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A B S T R A C T   

Exposure to early life stress can interfere with neurodevelopmental trajectories to increase the vulnerability for 
psychiatric disorders later in life. With this respect, epigenetic mechanisms play a key role for the long-lasting 
changes in brain functions that may elicit and sustain psychopathologic outcomes. 

Here, we investigated DNA methylation changes as possible epigenetic mechanism mediating the effect of 
prenatal stress (PNS), an experimental paradigm associated with behavioral and molecular alterations relevant 
for psychiatric disorders. We identified 138 genes as being differentially methylated in the prefrontal cortex 
(PFC) and in the hippocampus (HIP) of male and female adult rats exposed to PNS. Among these genes, miR-30a 
and Neurod1 emerged as potential players for the negative outcomes associated with PNS exposure. Indeed, in 
addition to showing consistent methylation differences in both brain regions and in both sexes, and interacting 
with each other, they are both involved in Axon guidance and Neurotrophin signaling, which are important to 
neurodevelopmental disorders. We also found a significant reduction in the expression of a panel of genes 
(CAMK2A, c-JUN, LIMK1, MAP2K1, MAP2K2, PIK3CA and PLCG1) that belong to these two biological pathways 
and are also validated targets of miR-30a, pointing to a down-regulation of these pathways as a consequence of 
PNS exposure. Interestingly, we also found that miR-30a levels were significantly upregulated in depressed 
patients exposed to childhood trauma, as compared to control individuals. Importantly, we also found that a sub- 
chronic treatment with the atypical antipsychotic drug, lurasidone, during adolescence was able to prevent the 
up-regulation of miR-30a and normalized the expression of its target genes in response to PNS exposure. 

Our results demonstrate that miR-30a undergoes epigenetic changes following early life stress exposure and 
suggest that this miRNA could play a key role in producing broad and long-lasting alterations in neuroplasticity- 
related pathways, contributing to the etiology of psychiatric disorders.   
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1. Introduction 

Exposure to early life stress represents a well-known risk factor for 
the development of psychiatric disorders later in life. Ultimate outcome 
will depend on additional factors, including timing and duration of both 
positive and negative life experiences (Herzog and Schmahl, 2018). 
There is growing evidence indicating that stress during early life alters 
the default program of brain maturation, leading to long-term functional 
changes in multiple brain structures (Bick and Nelson, 2016). Hence, it is 
important to grow our knowledge of the complex processes and mech
anisms that shape neurodevelopmental trajectories which depend upon 
early events that may lead to persistent brain dysfunction. Epigenetic 
mechanisms, such as DNA methylation and microRNA-mediated post-
transcriptional regulation, have been suggested to play a major role in 
sustaining the long-lasting effects of adverse events early in life in 
shaping the individual vulnerability to psychopathology (Bale, 2014; 
Luoni and Riva, 2016; Provencal and Binder, 2015). 

Animal models are particularly useful to investigate molecular 
mechanisms modulated by stress and to characterize the potential psy
chopathologic implications. A well-established model of early life stress 
in rodents is represented by the prenatal stress (PNS) paradigm, where 
pregnant dams are exposed to restraint stress during the last week of 
gestation (Luoni et al., 2014a). The functional consequences of PNS 
exposure has been extensively reviewed in the last decades, showing 
that stressful experiences during gestation leads to major effects on adult 
behavior (Lupien et al., 2009; Weinstock, 2008, 2017). Indeed, we and 
others have shown that PNS rats show impaired learning and memory 
(Cattaneo et al., 2019), anxiety-like phenotypes (Weinstock, 2017) as 
well as depressive-like behaviors, including loss of copying in the forced 
swim stress (Weinstock, 2017). Similarly, exposure to stress during the 
perinatal period produces alterations of hippocampal structure and 
cognitive function, along with altered HPA axis reactivity and impaired 
emotional responses (Naninck et al., 2015, 2017; Krugers et al., 2017). 
Such evidence suggests that the vulnerable period to stress may span 
from late gestation to early postnatal life. PNS exposure produces al
terations in different biological substrates known to represent 

vulnerability elements for the development of psychiatric conditions, 
including, but not limited to, dysregulation of the 
hypothalamic-pituitary-adrenal (HPA) axis, altered 
stress-responsiveness (Maccari et al., 2014) and deficits in neuronal 
plasticity (Fumagalli et al., 2007). We have previously demonstrated 
that the expression of the neurotrophin Brain-Derived Neurotrophic 
Factor (BDNF) is significantly reduced in the prefrontal cortex (PFC) of 
adult rats that were exposed to PNS in utero, an effect that became fully 
manifest after adolescence (Luoni et al., 2014a). Moreover, PNS rats 
show an impaired ability to cope with challenging stressful events at 
adulthood, through alterations in activity-dependent epigenetic mech
anisms (Luoni et al., 2016a). 

Several studies have demonstrated that an exposure to PNS produces 
long-term behavioral, cognitive and functional alterations in the adult 
offspring (Cattaneo et al., 2019; Gur et al., 2019; Panetta et al., 2017). 
For instance, in a recent study performed by our group (Cattaneo et al., 
2019), we observed a significant disruption in the novel object recog
nition test both in male and female adult rats exposed to PNS, with a 
more pronounced effect in females. This cognitive dysfunction, origi
nating from the PNS exposure, appeared to be the consequence of an 
inability to activate the proper transcriptional machinery required for 
the correct cognitive performances in relevant brain areas, such as the 
dorsal hippocampus, during a cognitive task (Cattaneo et al., 2019). 

In the present study, we used a hypothesis-free genome-wide 
approach to investigate the role of DNA methylation in mediating the 
long-term effects of PNS exposure. We focused on the prefrontal cortex 
(PFC) and hippocampus (HIP), two brain regions that play a relevant 
role in key functional alterations associated with psychiatric disorders 
(Hao et al., 2020; Kolb et al., 2012; Levone et al., 2015; Paus et al., 
2008). We hypothesized that differentially methylated regions, most 
likely responsible for mediating the effect of PNS, would have consistent 
methylation differences following PNS in both brain regions from male 
and female rats. We thus focused the attention on genes, which were 
modulated in the same direction in both brain regions and sexes, and we 
characterized their expression profile during postnatal maturation, in 
order to establish potential changes during developmental trajectories. 

Abbreviations 

Prenatal Stress (PNS) 
Hippocampus (HIP) 
Prefrontal Cortex (PFC) 
Hypothalamic-Pituitary-Adrenal (HPA) axis 
Brain-Derived Neurotrophic Factor (BDNF) 
Postnatal days (PNDs) 
Hydroxyethylcellulose (HEC) 
Methylated DNA immunoprecipitation (MeDIP) 
Childhood Trauma Questionnaire (CTQ) 
Mini International Neuropsychiatric Interview (M.I.N.I. Plus) 
Beck Depression Inventory scale (BDI) 
Hamilton Depression Rating Scale (HDRS) 
Montgomery-Asberg Depression Scale (MADRS) 
Generalized Anxiety Disorder 7-item (GAD-7) scale 
State-Trait Anxiety Inventory questionnaire (STAI) 
Patient Health Questionnaire (PHQ-9) 
List of Threatening Experiences Questionnaire (LTE) 
Adverse Childhood Experience (ACE) Questionnaire 
Coping Strategies Questionnaire (CSQ) 
Cognitive Emotion Regulation Questionnaire (CERQ) 
Calcium/Calmodulin Dependent Protein Kinase II Alpha (CAMK2A) 
Jun Proto-Oncogene, AP-1 Transcription Factor Subunit (c-JUN) 
LIM Domain Kinase 1 (LIMK1) 
Mitogen-Activated Protein Kinase Kinase 1 (MAP2K1) 

Mitogen-Activated Protein Kinase Kinase 2 (MAP2K2) 
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit 

Alpha (PIK3CA) 
Phospholipase C Gamma 1 (PLCG1) 
Area Under the Curve (AUC) 
Ingenuity Pathway Analysis (IPA) 
Transcriptome Wide Association Study (TWAS) 
Transcription Start Site (TSS) 
Axl receptor tyrosine kinase (Axl) 
microtubule-associated protein 7 (Map7) 
muscle RAS oncogene homolog (Mras) 
CCR4-NOT transcription complex, subunit 2 (Cnot2) 
ciliary neurotrophic factor (Cntf) 
microRNA-30a (mir-30a) 
neuronal differentiation 1 (Neurod1) 
NOP2/Sun domain family, member 6 (Nsun6) 
olfactory receptor 115 (Olr115) 
3-oxoacid CoA transferase 1 (Oxct1) 
SET domain and mariner transposase fusion gene (Setmar) 
human induced pluripotent stem cells (hiPSCs) 
neural progenitor cells (NPCs) 
N-methyl-D-aspartate receptors (NMDARs) 
Neuroligin 1 (NLG1) 
quantitative Real-Time PCR (qRT-PCR) 
NCBI Reference Sequence Database (RefSeq) 
NIH genetic sequence database (GenBank®)  
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Moreover, we investigated whether sub-chronic treatment with the 
antipsychotic drug lurasidone, which is clinically approved for the 
treatment of schizophrenia and major depressive episodes in patients 
with bipolar disorder, given during the peripubertal period, could pre
vent or modulate some of the alterations caused by the PNS exposure. 
Finally, we investigated a cohort of controls and depressed patients all 
characterized for childhood trauma events to provide a test of the 
translation of our preclinical findings in a clinical setting. 

2. Methods 

2.1. Animals and experimental paradigms 

Pregnant rats were randomly assigned to control (CTRL) or prenatal 
stress (PNS) conditions. The stress paradigm was carried out as previ
ously described (Luoni et al., 2014a). Briefly, pregnant dams were 
restrained in a transparent Plexiglas cylinder, under bright light, for 45 
min, three times a day during the last week of gestation. Control preg
nant females were left undisturbed in their home cages. As a proxy of 
stress effectiveness during gestation, we have previously shown that the 
expression levels of the placental enzyme 11β-hydroxysteroid dehy
drogenase type 2 (11β-HSD2), which allows for controlled fetal exposure 
to maternal glucocorticoids, was significantly reduced in dams exposed 
to prenatal stress (Panetta et al., 2017). 

Offspring from the control and the PNS groups were sacrificed at 
different postnatal days (PNDs), namely at PND21, PND40 and PND62 
for the dissection of the HIP and PFC. Specifically, the whole HIP 
comprises the ventral and the dorsal sub-regions, whereas the PFC 
comprises cingulate and infralimbic cortex. The whole genome 
methylation analyses were performed in the HIP and PFC of male and 
female offspring at PND62. Gene expression analyses were performed in 
animals of both sexes and in both brain regions at PND21, 40 and 62. 

Based on the results that we obtained with the first PNS experiment, 
we decided to test whether a pharmacological treatment could prevent 
the effects caused by PNS exposure. Thus, a new batch of animals was 
prepared with the same experimental protocol. In this case, starting 
from PND35, a group of male offspring was treated for two weeks with 
the antipsychotic drug lurasidone (3 mg/kg in a 1% hydrox
yethylcellulose, HEC, solution) or vehicle (HEC solution) by oral gavage 
in the amount of 1 ml/kg body weight. We selected the dose and route of 
delivery based on previous studies demonstrating the antidepressant 
and pro-cognitive actions of lurasidone (Ishiyama et al., 2007; Tarazi 
and Riva, 2013). Rats were sacrificed 2 weeks after the end of the 
treatment, which corresponds to PND62. 

Rat handling and experimental procedures were performed in 
accordance with the EC guidelines (EC Council Directive 86/609 1987) 
and with the Italian legislation on animal experimentation (D.L. 116/ 
92), in accordance with the National Institute of Health Guide for the 
Care and Use of Laboratory Animals. All efforts were made to minimize 
animal suffering and reduce the total number of animals used, while 
maintaining statistically valid group numbers. 

2.2. Brain region dissection and DNA/RNA preparation 

After decapitation, the prefrontal cortex (defined as Cg1, Cg3, and IL 
sub-regions corresponding to the plates 6–10 according to the atlas of 
Paxinos and Watson) was dissected from 2-mm-thick slices, whereas the 
hippocampus was dissected from the whole brain. The brain specimens 
were frozen on dry ice and stored at − 80 ◦C until further analyses. HIP 
and PFC were dissected and immediately stored at − 80 ◦C. The isolation 
of DNA and RNA from these brain regions was performed using AllPrep 
DNA/RNA/miRNA Universal kit (Qiagen, Milan, Italy), in accordance 
with the instructions of the manufacturer. 

2.3. Methylated DNA immunoprecipitation (MeDIP) analysis 

MeDIP analyses were performed as previously described (Luoni 
et al., 2016b; Nieratschker et al., 2014). Briefly, DNA was quantified by 
fluorometric analysis (Qubit® 2.0 Fluorometer, Life Technologies), 2 μg 
of DNA were sheared by sonication and methylated DNA was immu
noprecipitated using 10 μg of anti-5-methyl-cytosine (Eurogentec, Fre
mont, CA, USA). For each condition (both sexes and brain regions 
analyzed), DNA was extracted from 4 Ctrl and 4 PNS rats at PND62. 

Genome-wide DNA methylation levels were measured using custom 
promoter tiling microarrays. All gene transcription start sites were tiled 
from 1000bp upstream to 200bp downstream with probes placed 
approximately every 100bp. Any genomic coordinates are given with 
respect to the rn4 (RGSC 3.4) rat genome assembly. All the steps of 
scanning and analysis were performed as previously described (Nier
atschker et al., 2014). 

2.4. Analysis of MiR-30 in clinical sample 

MiR-30 expression levels were analyzed in peripheral blood samples 
from a clinical cohort represented by adult control subjects (n = 62) and 
depressed patients (n = 79), who have been all screened for exposure to 
childhood trauma through the administration of the Childhood Trauma 
Questionnaire (CTQ) (Bernstein et al., 1994). As we wanted to specif
ically evaluate the effects of childhood trauma on the modulation of 
MiR-30 levels, we focused our attention on the group of controls (n =
27) who had never reported childhood trauma and on the group of 
subjects, both controls (n = 35) and depressed patients (n = 79), who 
experienced at least one traumatic event in childhood, among the five 
CTQ subscales (emotional abuse, physical abuse, sexual abuse, 
emotional neglect and physical neglect). 

All subjects (controls and depressed patients) were recruited at the 
Dept. of Psychiatry, University of Würzburg (Germany). The recruitment 
was approved by the local Ethic Committee (no. 128/15 and no. 231/ 
15), and a written informed consent was obtained by participants after 
receiving a complete description of the study. 

Out of 62 control subjects, 35 reported a history of at least one 
traumatic experience in childhood (mean age ± SEM: 53.06 ± 14.38 
years; 16 males and 19 females), whereas 27 subjects did not experience 
traumatic events in childhood (mean age ± SEM: 47.26 ± 16.96 years; 
19 males and 8 females). Individuals with a history of neurological or 
psychiatric diseases, prior traumatic brain injury, or mental retardation 
were excluded from the study. The absence of psychiatric disorders was 
ascertained via the Mini International Neuropsychiatric Interview (M.I. 
N.I. Plus) (Sheehan et al., 1998) and the Structured Clinical Interview for 
DSM disorders (SCID-II) (Spitzer et al., 1992), to exclude any axis I and II 
psychiatric disorders, referred to all psychological diagnostic categories 
except mental retardation and personality disorder (axis I) or to per
sonality disorders and mental retardation (axis II), respectively. 

Clinical diagnosis of depression in patients (mean age ± SEM: 50.03 
± 15.12 years; 31 males and 48 females) was ascertained using the 
Structured Clinical Interview for DSM disorders (SCID-I). A history of 
neurological or other severe somatic diseases, prior traumatic brain 
injury, or mental retardation were exclusion criteria. All depressed pa
tients reported at least one traumatic event in childhood. 

Healthy controls not exposed to childhood trauma, healthy controls 
exposed to childhood trauma and depressed patients did not differ 
regarding age (all p > 0.05). 

Depressed Patients have also been clinically assessed by using 
different questionnaires: Beck Depression Inventory scale (BDI) (Beck 
et al., 1961), Hamilton Depression Rating Scale (HDRS) (Hamilton, 
1960), Montgomery-Asberg Depression Scale (MADRS) (Montgomery 
and Asberg, 1979), Generalized Anxiety Disorder 7-item (GAD-7) scale 
(Spitzer et al., 2006), State-Trait Anxiety Inventory questionnaire (STAI) 
(Spielberger, 1983), Patient Health Questionnaire (PHQ-9) (Spitzer 
et al., 1999), List of Threatening Experiences Questionnaire (LTE) 
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(Brugha and Cragg, 1990), Adverse Childhood Experience (ACE) Ques
tionnaire (Anda et al., 2006), Coping Strategies Questionnaire (CSQ) 
(Rosenstiel and Keefe, 1983), Cognitive Emotion Regulation Question
naire (CERQ) (Garnefski et al., 2007). 

Blood samples have been collected fasting in all the subjects by using 
Paxgene Tubes and stored at − 80 until their processing for mRNA 
isolation and Real Time PCR. 

2.5. Gene and miRNA expression analyses by Real Time PCR 

After RNA isolation, the expression levels of miR-30a-5p, of Neurod1 
and of the panel of miR-30a-5p target genes (Calcium/Calmodulin 
Dependent Protein Kinase II Alpha (CAMK2A), Jun Proto-Oncogene, AP- 
1 Transcription Factor Subunit (c-JUN), LIM Domain Kinase 1 (LIMK1), 
Mitogen-Activated Protein Kinase Kinase 1 (MAP2K1), MAP2K2, 
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit 
Alpha (PIK3CA) and Phospholipase C Gamma 1 (PLCG1)) have been 
analyzed in the HIP and/or in the PFC of rats exposed or not to PNS and 
sacrificed at PND21, 40 and 62. Moreover, the levels of these same genes 
and of the miR-30a-5p were analyzed in the PFC of animals exposed or 
not to PNS and receiving or not the antipsychotic drug lurasidone (3 mg/ 
kg, by oral gavage) for 2 weeks starting from PND 35 and sacrificed 2 
weeks after the end of the treatment, which corresponds to PND62. 

The expression levels of Neurod1, CAMK2A, C-Jun, LIMK1, MAP2K1, 
MAP2K2, PIK3CA and PLCG1 were analyzed by using TaqMan Assays 
(Thermofisher, Waltham, MA, USA), and the iTaq Universal Probes One- 
Step Kit (Bio-Rad Laboratories, Hercules, CA, USA) on the CFX384 in
strument (Bio-Rad Laboratories, Hercules, CA, USA), following the 
manufacturer’s instructions. All the reactions were performed in tripli
cates and the relative expression of all the genes were normalized to the 
levels of the housekeeping genes beta-Actin (b-Act). 

In order to analyze the expression levels of miR-30a-5p in animal and 
human samples, the extracted total RNA, including miRNAs, was firstly 
reverse transcribed using the TaqMan MicroRNA RT Kit (Thermofisher, 
Waltham, MA, USA) and, subsequently, the RT product was pre- 
amplificated using TaqMan PreAmp Master Mix (Thermofisher, Wal
tham, MA, US). At this point, the PreAmp product was diluted with 
0.1XTE and then evaluated for the expression levels analysis of miR-30a- 
5p by Real Time PCR using the CFX384 instrument (Bio-Rad Labora
tories, Hercules, CA, USA), the TaqMan MicroRNA Assays (Thermo
fisher, Waltham, MA, USA) and the TaqMan Universal Master Mix, no 
AmpErase UNG (Thermofisher, Waltham, MA, USA) following the 
manufacturer’s instructions. The relative expression of miR-30a-5p was 
normalized to the levels of U87 in rats and to the levels of RNU24 in 
human blood samples. All the reactions were performed in triplicates. 
The Pfaffl Method was then used to determine the relative expression 
values of miR-30a-5p and of the Neurod1, CAMK2A, C-Jun, LIMK1, 
MAP2K1, MAP2K2, PIK3CA and PLCG1 genes (Pfaffl, 2001). 

2.6. Statistical and bioinformatic analyses 

2.6.1. Methylation analyses 
Probe intensities from MeDIP microarrays were extracted from scan 

images using Agilent’s Feature Extraction 9.5.3 Image Analysis Soft
ware. Extracted microarray intensities were processed and analyzed 
using the R software environment for statistical computing. Log-ratios of 
the bound (Cy5) and input (Cy3) microarray channel intensities were 
computed for each microarray. Microarrays were normalized to one 
another using quantile-normalization under the assumption that all 
samples had identical overall methylation levels. Estimates of DNA 
methylation levels from microarray probe intensities were obtained 
using a Bayesian deconvolution algorithm (Down et al., 2008). These 
estimates were used in figures to indicate overall methylation levels but 
were not used for detecting differential methylation. Differential 
methylation between PNS exposed and not exposed animals was deter
mined in stages to ensure both statistical significance and biological 

relevance. In the first stage, linear models and modified t-tests imple
mented in the ‘limma’ package of Bioconductor (Gentleman et al., 2004) 
were used to test methylation differences between sample groups at each 
microarray probe. A probe was classified as being differentially meth
ylated if the resulting p-value was less than 0.05 (uncorrected for mul
tiple testing), and the associated difference of means between the groups 
was at least 0.5. Given that the DNA samples were sonicated prior to 
hybridization, the assumption was made that probes within 500bp 
should show approximate agreement. Therefore, the genome was 
grouped into 1000bp regions and the significance of enrichment for high 
or low t-statistics of probes within each region (containing at least 1 
probe) was calculated. Significance was determined using the Wilcoxon 
rank-sum test comparing t-statistics of the probes within the region 
against those of all the probes on the microarray and then adjusted to 
obtain false discovery rates for each region. A probe was classified as 
being differentially methylated if it satisfied each of the following 
criteria: 1) the significance of its t-statistic was a maximum of 0.05 and 
the difference of means between the groups was at least 0.5, and 2) it 
belonged to a region whose false discovery rate was a maximum of 0.2. 

2.6.2. Gene expression and pathways analyses 
All the gene expression data of miR-30a-5p and of the Neurod1, 

CAMK2A, C-Jun, LIMK1, MAP2K1, MAP2K2, PIK3CA and PLCG1 genes 
have been graphically expressed as means ± SEM. The significant dif
ferences among the groups have been assessed with the Student’s t-test 
and the statistical significance was set at p < 0.05. 

Receiving operating curve analysis has been performed to evaluate 
the association of polygenic transcriptomic profiles derived by the linear 
combination of single gene expression level. The Area Under the Curve 
(AUC) was used to evaluate the performance of multi-gene classification 
models. 

The list of miR-30a-5p target genes were obtained from the miR
Walk2.0 database (http://zmf.umm.uni-heidelberg.de/apps/zmf/mi 
rwalk2/) (Dweep and Gretz, 2015), a comprehensive database that 
provides predicted as well as validated miRNA binding site information. 
The identification of potentially altered molecular pathways as targeted 
by validated target genes of miR-30a-5p was performed with the “Core 
Analysis” function included in Ingenuity Pathway Analysis (IPA) (In
genuity System Inc., USA http://www.ingenuity.com). Moreover, to 
identify pathways modulated by miR-30a-5p we have also interrogated 
mirPath v.3 (http://snf-515788.vm.okeanos.grnet.gr). 

In order to evaluate the potential association between the differen
tially methylated and differentially expressed genes with psychiatric 
phenotypes in humans, we performed a Transcriptome Wide Association 
Study (TWAS), considering brain tissues (http://twas-hub.org/). These 
models integrate genome-wide association for a given phenotype with 
expression quantitative loci from gene-expression tissue database 
(https://gtexportal.org/home/) and common mind consortium 
(https://www.nimhgenetics.org/resources/commonmind) to test 
whether or not a differential tissue specific gene expression regulation 
can be expected according to the genetic signal. 

3. Results 

3.1. Long-lasting DNA methylation alterations induced by PNS 

In order to identify genes whose expression and function may be 
persistently altered as a consequence of PNS exposure, we performed 
genome-wide methylation analyses in the HIP and in the PFC of adult 
rats (PND62), both males and females, which were exposed (PNS) or not 
(CTRL) to maternal stress during the last week of gestation. We obtained 
four lists corresponding to the genes differentially methylated between 
CTRL and PNS animals in the two brain regions of male and female 
animals (FDR<0.2). Since several probes can map different regions of a 
single gene, these lists include genes that were globally hyper- 
methylated in PNS rats, genes that were hypo-methylated in PNS rats, 
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as well as genes showing a mixed methylation pattern (See Fig. 1A to 
visualize the number of genes differentially methylated across brain 
regions and groups). 

Among the genes differentially methylated between CTRL and PNS 
rats, we found 893 genes, which were differentially methylated both in 
the HIP and PFC of both male and female rats. Considering the high 
number of potential candidates, we decided to restrict the list by 
filtering the data considering only differences that occurred around the 
transcription start site (TSS, between − 1000 and + 500 base pairs), 
which may identify the promoter region and therefore be more relevant 
loci for transcriptional regulation (Weber et al., 2007). We thus identi
fied 138 genes (See Fig. 1B and Supplementary Table 1 for the entire list 
of genes) in common between HIP and PFC of male and female rats and, 
among them, we found 12 genes which were also significantly modu
lated in the same direction (See Fig. 1B). In particular, four genes were 
more methylated in PNS rats compared to CTRLs (Axl receptor tyrosine 
kinase (Axl), microtubule-associated protein 7 (Map7), muscle RAS 
oncogene homolog (Mras) and RT1-M3-1); another group of eight genes 
were less methylated in the PNS rats (CCR4-NOT transcription complex, 
subunit 2 (Cnot2), ciliary neurotrophic factor (Cntf), microRNA-30a 
(mir-30a), neuronal differentiation 1 (Neurod1), NOP2/Sun domain 
family, member 6 (Nsun6), olfactory receptor 115 (Olr115), 3-oxoacid 
CoA transferase 1 (Oxct1) and SET domain and mariner transposase 

fusion gene (Setmar)). 
We then investigated potential interactions among these 12 genes by 

using i) miRWalk 2.0 Software to identify miRNAs target genes, ii) In
genuity Software Pathway Analyses to establish pathways and networks 
and iii) by literature search. Only mir-30a and Neurod1 were found to 
interact with each other. 

Importantly, we found that Neurod1 is a validated target gene of mir- 
30a (Beveridge et al., 2014; Liu et al., 2017), that both are involved in 
Neurotrophin/TRK signaling and in the Axonal Guidance signaling, two 
pathways closely related to neurodevelopment (Beveridge et al., 2014; 
Liu et al., 2017), and that both are associated with vulnerability to be 
diagnosed with psychotic spectrum disorders, including schizophrenia, 
schizoaffective disorder and major depression, which includes psychotic 
depression (Mellios et al., 2008; Perkins et al., 2007; Wan et al., 2015; 
Yu et al., 2014). Based on these three points, we decided to focus our 
attention on these two candidate genes for subsequent analyses. 

3.2. Methylation pattern in the promoter region of mir-30a and Neurod1 
affects their long-term expression levels 

In order to test the possibility that DNA methylation changes around 
the TSS may affect mir-30a expression levels, we investigated, in the 
same samples used for MeDIP-chip analysis, the expression levels of the 
two mature miRNA isoforms that originate from mir-30a biogenesis, 
namely miR-30a-5p and miR-30a-3p. 

Consistent with a reduced DNA methylation in PNS rats, we found 
that the expression of miR-30a-5p was significantly up-regulated in the 
male PFC (+27%, p < 0.05, Fig. 2A and B), as well as in the female and 
male HIP (+42%, p < 0.05 and + 38%, p < 0.05, respectively, Fig. 2E, F 
and 2G, 2H) of rats previously exposed to PNS. However, we did not 
detect any expression differences in the female PFC (p = 0.97, Fig. 2C 
and D) or in the expression of miR-30a-3p within the PFC and HIP of PNS 
male and female rats. 

The failure to detect differences in miR-30a-5p or miR-30a-3p 
expression in female PFC may be due to the location of the differen
tially methylated region in female PFC. In all samples, except female 
PFC, the differentially methylated region is located immediately before 
the TSS (Fig. 2I, Supplementary Table 2), whereas in female PFC the 
differentially methylated region is located about 700 bp further 
upstream. 

The failure to detect differences in miR-30a-3p expression is likely 
due to low expression levels; indeed, the expression of miR-30a-3p is 
about 3-5-fold lower than the levels of miR-30a-5p in both brain regions 
and sexes (see Fig. 2B, D for PFC and Fig. 2F, H for HIP). 

We have also measured the mRNA levels of Neurod1 in the same 
animals and we observed a significant decrease (− 23%, p < 0.05) of 
Neurod1 mRNA levels in the PFC of adult (PND62) PNS male rats. This 
decrease coincides with a decrease in Neurod1 promoter methylation, 
contradicting the usual repressive relationship between DNA methyl
ation and gene expression. However, Neurod1 is a target gene of miR- 
30a-5p and the observed down-regulation in its mRNA levels may 
represent a consequence of miR-30a-5p up-regulation, rather than of 
changes in DNA methylation. Interestingly we found a significant 
negative correlation (p < 0.05, r = − 0.58) between the modulation of 
miR-30a-5p and Neurod1, supporting the hypothesis that the effect 
observed on Neurod1 is mainly driven by an upregulation of miR-30a- 
5p, rather than an effect of altered methylation”. 

3.3. MiR-30a and Neurod1 expression levels during postnatal 
development 

One important question related to the effects of PNS exposure is to 
establish to what extent the changes in gene expression observed at 
adulthood are preceded by significant alterations at earlier develop
mental stages. Hence, we investigated the expression of miR-30a-5p and 
Neurod1 in the PFC of CTRL and PNS male rats at weaning (PND21) as 

Fig. 1. Genome-wide methylation changes of adult rats (PND62) exposed to pre
natal stress. 
A) The stacked bar graph depicts the number of genes that were more (black) or 
less (white) methylated in the hippocampus (HIP) or prefrontal cortex (PFC) 
from male and female rats exposed to prenatal stress (PNS), or that showed a 
mixed methylation pattern (grey). B) Venn diagram showing the overlap of the 
number of differentially methylated genes, around the TSS (between − 2000 
and + 500 base pairs) in HIP or PFC from male and female rats exposed to PNS. 
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well as in the peripubertal period (PND40). As shown in Fig. 3A, miR- 
30a-5p levels show a transient down-regulation at PND21 (− 38%, p 
< 0.01), which was followed by a significant up-regulation at PND40 
(+80%, p < 0.01), an effect that was maintained at PND62 (+55%, p <
0.001). On the other hand, the expression of Neurod1 was not signifi
cantly modulated by PNS at PND21 or PND40 whereas, as already 
described, its mRNA levels were significantly down-regulated at early 
adulthood (PND62, -23%, p < 0.05) (Fig. 3B). 

3.4. MiR-30a expression levels in blood samples from controls and 
depressed patients 

In order to establish whether the results obtained in the brain of PNS 
exposed animals could be observed also in humans, we measured miR- 
30a-5p expression in peripheral blood samples of a group of controls 
(CTRLs) and depressed patients, all characterized for exposure to 
childhood trauma. We observed a significant up-regulation (+76%, p <
0.001) of miR-30a-5p levels in depressed patients who experienced 
childhood trauma as compared to the group of CTRLs who had never 
experienced traumatic events in childhood. Interestingly this up- 
regulation was more pronounced in the group of women as compared 
to males (+133% in depressed women with childhood trauma versus 
CTRL with no childhood trauma, p < 0.05; +74% in depressed males 
with childhood trauma versus CTRL with no childhood trauma, p <
0.05). No significant effect was observed in CTRL subjects who experi
enced trauma early in life, as compared to not-exposed CTRLs (− 11%, p 
> 0.05) (see Fig. 4). 

3.5. Identification of biological systems targeted by mir-30a-5p and 
involved in the long-term effect of PNS 

In order to identify the biological systems that may be affected as 
consequence of the altered methylation status and expression levels of 

miR-30a-5p in PNS rats we used two different approaches that we have 
then integrated. 

As first approach we used the miRWalk2.0 database (Dweep and 
Gretz, 2015), a miRNA database that provides evidence for experi
mentally validated and predicted miRNA-target interactions. Since 

Fig. 2. Methylation status of the genomic location around mir-30a gene transcription start site and analysis of miR-30a-5p and miR-30a-3p expression levels in adult rats 
exposed to prenatal stress. 
The panels on the left, obtained from UCSC genome browser, depict the regions around the TSS of mir-30a whose methylation status is significantly different as a 
consequence of PNS in the prefrontal cortex of male (A) and female (C) rats, as well as in the hippocampus of male (E) and female (G) rats. The bar graphs on the right 
show the results of qRT-PCR analysis for miR-30a-5p and miR-30a-3p, represented as percentage changes vs. miR-30a-3p levels in Ctrl, set at 100% (B, D, F, H). *p <
0.05 (Student’s t-test). 
Panel (I) represents expanded views from the UCSC genome browser at the rat mir-30a gene location. Each of the four upper tracks depicts the average methylation 
probe fold difference (Log 2) expressed as the value in PNS rats minus Ctrl. Grey bars indicate probes more methylated in Ctrl rats, while black bars are probes more 
methylated in PNS rats. Starting from the top, the tracks correspond to the data obtained in male PFC, female PFC, female HIP and male HIP. Black empty rectangles 
highlight the locations at which the methylation difference between PNS and Ctrl rats resulted to be statistically significant. The two lower tracks show mir-30a gene 
location taken from NCBI Reference Sequence Database (RefSeq) and from NIH genetic sequence database (GenBank®). 

Fig. 3. Time course analysis of miR30a-5p and Neuro-d1 mRNA levels in the prefrontal cortex of male rats exposed to prenatal stress. 
The expression levels of miR30a-5p (A) and Neurod1 (B) were investigated at weaning (PND21), at peripuberty (PND40) and at adulthood (PND62). The data, 
expressed as the mean ± SEM of at least 5 independent determinations, represent the percentage of CTRL rats (not exposed to PNS) at each respective age (set at 
100%). *p < 0.05; **p < 0.01 and ***p < 0.001 vs. CTRL animals (Student’s test). 

Fig. 4. Analysis of the miR30a-5p levels in blood samples of healthy controls and 
depressed subjects exposed to childhood trauma. 
The data, expressed as the mean ± SEM, represent the Relative Expression Ratio 
of miR-30a-5p, normalized to RNU24 levels in control subjects, with or without 
childhood trauma, as compared to a cohort of depressed patients exposed to 
trauma. ***p < 0.001 vs CTRL not exposed to Childhood trauma. 
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miR-30a-5p seed sequence has 100% homology between Rattus Nor
vegicus and Homo sapiens and the whole identity between the two se
quences is of 97%, we accepted the list of validated targets of 
miR-30a-5p in both species to be the results of this analysis (the list of 
validated genes in humans and rodents is provided as Supplementary 
Table 3). We then used Ingenuity Pathway Analysis (IPA) (http://www. 
ingenuity.com/products/ipa) to identify pathways found to be signifi
cantly altered as a consequence of miR-30a-5p expression changes on its 
downstream validated targets. We identified in this way a list of 245 
significant pathways. 

As second approach we have interrogated mirPath v.3 (http://s 
nf-515788.vm.okeanos.grnet.gr) to get a list of pathways that are 
modulated by our miR-30–5p and we have identified 31 pathways with 
Axonal guidance and Neurotrophin signaling pathways in the 2nd and 
17th position within the list. 

We have then overlapped the list of 245 pathways with the 31 
pathways to identify 11 pathways in common among the two ap
proaches. These 11 pathways included: Axon guidance, B Cell Receptor 
Signaling, Amyotrophic lateral sclerosis (ALS), T cell receptor signaling 
pathway, Gap junction, Type II diabetes mellitus, PI3K-Akt signaling 
pathway, Prostate cancer, VEGF signaling pathway, Neurotrophin 
signaling pathway, Hypertrophic cardiomyopathy. Among them we 
selected the Neurotrophin signaling and Axonal guidance signaling, 
because are known to be affected by stress exposure so relevant for our 
experimental condition. The two pathways with the miR-30a-5p 

targeted genes are shown in Supplementary Figs. 1 and 2. 
In order to determine whether PNS-induced changes of miR-30a-5p 

levels could have a significant impact on the modulation of biological 
processes involved in neurodevelopment, via Neurotrophin/TRK signaling 
and the Axonal Guidance signaling, we selected a panel of 7 genes 
(CAMK2A, c-JUN, LIMK1, MAP2K1, MAP2K2, PIK3CA, PLCG1) that are 
all involved in these two biological pathways and also validated target 
genes of miR-30a-5p as well as known to be important for neuro
plasticity (Matsuo et al., 2009; Yamasaki et al., 2008; Ogundele and Lee, 
2018; Fuchsova et al., 2015; Todorovski et al., 2015; Liu et al., 2016; 
Butler et al., 2016; Kordi-Tamandani and Mir, 2016). Hence, we 
analyzed their expression levels in the PFC of adult PNS rats, compared 
to controls. In line with the changes observed for miR-30a-5p, we found 
an overall reduction in the mRNA levels of all selected genes, although 
statistically significant only for CAM2KA (− 18%, p < 0.05), LIMK1 
(− 17%, p < 0.05) and PIK3CA (− 46%, p < 0.01) (see Fig. 5). Interest
ingly, despite the limited differences in terms of individual expression, a 
simple logistic classification model based on the combined expression of 
CAMK2A, c-JUN, LIMK1, MAP2K1, MAP2K2, PIK3CA and PLCG1 
reached an area under the curve of 0.87 in the analyzed dataset. Such a 
classification performance, though potentially inflated due to the 
absence of an independent testing cohort, suggests that PNS-induced 
alterations in the expression levels of CAMK2A, c-JUN, LIMK1, 
MAP2K1, MAP2K2, PIK3CA and PLCG1 can exert a cumulative effect, 
which produces an overall downregulation of the pathways modulated 

Fig. 5. Analysis of the mRNA levels for genes that are target of miR30a-5p, as measured in the prefrontal cortex from male rats exposed to prenatal stress. 
The data, expressed as the mean ± SEM of at least 6 independent determinations, represent the percentage of CTRL rats (not exposed to PNS), set at 100%. *p < 0.05 
and **p < 0.01 vs. CTRL animals (Student’s test). 
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by these genes. The biologically effect driven by miR-30a-5p can be 
associated with the combined effect exerted on the expression regulation 
of multiple genes rather than from a single causal-gene. Therefore, to 
test this hypothesis, we derived a prediction model of stress status based 
on CAMK2A, c-JUN, LIMK1, MAP2K1, MAP2K2, PIK3CA and PLCG1 
expression levels. The developed logistic model is based on the linear 
additive effect of individual gene mRNA levels. A leave one-out 
approach was implemented to train the model while 
permutation-based tests were generated to compute sensitivity and 
specificity of the classification model. Despite an independent test 
cohort is required to corroborate the result, the area under the curve 
(AUC) of such a stress status classification model reached a value 0.875 
(see Supplementary Fig. 3). These results are in line with a potential 
cumulative effect due to the combined gene expression downregulation 
of the analyzed miR-30a-5p target genes. 

3.6. Lurasidone treatment during adolescence to counteract the effect of 
PNS on miR-30a-5p levels and on its target genes and signaling 

Because of the long-lasting effects of PNS on miR-30a-5p upregula
tion, we wondered whether a preventive pharmacological intervention 
would have potential protective properties on such alterations. Thus, we 
performed another study with the exposure to PNS and, starting from 
PND35, we treated a group of PNS rats (or controls) with the 

antipsychotic and mood-stabilizing drug lurasidone for 2 weeks. Ani
mals were then sacrificed at PND62 in order to analyze the expression 
levels of miR-30a-5p and its target genes in the PFC of male animals. 

First of all, as shown in Fig. 6A, we confirmed that PNS exposure 
produced a significant upregulation of miR-30a-5p levels (+37% vs. 
CTRL, p < 0.05) and a significant downregulation of Neurod1 (− 15%, p 
< 0.05, see Fig. 6B) at PND62. Interestingly, both effects were prevented 
by lurasidone treatment during the peripubertal period (PND35), since 
the levels of miR-30a-5p and of Neurod1 in PNS rats treated with lur
asidone were not significantly different from CTRL animals (+14% vs. 
CTRL, p > 0.05; − 3% vs CTRL, p > 0.05) (see Fig. 6A and B). 

Next, we measured the expression levels of the 7 genes targeted by 
miR-30a-5p and involved in the Neurotrophin/TRK and Axon guidance 
signaling pathways. We confirmed the presence of an overall reduction in 
the selected genes as found in the first PNS experiment, with CAMK2A 
(− 17%, p < 0.05), LIMK1 (− 15%, p < 0.05), MAP2K2 (− 14%, p <
0.05), PIK3CA (− 19%, p < 0.05) statistically significant, an effect that 
was not observed in PNS rats treated with lurasidone, providing further 
support to the ability of this broadly effective drug to prevent the 
changes produced by this prenatal manipulation (See Fig. 6C). 

4. Discussion 

In this study, we used an unbiased genome-wide DNA methylation 

Fig. 6. Modulation of Neurod1, miR-30a-5p and its target genes in the prefrontal cortex of adult male rats exposed to prenatal stress and treated with lurasidone during peri 
puberty. 
The mRNA levels of miR-30a-5p (A), Neurod1 (B) and of the validated target genes for miR-30a-5p (C) were analyzed at PND62 in the PFC of male rats exposed to PNS 
and treated with vehicle, Hydroxyethylcellulose (HEC), or lurasidone during peri puberty (from PND35 to PND49), as compared to Ctrl animals. The data, expressed as 
percentage changes of CTRL rats set at 100%, are the mean ± SEM of at least 6 independent determinations. 
*p < 0.05; **p < 0.01 (Two-way ANOVA following Fisher’s LSD post-hoc comparison). 
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analysis and we identified miR-30a as a potential mediator of the long- 
term changes caused by an exposure to early life stress. We found that 
the methylation status of the miR-30a gene is significantly reduced in 
the HIP and PFC of adult male and female rats whose mothers had been 
exposed to stress during the last week of gestation, as compared to 
controls. These changes are associated with an altered expression of its 
mature form, namely miR-30a-5p, and of its downstream target genes 
and signaling, some of which have previously been associated with the 
pathogenesis of psychiatric diseases, such as schizophrenia and major 
depression (Fan et al., 2018; Hagihara et al., 2016; Kordi-Tamandani 
and Mir, 2016; Liu et al., 2016, 2017; Mao et al., 2019; Ogundele and 
Lee, 2018; Yang et al., 2017). Interestingly, we also found that 
miR-30a-5p levels were significantly elevated in the blood of depressed 
patients who experienced traumatic events early in life, as compared to 
controls. Last, we showed that sub-chronic treatment during adoles
cence with the antipsychotic and mood stabilizing drug lurasidone was 
able to ameliorate the effect of PNS exposure on the alterations of 
miR-30a-5p and its related downstream targets. 

There is now compelling evidence that altered developmental tra
jectories of brain structures and circuits, as a result of exposures to 
stressful events early in life (Bale et al., 2010; Lucassen et al., 2013), lead 
to an enhanced vulnerability for different psychiatric diseases at adult
hood (Maccari et al., 2014). Epigenetic changes, such as DNA methyl
ation, are considered crucial mechanisms leading to long-term 
dysfunction resulting from early life stress exposure, not only because 
they may determine persistent modifications in gene expression, but also 
through their interference with gene expression regulation (McGowan 
and Szyf, 2010; Provencal and Binder, 2015). Using an unbiased whole 
genome approach, we analyzed the methylation profiles of genes 
affected by PNS and identified a large number of differentially methyl
ated genes in the PFC and HIP of rats exposed to stress during gestation, 
compared to non-exposed animals. When restricting the list of these 
genes to those whose methylation changes occurred around the TSS and 
that were in common across the two brain regions and sexes, we found 
12 potential genes for mediating the long-term effects of stress exposure. 
Among them, miR-30a and Neurod1 were the only two genes interacting 
with each other (Liu et al., 2017), representing two interesting candi
dates as they have also been previously associated with the pathogenesis 
of psychiatric disorders (Liu et al., 2017; Mellios et al., 2008; Perkins 
et al., 2007; Wan et al., 2015). 

We found that the hypo-methylated status of mir-30a in the HIP and 
PFC from PNS rats (males and females) was paralleled by a significant 
increase of miR-30a-5p expression levels, the most abundant among the 
mature forms of mir-30a (Mellios et al., 2008). The preferential loading 
of the strand into the miRISC complex is a mechanism that is thermo
dynamically regulated, though it also depends on the identity of the 
5′-terminal nucleotides, with a higher degree of affinity between AGO 
proteins and U or A nucleotides ((Frank et al., 2010). We hypothesized 
that this mechanism of strand selection may also apply to mir-30a, since 
miR-30a-3p possesses a C at its 5′ end, while miR-30a-5p has a U. Our 
results show consistency between the DNA methylation status and 
miR-30a-5p expression levels in all conditions (different brain areas and 
sexes), with the exception of female PFC, a discrepancy that may be due 
to the fact that the reduced methylation in female PFC occurred at a 
different location, compared to male PFC and to male and female HIP. Of 
note, the expression of several members of the microRNA-30 family, 
including miR-30 b, miR-30 d, miR-30e and the one analyzed in the 
present study, miR-30a-5p, are also altered in the PFC of patients 
affected by schizophrenia, a disorder linked to early life stress exposure 
(Perkins et al., 2007). 

Conversely, although a similar hypo-methylation status was 
observed for Neurod1, its mRNA levels were significantly reduced in the 
PFC of adult PNS rats, as compared to non-exposed animals. Since 
Neurod1 is a target of miR-30a-5p (Liu et al., 2017), we hypothesize that 
the decreased expression of Neurod1 may represent the consequence of 
the miR-30a-5p changes, rather than changes in DNA methylation. 

Interestingly, a significant upregulation of miR-30a was found at 
PND40 and was maintained until PND62, suggesting that it may 
represent the consequence of an alteration in the developmental profile 
governing its expression. On the other hand, a significant down
regulation of Neurod1 was observed only at PND62, supporting our idea 
that lower levels of Neurod1 in early adulthood (PND62) could be the 
consequence of PNS-induced miR-30a alterations in adolescence. Neu
rod1 is a basic helix-loop-helix transcription factor that plays an 
important role during neuronal differentiation and it is required for 
neurogenesis as well as for migration of newborn neurons, by regulating 
the underlying transcriptional program. Interestingly, lower levels of 
Neurod1 expression levels were found in human induced pluripotent 
stem cells (hiPSCs) derived from hippocampal neural progenitor cells 
(NPCs) of schizophrenic patients as compared to those of controls (Yu 
et al., 2014). Moreover, an open target platform (https://www.targetva 
lidation.org/), a repository for gene prioritization based on multiple 
levels of information, showed a pivotal association for Neurod1 with 
schizophrenia and behavioral traits according to a text-mining literature 
analysis and animal models. 

Indeed, to further investigate the potential role of the genes differ
entially regulated in terms of methylation and expression in association 
with PNS, we used public available resources to evaluate possible ge
netic associations between these genes and psychiatry diseases. Con
cerning the miR-30a-5p target genes that we selected, genome-wide 
significant association with psychiatric disorders were found for PLCG1 
and PIK3CA. In particular, two variants within the PIK3CA genomic 
region have been associated with schizophrenia (rs9859557 (Li et al., 
2017) and rs34796896 (Pardinas et al., 2018)), while the variant 
rs6065325 within PLCG1 has been associated with an enhanced risk for 
depression (Turley et al., 2018). Of particular interest, open target 
platform (https://www.targetvalidation.org/), a repository for gene 
prioritization based on multiple levels of information (e.g., genetic, 
expression, animal model, literature integration) showed a pivotal as
sociation for Neurod1 with schizophrenia and behavioral traits accord
ing to a text-mining literature analysis and animal models. 

It has also been found that a single intraperitoneal injection of the 
mood stabilizer valproic acid into male rat pups at PND7, the age cor
responding to the peak in brain growth and connections, is associated 
with a significant decrease of Neurod1 in the hippocampus and with the 
development of depressive and anxiety-like behaviors at late postnatal 
ages (Wang et al., 2016). On these bases, the reduced levels of Neurod1 
in the brain of adult animals exposed to PNS may indicate the presence 
of a long-term disruption in key neurodevelopmental mechanisms that 
could underlie the development of altered behaviors as a consequence of 
adverse experiences early in life. 

In line with the findings obtained in the brain of PNS exposed rats, 
we observed a significant increase in the expression levels of miR-30a-5p 
in depressed patients exposed to traumatic events early in life, as 
compared to CTRLs. These results corroborate previous data showing 
that traumatic and stressful events, especially when experienced during 
the perinatal period and childhood, significantly increase the risk for 
stress-related psychiatric disorders, such as depression, during adult
hood (Kaczmarczyk et al., 2018; Menke et al., 2018; Stenz et al., 2018). 
Our cohort of depressed patients with a childhood trauma history is 
however represented by patients that are treated with antidepressant 
drugs, so we can’t exclude an effect of antidepressant drugs on 
miR-30a-5p modulation, however, we suggest that, also in humans, 
early life stress may lead to neurodevelopmental changes with an 
increased risk for psychiatric disorders, also through the epigenetic 
regulation of miR-30a-5p expression. 

Since each miRNA can regulate hundreds of genes, an important 
consequence for the changes observed after exposure to early life stress 
is represented by alterations of different interconnected pathways in 
multiple brain regions, which will eventually contribute to the vulner
ability for a variety of neuropsychiatric disorders which are known to be 
related by a wide range of other data (Beveridge and Cairns, 2012; Luoni 
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and Riva, 2016). We found that miR-30a-5p is involved in the modu
lation of several brain-related mechanisms, particularly in the Neuro
trophin/TRK signaling and Axonal Guidance signaling. In accordance with 
the up-regulation of miR-30a-5p levels in PNS rats, we found a signifi
cant decrease in the expression of CAMK2A, LIMK1 and PIK3CA, which 
belong to these pathways. CAMK2A belongs to a 
calcium-calmodulin-depended kinases family, which plays a key role in 
the regulation of neuronal growth and synaptic functions. Previous 
studies have shown that genetic deletion of hippocampal CAMK2A in 
mice caused synaptic and behavioral defects associated with schizo
phrenia (Matsuo et al., 2009; Yamasaki et al., 2008). Moreover, since 
CAMK2A facilitates N-methyl-D-aspartate receptors (NMDARs), its 
reduced activity may contribute to the hypofunction of NMDAR that has 
been associated to the pathophysiology of this disorder (Ogundele and 
Lee, 2018). 

Interestingly, a reduced expression of CAMK2A was also found in the 
hippocampus of depressed suicides, which provides further support to 
the role of this kinase in different psychiatric conditions (Fuchsova et al., 
2015). Similarly, LIMK1 belongs to a family of serine/threonine protein 
kinases involved in neuronal development, synaptic function as well as 
learning and memory (Todorovski et al., 2015). In addition, LIMK1 has 
been identified as a key molecule in the postsynaptic mechanism by 
which Neuroligin 1 (NLG1), which has been associated with mental 
disorders such as schizophrenia, regulates synapse development and 
function (Liu et al., 2016). Last, the PIK3CA gene, a member of the 
phosphoinositide-3-kinases (PI3Ks) that encodes the alpha catalytic 
subunit of the PI3K enzyme, has been widely associated to neuro
developmental disorders, including schizophrenia (Butler et al., 2016; 
Kordi-Tamandani and Mir, 2016). 

All in all, we suggest that the alterations of miR-30a-5p levels pro
duced by the adverse experience during gestation may contribute to the 
down-regulation of CAMK2A, LIMK1 and PIK3CA, which have been 
associated with schizophrenia and depression, leading to a deficit in 
neuroplasticity, a key mechanism for the susceptibility for psychiatric 
disorders. 

Interestingly, miR-30a-5p exerts also a pronounced inhibitory effect 
on the neurotrophin Brain Derived Neurotrophic factor (BDNF) by 
binding to the long 3′-UTR of the neurotrophin (Darcq et al., 2015; 
Mellios et al., 2008). Indeed, it has been demonstrated that the over
expression of miR-30a-5p in the medial-PFC reduces BDNF expression 
and has functional effects (Darcq et al., 2015). In line with this, we have 
previously demonstrated that the levels of long 3′-UTR BDNF mRNA 
were significantly reduced in the PFC of rats exposed to stress during 
gestation (Luoni et al., 2014a). The association between miR-30a-5p and 
BDNF is particularly intriguing considering the role of the neurotrophin 
in different psychiatric conditions (Krishnan and Nestler, 2008). Indeed, 
a reduction of BDNF expression was found in brain specimen from 
depressed and schizophrenic subjects (Dwivedi, 2013; Hashimoto et al., 
2005), an evidence supported by a number of preclinical studies that 
have demonstrated a strong link between BDNF and psychiatric disor
ders (Begni et al., 2017; Cattaneo et al., 2016). 

The changes of miR-30a levels as a consequence of PNS exposure 
become manifest around peripuberty, suggesting that they may precede 
the functional and molecular alterations that take place at adulthood. 
Accordingly, therapeutic intervention during the peripubertal period 
may prove effective in counteracting some of the changes produced by 
early life stress. In line with this possibility, we show that sub-chronic 
treatment with the antipsychotic drug lurasidone, given during the 
peripubertal period, was able to prevent PNS-induced changes of miR- 
30a-5p levels as well as of its target genes involved in Neurotrophin/ 
TRK and Axonal Guidance signaling, with a major effect on CAMK2A, 
LIMK1 and PIK3CA. Importantly, we have already demonstrated that a 
similar treatment is effective in preventing the reduction of BDNF levels 
caused by PNS exposure (Luoni et al., 2014a). Lurasidone is a 
multi-receptor modulator (Ishibashi et al., 2010) that, beyond its 
well-established antipsychotic activity, possesses pro-cognitive and 

antidepressant efficacy, at clinical level and in different experimental 
models (Calabrese et al., 2020; Luoni et al., 2014b; Rossetti et al., 2018; 
Tarazi and Riva, 2013), which appears to rely on its ability to promote 
neuronal plasticity (Calabrese et al., 2020; Luoni et al., 2014a, 2014b; 
Rossetti et al., 2018; Tarazi and Riva, 2013). The present results confirm 
these findings and provide support to the potential of lurasidone in 
preventing the long-term negative effects of PNS exposure on 
neuroplasticity. 

Some limitations related to our study have to be mentioned. Given 
the complexity of the experimental paradigm, we were not able to 
introduce a group of animals that underwent behavioral testing at 
adulthood, although we have recently demonstrated that, among other 
alterations, PNS rats show a significant impairment in working memory 
(Cattaneo et al., 2019). Secondly, we cannot exclude the possibility that 
changes in maternal care can contribute to the long-term effects 
observed following a gestational stress. Moreover, while our approach 
was useful to identify mir-30a, a number of other relevant genes may be 
regulated by PNS in a brain region- and sex-specific manner. While such 
analyses were not the purpose of the present study, they will provide 
additional information on the long-term functional impact of early life 
stress. Last, we are aware that additional experiments manipulating 
miR-30a-5p will be needed to establish the cause and effect relationship 
between this miRNA and the long-term consequences of early life stress 
exposure. 

In conclusion, the present study provides further evidence that the 
long-term consequences of early life stress on adult pathological states 
are associated with significant changes in DNA methylation, which may 
affect relevant genes, including miRNAs, producing stable alterations as 
master regulators of gene expression. Indeed, miR-30a-5p regulates 
hundreds of downstream targets that, being involved in neuro
developmental processes, may represent an important biological signa
ture associated with the risk to develop psychiatric disorders as a 
consequence of the exposure to early life adversities. 
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