-
ling. It has also been associated with cancer pro-
gression in various types of cancer (Pedicone et al,

2021). To date, there is no evidence from any studies
indicating a connection between these genes and psy-
chiatric disorders or stressful life events.

Looking at regional analysis, we have identified sev-
eral significant DMRs annotated in genes related to



Table 2. Summary of some the most significant results in the
subgroup of patients who underwent EMDR trauma-focused
psychotherapy.

(A) Regional analyses

Genes in significant DMRs LTA
GFI1
MIR4526
TRIM39-RPP21
S100A8
DMRs in genes related to LTA
inflammatory processes and GFI1
psychiatric disorders S100A8
(B) Gene set and biological pathways enrichment analyses
Gene ontology biological Positive regulation of cytokine
processes production
Myeloid leukocyte activation
Positive regulation of immune
effector process
Regulation of inflammatory
response to antigenic stimulus
Regulation of neutrophil activation
Lymph node development
Necroptotic signalling pathway
Multicellular organismal iron ion
homeostasis
TNF receptor binding
TNF receptor subfamily binding
TGF beta binding
Tuberculosis
TEN signalling pathway
TNFR2 non-canonical NF-kB
pathway
TNF receptor superfamily members
mediating non-canonical NF-kB
pathway
MAML1
HDGF
TBX1
MED25
PRDM4

Notes: (A) Regional analyses in correlational analyses performed in TO-T12,
highlighting some significant genes related to inflammatory/immune
system and psychiatric disorders. The identified genes presented an
adjusted p-value area <.05. (B) Gene set and biological pathways
enrichment analyses conducted on the genes with significant differen-
tially methylated regions in the longitudinal analysis performed
between TO and T12. Enriched gene sets were considered those with
adjusted p-value < 0.1. DMRs: differentially methylated regions; EMDR:
Eye Movement Desensitization and Reprocessing; GFI1: Growth Factor
Independent 1 Transcriptional Repressor; HDGF: Hepatoma-derived
growth factor; LTA: Lymphotoxin-alpha; MAML1: Mastermind Like Tran-
scriptional Coactivator 1; MED25: Mediator Complex Subunit 25;
MIR4526: MicroRNA 4526; NF-kB: Nuclear factor-kB; PRDM4: PR/SET
Domain 4; ST00A8: S100 Calcium Binding Protein A8; TBX1: T-Box Tran-
scription Factor 1; TGF: Transforming Growth Factor; TNF: Tumour
Necrosis Factor; TNFR2: Tumor Necrosis Factor Receptor 2; TRIM39-
RPP21: Tripartite motif-containing 39 and Ribonuclease P/MRP 21 kDa
subunit.

Gene ontology molecular functions

KEGG biological pathways

Reactome biological pathways

Transcription factor target genes

inflammatory and immune processes, such as LTA,
GFI1, ARID5B, CD52, TNFSF13, SLFNI13, LSTI,
TNFRSFIA, CCRL2, and IL32. Moreover, some sig-
nificant genes are known to be related to schizo-
phrenia risk, such as LTA (Arab & Elhawary, 2015;
Pandey et al., 2018), ARID5B (Drago et al., 2014),
TNFSF13 (Catts & Weickert, 2012), TNFRSF1A (Gan-
dal et al., 2018), IL32 (Keshavarz et al., 2022),
LDLRAD4 (Kikuchi et al., 2003), and GAS7 (Z.
Zhang et al., 2016), attention-deficit hyperactivity dis-
order, like GFI1 (Miyake et al., 2021), bipolar disorder,
including TNFRSF1A (Gandal et al., 2018), and autism
spectrum disorder, like TNFRSFIA (Gandal et al.,
2018) and CllIorf21 (Dall’Aglio et al., 2018). Notably,
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another significant gene is LST1 (Leukocyte Specific
Transcript 1), which plays a role in immune system
regulation. It is primarily expressed in immune cells,
particularly macrophages and lymphocytes, and is
known to be associated with MDD in genome-wide
association studies of depression (Wu et al., 2021).

Gene set and pathways enrichment analyses
revealed significant pathways and gene ontology pro-
cesses related to the TNF receptor and TNF signalling
pathway. This finding, along with the numerous genes
involved in inflammatory and immune responses
reported above, is consistent with the inflammatory/
immune hypothesis of MDD pathophysiology, and
also with the known association between inflamma-
tory pathways and traumatic life events, particularly
ELS (Miiller et al., 2019; Silva et al., 2021). Also,
patients with MDD present increased blood
expression of pro-inflammatory cytokines, as well as
elevated levels of various genes and proteins associated
with innate immunity, including TNF, which has been
observed in the brains of MDD patients (Maffioletti
et al., 2020).

We also performed stratified subgroup analyses
among patients who underwent TF-CBT or EMDR
and the results highlighted several significant
DMRs in those who were treated with EMDR.
These regions were annotated in genes related to
inflammatory and immune processes, such as LTA,
GFI1, S100A8, ARID5B, CD52, PTX4, CD300A and
CDKL1. Moreover, some significant genes are
known to be related to schizophrenia risk, such as
LTA (Arab & Elhawary, 2015; Pandey et al., 2018),
S100A8 (Lanz et al., 2019), bipolar disorder, includ-
ing SI00A8 (Lanz et al., 2019), and attention-deficit
hyperactivity disorder, such as GFII (Miyake et al,
2021). Furthermore, gene set enrichment analyses
performed on the genes with significant DMRs in
the EMDR subgroup revealed biological processes
primarily associated with inflammatory responses,
particularly the TNF signalling pathway. Addition-
ally, we identified enrichment in transcription factor
targets and we found significant values for targets of
the transcription factors MAMLI, HDGF, TBXI,
MED?25, and PRDM4. To date, there is no direct evi-
dence linking these particular transcription factors to
psychiatric disorders or stress-related responses.
However, in a study performed by our group, a
gene of the MED family, MED22, related to inflam-
matory responses, was found to be downregulated in
MDD patients experiencing emotional neglect in
childhood, suggesting that emotional neglect in
infancy might involve the activation of genes target-
ing MED22, with consequent expression dysregula-
tion (Minelli et al., 2018).

Analysing the findings of our study in the light of
the current scientific literature, two studies reported
DNA methylation changes in patients with PTSD
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following psychotherapy. One was performed by
Vinkers and collaborators (Vinkers et al., 2021). This
study investigated longitudinal changes of peripheral
DNA methylation levels in relation to trauma-focused
psychotherapies, EMDR including TF-CBT tech-
niques, for PTSD in soldiers who obtained remission,
non-remitted PTSD patients, and trauma-exposed
military controls, also investigating whether these
DMRs were relevant for the development of deploy-
ment-related PTSD in an independent prospective
cohort. The authors found that recovery from PTSD
following trauma-focused psychotherapies was related
to specific DNA methylation alterations. Significant
changes in DNA methylation were found at 12
DMRs in the genes APOB, MUC4, EDN2, ZFP57,
GPX6, CFAP45, AFF3, TP73, UBCLP1, RPLI3P and
two intergenic regions, with consistent prospective
evidence for ZFP57 methylation alterations related to
changing PTSD symptoms. Similar to our study, the
authors studied longitudinal DNA methylation
changes following trauma-focused psychotherapies.
However, differently from our study, the authors did
not employ an epigenome-wide approach. Instead,
they examined changes in DNA methylation in candi-
date-genes before and after trauma-focused psy-
chotherapy in responding and non-responding
PTSD patients and controls. Moreover, unlike our
study, they did not consider MDD psychopathology
or depressive symptoms as primary outcomes. Also,
differently from our study, their patients received
EMDR including TF-CBT techniques or TF-CBT
without EMDR, and the authors did not consider stra-
tified separate analyses by type of trauma-focused psy-
chotherapy. The second study was conducted by Yang
and colleagues, who performed an EWAS to identify
epigenetic markers in PTSD patients undergoing pro-
longed-exposure psychotherapy with and without a
hydrocortisone augmentation prior to each session
(Yang et al, 2021). The analyses conducted in this
study have identified the CREB-BDNF signalling
pathway, linked to startle reaction and fear learning
and memory processes, as a common marker that pre-
dicted symptom change and severity. Additionally,
several resilience markers previously reported
(FKBP5, NR3Cl1, SDKI1, and MADILI) were found
to be linked with the recovery from PTSD. Particu-
larly, the levels of methylation in the gene body region
of FKBP5 decreased significantly as the clinician-
administered PTSD scale score decreased in individ-
uals who responded to treatment, while there were
no changes observed in non-responders. Similar to
our study, the authors employed longitudinal epigen-
ome-wide analyses to identify methylation changes in
clinical samples. However, they focused on patients
with PTSD, without considering depressive symp-
toms, and employed a different psychotherapeutic
approach.

Our study has several strengths that highlight the sig-
nificance of the findings and also some limitations that
should be acknowledged when interpreting the results.
It is the first to specifically analyse the longitudinal
effects of trauma-focused psychotherapies in TRD
patients characterized for ELS and is one of the few
pieces of evidence supporting the biological effects of
different types of trauma-focused psychotherapy in a
longitudinal epigenomic approach. Other strengths of
our study include the use of standardized clinical assess-
ments conducted before and after trauma-focused psy-
chotherapeutic ~ treatment, ensuring that the
measurements are reliable and comparable, enabling
an accurate evaluation of symptoms changes. Addition-
ally, we adopted an unbiased epigenome-wide approach
and conducted a comprehensive biological longitudinal
characterization of DMPs, DMRs, and different genes
and pathways enrichment analyses. One limitation
that may be addressed is the relatively small sample
size. Although this may limit the generalizability of
the findings, it should be regarded in the context of
the originality of the study design, as it is the first epi-
genome-wide longitudinal approach to specifically
depict the effects of trauma-focused psychotherapy in
a well-characterized cohort of TRD patients. Moreover,
the difficulties in conducting a longitudinal study with
TRD patients, who have previously suffered from differ-
ent types of ELS, should also be considered and explain
the small sample size. Indeed, to date, four manuscripts
available in the literature performed EWAS analyses in
longitudinal studies on similar sample sizes with a simi-
lar duration (12 weeks) or shorter time (4, 5 or 8 weeks).
In details, (1) Moschny et al. (2020), in which 17 MDD/
TRD patients were treated with electroconvulsive
therapy (ECT) for 4 weeks; (2) Yang et al. (2021), in
which 42 PTSD patients were randomized to be treated
with prolonged-exposure therapy vs placebo and were
followed for 3 months/12 weeks; (3) Sirignano et al.
(2021), in which 34 MDD/TRD patients were treated
with ECT for about 4/5 weeks; (4) Van Assche et al.
(2023), in which 84 MDD patients were randomized
to be treated with personalized cognitive intervention
compared to standard cognitive treatment for 8
weeks. Moreover, clinical intervention studies use
more homogenous patient groups, reducing the need
for very large samples. These studies also test specific
interventions, suggesting that distinct epigenetic
changes related to the intervention may occur. Another
limitation is the relevance of peripheral blood methyl-
ation to the brain and the biological correspondence
between the tissues. It is important to note that methyl-
ation differences can vary significantly across different
tissues, even though consistent effects of various
methylation quantitative trait loci have been observed
across tissues (Liew et al., 2006). Regarding this point,
it is important to take into account the difficulties of
directly evaluating brain tissue, as well as the advantages



of analysing peripheral blood samples, since epigenetic
and transcriptional alterations in peripheral blood in
some part reflect the molecular and cellular changes
occurring in the brain. A further limitation is the
absence of evaluations at the different timepoints for
PTSD symptoms. While our primary outcome measure
was depression, a proportion of participants in this
study had PTSD as comorbid diagnosis. Evaluating
PTSD symptom changes during treatment could add
valuable information on possible underlying mechan-
isms of trauma-focused treatment in TRD, as it is poss-
ible that positive changes in depression symptoms
during trauma-focused treatment were mediated by a
decrease in PTSD symptoms. As many MDD and, in
particular, TRD patients have a PTSD comorbidity
(Flory & Yehuda, 2015), the treatment implications, as
well as the risk and biological correlates of this frequent
comorbidity should represent a great challenge.
Additionally, according to a recent review (Zheng
et al, 2022), Bumphunter and other supervised
methods for regional analysis were shown to have
high rates of false positives even using EPIC arrays.
Aware of this limit, we made our analysis more strin-
gent by analysing only those regions with at least 8
probes clustered with a maximum distance between
probes of 300 bp. Finally, we did not account for poten-
tial confounding factors such as gender-related effects,
and our analyses were not structured in a control
group design. These points should be addressed in
future studies.

In conclusion, our study offers valuable insights
into the DNA methylation changes associated with
trauma-focused psychotherapy. It highlights potential
differentially methylated CpG sites, DMRs and bio-
logical pathways that play a role in trauma-focused
psychotherapy outcomes. The findings point to
numerous genes and biological pathways involved in
the inflammatory and immune system, which is con-
sistent with the inflammatory/immune hypothesis of
MDD pathophysiology. Furthermore, our stratified
analyses revealed that the most significant findings
were related to the group of patients undergoing
EMDR treatment. Numerous significant DMRs and
biological pathways, mainly related to the inflamma-
tory and immune system, were found in this sub-
group. In summary, our study makes a valuable
contribution in addressing a significant gap in the lit-
erature. These findings may enhance our understand-
ing of the interplay between psychiatric and biological
systems, ultimately leading to improved and personal-
ized treatment outcomes.
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